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General Introduction

1
CRANIOSYNOSTOSIS

Craniosynostosis is the premature or pathological fusion of one or more cranial 
sutures with an incidence varying between 3.0 and 7.2 in 10,000 live births [1]–
[3]. There are both syndromic and non-syndromic forms of craniosynostosis. 
The non-syndromic fusions leads to cranial malformations giving the 
distinguished shapes belonging to the various subtypes of craniosynostosis 
named after the affected suture(s) [4], [5]. The uni-suture craniosynostosis 
forms are the most common and called scaphocephaly, trigonocephaly 
and plagiocephaly. Within other literature these are also named after their 
respective closed suture in the form of sagittal synostosis, metopic synostosis 
or (uni)coronal synostosis. These distinguishing shapes are caused by the 
closed suture hampering growth in combination with compensatory growth of 
the other open suture [Figure 1]. Untreated craniosynostosis can lead to several 
issues over time including skull and facial asymmetry, increased intracranial 
pressure, cognitive deficits, and deafness depending on the form and severity 
of the condition [4], [6].

Figure 1: Schematic top view of a healthy skull and the three most common forms of 
uni-suture non-syndromic craniosynostosis.

Luckily there are several craniosynostosis treatment options. However, 
despite the various forms of diagnostics and follow-up methods there is still 
uncertainty regarding the best treatment option. It is key to understand 
the background on the diagnosis, treatment and follow-up (techniques) of 
craniosynostosis to comprehend the uncertainty that exists around the best 
treatment options. Within the next sections these subjects will be explained 
and used to formulate the aim of this thesis.



Chapter 1

12

DIAGNOSIS AND TREATMENT

Diagnosis of craniosynostosis can occur by physical examination, cranial 
X-ray, ultrasound, computed tomography (CT), 3D stereophotogrammetry, and 
Magnetic Resonance Imaging (MRI) [5], [7], [8]. The preferred use of diagnosis 
depends on the availability of the technique  and the experience with the given 
techniques. The most common forms still are the physical examination in 
combination with X-ray or CT scanning [8]. 

The standard care in craniosynostosis treatment is surgery with or without 
additional helmet therapy. Helmet therapy alone or preoperative helmet therapy 
is also considered but still remains controversial within craniosynostosis 
treatment due to the potential raise in intracranial pressure [4], [9]–[12]. 
Two primary surgical strategies exist: open cranial vault remodelling/
reconstruction (OCVR) or endoscopically assisted craniosynostosis surgery 
(EACS). Less frequently used forms of surgery include spring-assisted 
cranioplasty, distraction osteogenesis, and (fronto-orbital) advancement. 
The type of surgery often depends on the age, type of craniosynostosis, and 
institution. Although craniosynostosis interventions have been performed 
since 1890, the use of endoscopic techniques were not described till 1998 [13], 
[14]. The open surgery is primarily aimed at either reconstruction to a healthy 
age specific skull during surgery or distraction of the skull. EACS is primarily 
aimed at removing the affected suture to enable corrective growth [4]. After 
six months of age the EACS is no longer a viable option due to significant 
deformations caused by the compensatory growth during craniosynostosis 
and bone hardening [15], [16]. There are many variants of the OCVR technique, 
depending on the specific craniosynostosis form, patient-specific factors, and 
the preference and experience of the surgeons and craniofacial teams. After 
OCVR there is usually no need for a remodelling helmet, since the head is 
already shaped during surgery. In case of EACS it depends on the institution, 
if a remodelling helmet is required or recommended. The remodelling 
helmets applies pressure on the areas that already showed compensatory 
growth to prevent further expansion. On the other hand these helmets have 
areas without pressure zones to allow corrective growth where growth was 
previously hampered. These helmets usually are worn 23 hours a day over a 
6-12 month period after surgery [17]. 
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Early diagnosis of craniosynostosis is recommended due to having the option 
of early treatment (EACS) with improved surgical measures (e.g. blood 
loss, surgery time, and hospital stay) [17]–[27]. For both open and EACS the 
peri-operative and direct post-operative outcomes and complications other 
than cranial shape measures are well described [16]–[19], [23], [24], [26]–[30].  
However, despite these outcomes, there is still no consensus on the best 
treatment options in either the endoscopic surgery or open surgery concerning 
long-term outcomes. Due to the growth of the skull over time it is unknown if 
a direct post-operative positive outcome leads to a long-term positive outcome. 
Long-term objective follow-up could therefore potentially help in determining 
the best treatment option.

LONG-TERM FOLLOW-UP

FOLLOW-UP MEASURES

After the primary surgery there will be a follow-up period aimed at monitoring 
the various cranial shape measures, volume, aesthetics, and absence of signs 
of increased intracranial pressure over time to determine the success and 
need for (re-) intervention. Commonly monitored cranial shape measures for 
scaphocephaly are the cranial index/cephalic index (CI) to determine head 
width to length ratio [14], [17], [20], [31]–[34], or asymmetry measures for mainly 
plagiocephaly [33], [35]–[37]. Other common measures in craniosynostosis for 
all forms are the evaluation of volumes. However, these volume measurements 
are often limited to pre-surgical cases [38]–[40]. Pre- to post-surgery volume 
evaluations help to some degree but lack the longitudinal evaluation [33], 
[41]. The final decision on what outcome measures to use can vary based on 
the craniosynostosis form, performed surgery, available techniques, and 
institution policy. Although these measures are valuable, they only provide 
a limited representation of the head shape and growth over time.  Complete 
analysis of the 3D surface of the shape exists, but remain limited in the 
literature [42].

FOLLOW-UP TECHNIQUES

Each monitored cranial shape outcome measure requires a different 
measuring technique. The CI or head circumference can easily be monitored 
using callipers and a measuring lint while being consistent among techniques 
and observers [31], [34]. Other measurements like intracranial volume often 
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rely on CT-scans or MRI-scans. Nearly all common cranial shape measures 
being monitored can be calculated or determined using 3D CT-scans or 3D MRI-
scans making these valuable in follow-up. Although these imaging techniques 
can result in accurate measurements, there are some major drawbacks in 
using these in young children. This can be for instance harmful radiation in 
CT scans and/or the need for sedation in MRI scans [43]–[45]. In the absence of 
CT-scans or MRI-scans some derivatives of intracranial/brain volume can be 
based upon other measurements. However, these only give an approximation 
of the volumes and differ for healthy and craniosynostosis affected heads [46], 
[47]. 

3D STEREOPHOTOGRAMMETRY

A new imaging modality in the diagnosis and follow-up of craniosynostosis 
and other craniofacial morphological pathologies is the use of 3D 
stereophotogrammetry. This fast and radiation-free technique enables to 
capture a 3D shape (or 3D mesh/object) of the face and/or cranium with colour 
information of the surface and stores this as a 3D Photo [Figure 2]. 

Figure 2: Example of a 3D Photo of a head with the respective building blocks. A fade 
is shown from left to right: the fully textured 3D Photo, the wireframe, and the point 
cloud.
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This technique has the potential to perform many of the measurements that 
would normally be done during physical examination as well as other surface 
measurements that can be done on MRI or CT-scans.  However, in contrast 
to MRI-scans or CT-scans there is only information of the surface of the head 
without capturing underlaying tissues like muscles, fat, brain, bones and 
others. At the moment, bony landmarks are often used in longitudinal follow-
up measurements which are lacking in 3D Photos. This requires alternative 
landmarks or alternative methods in longitudinal follow-up with this 
technique. Also, regardless of the technique, landmarks can shift relatively 
towards each other which can hamper determining growth at areas which not 
directly hold these landmarks (e.g. the frontal cranial bone) [48]. Luckily there 
are still options which can be used with the lack of the (bony) landmarks in for 
instance in the CI or head circumference measurements [33].

REFERENCE FRAMES IN FOLLOW-UP

Figure 3: Example of a commonly used reference frame (Sella turcica-nasion) used in 
cranial CT-scans for determining cranial shape measures.

It is important to ensure consistency in 3D cranial longitudinal follow-up 
regardless of the technique. This is less straightforward than it seems when 
this follow-up. If, for instance, we want to measure the amount of posterior 
or anterior skull growth over time we must define a reference position (e.g. 
the external meatus). However, how can be sure that the external meatus has 
not (slightly) moved relatively towards the anterior or posterior portion of the 
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skull during growth? The difficulty in cranial growth is the uncertainty of 
the regional growth over time which in turn can influence the measurements 
by itself. To overcome these issues, so called references frames (or reference 
orientations) were introduced for X-rays, CT-scans or MRI-scans. A reference 
frames allow for standardized positions and orientations of heads for 
measurements or follow-up. These reference frames are often based on 
landmarks or sets of rules that are assumed to be not, or only partly, influenced 
over time. A common reference orientation/frame is the sella turcica – nasion 
orientation which has previously been used in X-ray and CT-scan studies [49]–
[51] [Figure 3]. 

Figure 4: Example of a reference frame (Tragus-nasion) for used in cranial CT-scans and 
3D Photos for determining cranial shape measures.

Within the 1950s this orientation was deemed relatively stable for evaluating 
cranial morphology and cephalometry [50], [52], [53].  Other forms of creating 
reference frames based on surface landmarks or the whole surface and are 
potentially usable for (or have been used for) 3D Photos [36], [37], [54]–[59]. Other 
reference frames for either CT-scans or 3D Photos mostly rely on the external 
meati/tragus to nasion/sellion plane, the Frankfurt plane or derived planes 
from these options [36], [37], [57]–[60] [Figure 4]. Nearly all these reference 
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frames have been used to some extend for both a single measurement as well 
as longitudinal follow-up. However, the question remains how the ground 
truth regarding the actual head growth can be determined as well as by which 
(if any) reference frame. Furthermore the mixed use of reference frames as 
well as the undetermined validity of these frames in specifically 3D photos 
makes longitudinal follow-up of craniosynostosis treatment difficult. This 
further hampers the evaluation of the optimum craniosynostosis treatments. 
There is therefore need for accurate follow-up techniques preferably aimed at 
3D photos.

SUMMARY OF ISSUES IN LONGITUDINAL FOLLOW-UP

In the past couple of sections a background on the diagnosis, treatment 
and follow-up (techniques) of craniosynostosis is given. This background 
should explain the uncertainty that exists around determining the best 
craniosynostosis treatment options. Especially the limited knowledge on the 
longitudinal cranial shape measures after craniosynostosis surgery is key for 
this uncertainty. Moreover, full 3D shape analysis is often lacking and required 
to determine the best outcome and subsequently the best treatment option. 
These measures and outcomes could be obtained by the systematic follow-up 
of craniosynostosis using e.g. CT-scans or MRI-scans. However, as mentioned 
earlier these imaging techniques require sedation and, in case of the CT-
scans, also involve a radiation dose. Therefore, these imaging modalities are 
not preferred for longitudinal follow-up. The option of using 3D Photos as a 
radiation-free, sedation-free, fast alternative remains limited due to the lack of 
a validated reference frame. Therefore, there is a need for a new standardized 
and validated method for objective longitudinal craniosynostosis evaluation 
using radiation-free methods.

AIM OF THE THESIS

The primary goal of this thesis is the creation of a new standardized method 
for objective longitudinal craniosynostosis evaluation using radiation-free 
methods. The new standardized method should provide tools in the objective 
evaluation of the different forms of craniosynostosis treatment. Additionally 
should this new method also function on CT-scans in the absence of 3D Photos 
or in combination with both 3D Photos and CT-scans.  
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OUTLINE OF THE THESIS

The creation and validation of a new standardized method for objective 
longitudinal craniosynostosis evaluation using radiation-free methods 
exists out of three main parts; the creation of the standardized method, the 
validation of the standardized method, and the evaluation of our institutes 
treatment data.

The most reliable methods of superposition in morphologically changing 
heads is considered based upon the sella turcica in combination with 
external landmarks. However, the sella turcica is not available within soft-
tissue segmented CT-scans or 3D Photos. In order to overcome this issue, the 
Computed Cranial Focal Point (CCFP) is introduced in Chapter 2.  The CCFP is 
a landmark with a robust position in relation towards the sella turcica that can 
be computed based upon 3D reconstructed the hard- or soft-tissue models of 
the head. The CCFP allows for correlation between these modalities as well as 
longitudinal radiation-free comparison of 3D Photos where this was previously 
not possible. Therefor this chapter is primarily focussed on the creation of the 
method.

It could be possible that the CCFP changes over time in the growing infants. In 
order to properly use superposition of single or multiple modalities over time 
using the CCFP it is important to define the characteristics of the changing 
CCFP in the growing infants. Looking at the main patient population of this 
thesis there might also be changes within the CCFP based upon the type of 
craniosynostosis present. In Chapter 3 these characteristics and the scope 
of use of the CCFP is further explored. Within this chapter there is a further 
creation and validation of the use of the CCFP method.

The first evaluation of our institutes data concerning the follow-up of 
craniosynostosis is for the treatment of endoscopically assisted trigonocephaly 
using radiation-free methods. This is performed within Chapter 4. 

In order to compare craniosynostosis treatment effects in regard to the normal 
population it is important to determine normal 3D head growth of healthy 
children of a similar age groups. This is the focus of Chapter 5. This chapter 
utilizes the methods from the previous chapters and provides the normative 
data as a reference for the later chapters. 
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In Chapter 6 there will be a full evaluation of our institutions data of the 
children that have been treated for scaphocephaly and had follow-up using 
3D photogrammetry. This includes both endoscopically assisted surgeries as 
well as open surgeries. This allows to critically look into both methods and the 
long-term effects they have on the head shape and form measures.

The methodologies developed in the earlier chapters used conventional 
evaluation methods and measures. However, parts of the methodology allow 
for evaluations using artificial intelligence. Chapter 7 explores the potential 
of standardized 3D Photos in combination with artificial intelligence in the 
automated diagnosis of various craniosynostosis forms by using deep learning. 

Finally, in Chapter 8 the general discussion and future perspectives of this 
thesis are described. This chapter focuses on the creation and validation 
of a new standardized method for objective longitudinal craniosynostosis 
evaluation using radiation-free methods.
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ABSTRACT

Introduction: Stereophotogrammetry is a radiation-free method for 
monitoring skull development after craniosynostosis repair. Lack of clear 
fixed reference points complicate longitudinal comparison of 3D photographs. 
Therefore we developed the ‘computed cranial focal point’ (CCFP).

Methods: The CCFP was calculated in segmented 3D CT-scans of 36 adult 
subjects using Matlab. The robustness of the CCFP calculation was evaluated 
in predefined hemi-ellipsoid shapes. Finally we used the CCFP in two clinical 
cases to correlate CT data with 3D-photographic data.

Results: The CCFP calculation was found to be hardly influenced by incomplete 
or deformed surface data which resulted in small deviations (<2.5 mm). The 
average position of the CCFP of the skin relative to the sella turcica was at (0.0, 
27.1, 19.4) mm, with CCFPσ (0.6, 4.6, 3.9) mm. The mean difference between 
the CCFP for the skull and skin was (-0.1, 1.9, -1.4) mm, with CCFPσ (0.5, 1.4, 
1.0) mm. Using the CCFP in two cases to correlate the skin from a 3D-photo and 
the segmented skin from a CT-scan resulted in absolute mean differences of 
0.7 and 2.3 mm, with a standard deviation of 1.1 mm in both cases.

Conclusion: The CCFP calculation is a robust method to define a reference 
point relative to the sella turcica based on the skin or cranial bone surfaces. 
The CCFP can be used to correlate 3D photographs with CT-scan data or for 
longitudinal radiation-free comparison of 3D-photos.
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INTRODUCTION

Craniosynostosis is defined by the premature fusion of cranial sutures with an 
incidence estimated at 1 in 2000 to 1 in 2500 live births [1]. Objective monitoring 
of the effects of craniosynostosis surgery relies heavily on the use of skull 
growth measurement. 3D skull measurements have become more widely used 
[2]–[5]. These newer methods primarily rely on defining 3D parameters of the 
skull using CT-scans, involving radiation techniques. Because this introduces 
an increased radiation dose during longitudinal follow up, alternative 
techniques like 3D photogrammetry have been proposed to monitor 3D skull 
parameters [6]–[10]. These techniques are limited to capturing the soft tissue 
surfaces. It has yet to be validated how the captured soft tissue correlates to 
the bony skull. Validation is difficult primarily due to the lack of consistent 
markers to overlay and match sequential 3D photos for growth monitoring. 
The current golden standard for overlaying skulls uses the sella turcica, 
dorsum sella or a nearby structure as skull to skull overlay point due to the 
assumption that these structures remain immobile during skull growth [11]. 
However these structures cannot be captured on 3D photos.

We propose a new method using the ”Computed Cranial Focal Point” (CCFP). 
The CCFP is the point in the cranium where all the surface normals of the 
skin or skull tend to intersect. The CCFP can be calculated for any spherical 
body like the skull or soft tissue surface of the head. The relative position from 
the sella turcica to the CCFP can be determined for the skin (CCFP-skin) and 
the skull (CCFP-skull) using CT-scans. In this study, we investigate how these 
points can be used for sequential photogrammetry matching, by defining the 
relation between the CCFP –skin and the CCFP-skull and their relative position 
to the sella turcica.

With the use of the CCFP we aim for a radiation free method to assist in objective 
sequential measurements of skull growth, to be used in craniosynostosis 
follow-up. This to reduce the need for CT-scans and thus to reduce the radiation 
exposure to pediatric patients with craniosynostosis.
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MATERIALS AND METHODS

We developed the calculation of the CCFP and tested the robustness of this 
calculation method. Secondly, we performed an explorative patient study 
to define the relation between the CCFP-skin and the CCFP-skull and their 
relative position to the sella turcica. Finally, we used the CCFP-skin to match 
a CT-scan and 3D photo in two separate cases to evaluate the potential of the 
CCFP for matching a CT-scan and 3D photo. 

COMPUTED CRANIAL FOCAL POINT CALCULATION

The CCFP can be calculated by determining the mean virtual intersection 
point of all the surface normals. All these intersection points combined create 
a point cloud in the cranium with a center point and spread (CCFPσ). In depth 
calculation of the CCFP can be found in Appendix A.

METHOD ROBUSTNESS TEST 

SHAPE SELECTION

The method robustness test was done using a set of predefined shapes as 
meshes (triangulated objects). Since this is a new method no predefined set of 
shapes to benchmark the method exists. The shapes were chosen to distinguish 
the effect on the CCFP and CCFPσ caused by the conditions that could appear 
in real world cases. All the shapes are spherically centered around the origin 
(0,0,0). The x-direction is from medial to lateral as seen from the left side, 
the y-direction from caudal to cranial and the z-direction from anterior to 
posterior. We used approximately 50.000 triangles per shape for optimum 
computation time versus accuracy.

The CCFP and CCFPσ of these shapes were calculated and compared with 
known values to determine the calculation accuracy. The CCFP coordinates are 
defined relative to the origin (0, 0, 0) in mm as xyz. The CCFPσ is also defined in 
mm as xyz.

One shape is a sphere with a radius of 9.6 cm. There also were 4 hemi-ellipsoid 
shapes originating from a hemi-ellipsoid with a height and length radius of 
9.6 cm and a width radius of 7.7 cm [Figure 1(a)]. These measures were chosen 
to approximate the average human head size. The other 3 hemi-ellipsoid 
shapes were either asymmetrical cut to remove approximately 20% of the total 
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surface at 15 degrees pitch and 5 degrees roll [Figure 1(b,d)] and/or irregular 
deformed up to 2.0 cm of the original [Figure 1(c,d)]. This is to mimic irregular 
skull shapes and partial missing data as could occur on a CT-scan. There were 
also two other shapes based on the hemi-ellipsoid resembling respectively 
trigonocephaly [Figure 1(e)] and scaphocephaly [Figure 1(f)].

Figure 1: A selection of the meshes that have been used in the Method Robustness Test: 
a) hemi-ellipsoid; b) hemi-ellipsoid cut; c) hemi-ellipsoid deformed; d) hemi-ellipsoid 
deformed and cut; e) hemi-ellipsoid trigonocephaly; f) hemi-ellipsoid scaphocephaly.

CCFP OUTCOME COMPARISON

The sphere, full hemi-ellipsoid and the cut hemi-ellipsoid shapes have a known 
geometric focal point at the origin. The deformed hemi-ellipsoids shapes and 
the trigonocephaly- and scaphocephaly- shapes are constructed around the 
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origin but do not necessarily have a geometric focal point at the origin. The 
position of the CCFP relative to the origin and the CCFPσ to (0,0,0) for the 
sphere is caused by polygon inaccuracy and the calculation itself. A similar 
comparison for the cut and full shapes give the difference caused by removing 
a part of the shape. Comparing the CCFP and CCFPσ between the deformed 
and normal shapes gives the difference caused by deformation.

The trigonocephaly- and scaphocephaly- shaped hemi-ellipsoid shapes 
originated from the hemi-ellipsoid with a known focal point at the origin and 
have been freeform scaled. The difference of the CCFP and the relative CCFP 
difference compared to the normal hemi-ellipsoid give the error caused by 
variation.

PATIENT STUDY

PATIENT STUDY SCAN SELECTION

For the explorative study, we used scans from patients that underwent a cranial 
CT-scan in the ER in Radboudumc between June 2013 and June 2014. Scans 
showing cranial trauma or structural pathologies were excluded resulting in 
a group of 36 patients aged 18-65 y.o. (mean 42,6 y.o.) of which 19 were female. 
The scans were made with a Toshiba Aquilion ONE using a pixel spacing of 0.43 
mm and a slice thickness of 0.5 mm with a slice resolution of 512x512 by 302 to 
376 slices. The scans were anonymized in accordance to local rules from the 
institutional board of the academic hospital.

SEGMENTATION

All the CT-scans were segmented prior to the calculation of the CCFP to obtain 
the outer surface of the skull and the skin of the head as a mesh. A threshold of 
-150 HU for the skin and 500 HU for the bone was used and tweaked per scan 
for the optimum segmentation. Filters were applied removing small artifacts 
outside the head and to fill any surrounded structures. The resulting volume 
data was resized to create voxels of approximately 1x1x1 mm. Segmentation 
was applied from above the supraorbital process to the lowest possible point 
on the parietal bone. The mesh was made by using Matlab’s [12] built-in 
‘isosurface’ function. 
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REGISTRATION

The meshes underwent a translation so that the position of the sella turcica 
was aligned to the origin (0, 0, 0). Scaling was applied so that 1 unit in the 
mesh-space equals 1 mm.

The meshes were aligned with the sella nasion plane crossed with the horizon 
of the sphenoid at the sella turcica as the horizontal plane. Axis were directed 
so that sella to cranial is the positive y-direction, the sella to posterior is the 
positive z-direction, and the right to left is the positive x-direction. All triangles 
of the mesh y < −5mm of the sella turcica were omitted in further calculations.

PATIENT STUDY OUTCOME COMPARISON

The main goal of the patient study is to investigate the relation between the 
CCFP-skull and CCFP-skin. The secondary goal is to determine the relation 
between the CCFP-skull/CCFP-skin and the sella turcica.

CASE STUDIES: MATCHING OF A CT-SCAN AND A 3D PHOTO

The first case was a 9 month old female suspected of craniosynostosis of 
which a 3D photo was made. A CT-scan followed 3 weeks after the photo 
disproving craniosynostosis. The second case was a 3 month old female 
patient with suspected craniosynostosis of which a CT-scan was made proving 
trigonocephaly. For further evaluation a 3D photo of this patient was made 6 
weeks after the CT-scan. Both cases were individually used for matching the 
CT-scan and 3D photo using the CCFP.

Since the relative position between sella turcica, CCFP-skin and CCFP-skull is 
predictable both CCFPs can be used in matching. Hence the CCFP-skin of a 3D 
photo and CT-scan was used.

Per case the CCFP-skin was calculated for both the CT-scan and 3D photo. 
We aligned and rotated the CT-scan similar to that of the patient study. We 
transformed the 3D photo with the CCFP-skin to the CCFP-skin of the CT-scan. 
The 3D photo was then manually rotated to match the CT-scan using the CCFP 
as a pivot.

We calculated the difference between the two meshes using raycasting [13]. A 
raycast will be performed from the 3D photo with the origin in each vertex and 
the direction equal to the normal of each vertex. For each raycast the absolute 
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difference between the hitpoints of the CT-scan skin and 3D photo is expressed 
as the matching difference per triangle. The raycasting was accelerated using 
OpenCL [14], [15]. We determined the absolute mean difference, standard 
deviation and the maximum difference and the location of the maximum 
difference for the raycasting.

RESULTS

METHOD ROBUSTNESS TEST

The method robustness test focused on the accuracy of the CCFP for a known 
focal point and the spread of the CCFPσ for various meshes. All given CCFP 
coordinates and CCFPσ standard deviations are presented in [Table 1].

Table 1: The distance in for x, y and z from 0, 0, 0 to the computed cranial focal point 
(CCFP), and the standard deviation of x, y and z for the test models in mm.

Structure
CCFP (mm) CCFPσ (mm)

X Y Z σ(X) σ(Y) σ(Z)
Sphere 0.0 0.0 0.0 0.01 0.01 0.01
Hemi-ellipsoid 0.0 7.7 0.0 8.3 2.7 5.6
Hemi-ellipsoid cut 0.8 7.0 1.1 9.2 2.5 6.0
Hemi-ellipsoid deformed -0.7 9.8 0.8 9.9 8.4 9.9
Hemi-ellipsoid deformed and cut -1.6 10.0 0.9 9.6 7.8 11.7
Hemi-ellipsoid trigonocephaly 0.0 -5.6 10.7 9.5 5.7 9.7
Hemi-ellipsoid scaphocephaly 0.0 -6.2 -0.1 12.1 24.5 7.2

 
In the sphere there was no measurable deviation for the CCFP and a (0.01, 0.01, 
0.01) mm spread for the CCFPσ. This can be considered negligible in CT-scans 
with a voxel spacing size of 0.5 .

The full, cut, and deformed hemi-ellipsoid shapes have a predominant 
y-component for the CCFP around 8 mm and small x- and z-components 
(ranging from -0.7 to 1.1 mm). Do note that the CCFP does not have to represent 
the geometrical focus. The distance between the full and the cut hemi-ellipsoid 
is 1.5 mm and between the full and deformed hemi-ellipsoid is 2.4 mm. The 
distance between the deformed hemi-ellipsoid and the deformed and cut 
hemi-ellipsoid is 0.9 mm. Removing approximately 20% of the surface results 
in a smaller difference of the CCFP than applying up to 2 cm deformations to 
the surface. In case of deformations the difference caused by the cut is almost 
similar to the cut alone.
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The spread for the full, cut and deformed hemi-ellipsoid shapes ranges from 
2.5 to 11.7 mm. The full and cut versions have a predominant spread in the x- 
and z-direction. The y-direction has the smallest spread in these cases. The 
deformations primarily add to the spread in the y- and z-direction and are even 
more present in the z-direction when cut.

The trigonocephaly hemi-ellipsoid has a CCFP of (0.0, -5.6, 10.7). This deviates 
17.1 mm from the full hemi-ellipsoid and is most present in the y- and 
z-direction. The scaphocephaly hemi-ellipsoid in contrast has a CCFP of (0.0, 
-6.2, -0.1) which only significantly deviates in the y-direction from the full 
hemi-ellipsoid (13.9 mm).

The spread for the trigonocephaly primarily deviates from the full hemi-
ellipsoid in the y- and z-direction. The spread for the scaphocephaly deviates 
in all directions with the highest deviation in the z-direction up to 24.5 mm.

PATIENT STUDY

The results of the CT-scans can be found in [Table 2]. The CCFP (mm) is 
expressed as relative to the sella turcica (0, 0, 0) in the sella-nasion orientation. 
The average CCFP-skull is at (-0.4, 28.9, 18.0) with a σ (0.5, 4.5, 4.4) while the 
CCFP-skin is at (0.0, 27.1, 19.4) with a σ (0.6, 4.6, 3.9). Using a Shapiro-Wilk test 
resulted in proven normal distributions in the x- and y-direction with CCFP-
skull p-values of (0.226, 0.452, 0.000) and CCFP-skin p-values of (0.388, 0.526, 
0.001).

The difference between the σ of the CCFPs is in sub-millimeter scale. The 
mean CCFP differs (-0.1, 1.9, -1.4) from skull to skin with a maximum σ of 1.4 
mm and a maximum 95% CI of ± 0.6 mm.

Table 2: The mean CCFP, standard deviation and 95% CI for the population of 36 patients 
for the skull, skin and difference between the skull and skin (Δ) in mm.

CCFP Mean (mm) σ (mm) 95% CI (mm)
Skullx -0.1 0.5 -0.2 – 0.1
Skully 28.9 4.5 27.4 – 30.4
Skullz 18.0 4.4 16.5 – 19.5
Skinx 0.0 0.6 -0.1 – 0.2
Skiny 27.1 4.6 25.5 – 28.6
Skinz 19.4 3.9 18.1 – 20.8
Δx -0.1 0.5 -0.3 – 0.0
Δy 1.9 1.4 1.4 – 2.5
Δz -1.4 1.0 -1.8 – -1.1
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CASE STUDIES: MATCHING OF A CT-SCAN AND A 3D PHOTO

CASE 1

Visual representation of the registration in 3D shows a nicely matched overlay 
[Figure 2]. The colors represent the difference between the 3D photo and CT-
scan. The overlay shows the origin at the sella turcica as obtained from the 
CT-scan. A blue circle at the top shows the position of the maximum difference 
as caused by the hairnet.

The absolute average raycast difference was 0.7 mm with a standard deviation 
of 1.1 mm. The biggest difference was 6.72 mm at the bulge of the hairnet but 
did not seem to significantly impact the average. 

Figure 2: Overlaying and distance map of a 3D photo and CT-scan using CCFP-skin 
matching and manual rotation in a 9 month old female patient.
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CASE 2

The visual representation of the registration in 3D shows a nicely matched 
overlay [Figure 3] with the origin at the sella turcica as obtained from the CT-
scan. A blue circle at the top shows the position of the maximum difference as 
caused by the hairnet. Again the colors represent the difference between the 
3D photo and CT-scan.

The absolute average raycast difference was 2.3 mm with a standard deviation 
of 1.1 mm. The biggest difference was 6.44 mm at the bulge of the hairnet at the 
back of the head. 

Figure 3: Overlaying and distance map of a 3D photo and CT-scan using CCFP-skin 
matching and manual rotation in a 3 month old female patient.
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DISCUSSION

The method robustness test showed that the CCFP calculation is robust 
against missing data and deformation in hemi-ellipsoid shapes. The part 
of the head used for these calculations is roughly hemi-ellipsoid in healthy 
patients but shows different expressions in patients with craniosynostosis. 
The craniosynostosis shapes showed a deviant CCFP position as compared to 
the other cases. This makes it possibly useful for classifying these conditions 
but less useful for comparison between these and healthy heads without the 
use of additional reference points. Thus finding other reference points that 
can be related to the sella turcica or using only a partial CCFP calculation by 
excluding the affected part of the head might overcome this issue.

The segmentation process was done in Matlab [12] resulting in some 
limitations. Especially when CT scan was performed with considerable head 
flexion, segmentation and registration resulted in a smaller usable section 
for CCFP calculation. Missing data did not influence the CCFP calculation 
significantly in the robustness test, however accuracy improves utilizing all 
data. Changing the segmentation process in Matlab could resolve this issue. 
Another option is using software like ITK-snap to handle the segmentation [16]. 

The patient study consisted of 36 patients and was of an explorative nature. 
Hence the study only gives an indication of the distribution of the CCFP among 
the adult population. Using a larger sample results in even more accuracy, 
although this study showed a small 95% CI spread for CCFPs. Yet the few 
millimeter 95% CI spread for CCFPs suggest that the mean position for the 
CCFPs between individuals is at about the same position relative to the sella 
turcica. The 95% CI sub-millimetre spread for the mean difference between 
the CCFP-skin and CCFP-skull suggests that the position relative to each other 
is predictable.

The case studies of matching 3D photos with CT-scans using the CCFP showed 
a very high agreement. A follow-up study is needed to show pitfalls or problems 
during this process. Although the absolute average difference is bigger than 
in first case, the standard deviation of the difference is almost equal in both 
cases. This can be explained by the time between the CT-scan and 3D photo 
as well as the order in which these were taken. In the first case the 3D photo 
was made prior to the CT-scan which added the hairnet to the overall 3D photo 
volume but where growth added to the CT-scan volume and thus somewhat 
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compensating each other’s additional volume. In the second case the CT-scan 
came prior to the 3D photo which allowed both the hairnet and the additional 
growth time (3 versus 6 weeks) to add to the volume of the 3D photo. Therefor it 
is to be expected that there was a bigger absolute average difference compared 
to the first case. Taking this in consideration as well as the near equal standard 
deviation and the visual inspection suggests that in both cases the overlay 
was performed with equal accuracy. Finally the trigonocephaly did not seem 
to impact the matching process. Further differences could be caused by 
inaccuracy of the 3D-photo system or the CT-scan and its segmentation or 
registration.

In a growing skull, the CCFP could change and might require parametric 
correction to be able to perform sequential overlay of 3D photo data. This 
should be the subject of a follow-up study with CT-scans in different pediatric 
age groups. The CCFPσ was only used for the method robustness test and was 
not further evaluated in the patient study. The CCFPσ might give insight in the 
shape of the head as well as the effect of possible abnormalities of the head 
as suggested in the robustness test for the trigonocephaly and scaphocephaly 
shapes. This should be looked into and can potentially be used in clinical 
practice. 

A final limitation of this study was the manual rotation used during the 
registration process. This could result in small variation differences from 
patient to patient. An automated method to determine the rotations in these 
parts would be more objective and thus less vulnerable to these errors. 

CONCLUSION

We have shown that the calculation of the CCFP is reliable and robust against 
deformations and missing data. Furthermore there is a considerable relative 
difference for the CCFP position in the synthetic shapes of the simulated 
trigonocephaly and scaphocephaly compared to the other shapes. This relative 
difference could potentially be used to quantify and/or qualify these conditions 
in CT-scans or 3D photo’s. Future research should be directed to investigate 
these features.

In the adult population, the CCFP-Skin and CCFP-Skull only differ a few 
millimeter in mean, 95% CI and standard deviation. Thus obtaining either 
of these values can be used to accurately estimate the other value. Since the 
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difference of the CCFP-skin and CCFP-skull show few millimeter variations 
in individuals, the CCFP-skin can be used as an indication to where the sella 
turcica is located.

The CCFP-skull lies at average 1.9 mm more cranial and 1.4 mm more anterior 
than the CCFP-skin. The CCFP-skin is at (0.0, 27.1, 19.4) mm and the CCFP-skull 
at (-0.1, 28.9, 18.0) mm with a few-millimeter 95% CI, in relation to the sella 
turcica.

We have shown that the alignment of the skin surface of a 3D photo to a CT-
scan while using the CCFP translation and manual rotation results in a near 
perfect match. We have shown a fit with an average sub millimeter difference 
in the first case and 2.3 mm difference in the second case which can be 
explained by growth and the use of a hairnet. In both cases there was a very 
small standard deviation for the difference (1.1 mm) suggesting that both 
cases were matched with equal accuracy. The hairnet in the 3D photo, and the 
missing data in the CT-scan had no observable impact on the CCFP calculation 
and matching. Hence the CCFP matching method is a viable option to match 
3D photos with CT-scans. This could be done with sequential 3D photos as 
well, reducing the need for CT-scans and the radiation dose in the follow-up of 
cranial development.

In summary the CCFP method is a robust method for determining a position 
in the head by the skin surface or skull surface with a predictable position 
relative to the sella turcica. The CCFP of the skin and the skull have a known 
distance with a known variance relative to each other on which can be 
anticipated. Furthermore using the CCFP to overlay a 3D photo and CT-scan 
is a viable option that might also yield good results in sequential 3D photos. 
However more research is needed to fully explore the extent of the CCFP in 
cranial applications by itself and in relation to other cranial measurement 
methods. Distinguishing between age and sex can give insight in the CCFP in 
the developing cranium. But most important is the potential to reduce the need 
for CT-scans, along with the radiation exposure in the follow-up of cranial 
development by using the CCFP.
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APPENDIX

CCFP CALCULATION

The CCFP is calculated by determining the average of so called center points in 
a triangulated spherical object. Each face/triangle/polygon in the triangulated 
object has a center and a normal. Each center and normal can be considered 
as a skew line with the origin in the face center and the direction as the face 
normal. A so called center point can be calculated for each combination of 
skew lines that can be made. A center point is a point between two skew lines 
that has the closest and equal distance to two skew lines. For this the positions 
s and t on lines L n(s) and L m(t) are used to calculate the center point as shown 
in Ericson, Real-Time Collision Detection, 2005, (Chapter 5.1.8) [17]. An example of 
two skew lines and their center point is given in [Figure 4].
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Figure 4: Example of two skew lines and the center point in 3D. A green line is drawn 
between two non-intersecting skew lines (red and blue) where the distance between 
these skew lines is shortest. The center of this green line is a center point. The distance 
from the center point to the each skew lines is equal.



Chapter 2

42

Averaging all skew line combinations for one given face gives the center-
point  for that face as can be seen in [Equation (1)]. Only skew line 
combinations that have an absolute angle between each other larger than 30 
degrees (and smaller than 330 degrees) will be used in the calculation. These 
cases will be add to the count of 

 
as well. This is to exclude near-parrallel 

face calculations that would result in outliers.

(1)

Finally all center points are averaged to get the CCFP as can be seen in 
[Equation (2)]. 

(2)

CALCULATION SOFTWARE

Calculation of the CCFP is performed using Matlab 2014a (8.3) [12] with C++ 
and OpenCL 1.2 [14], [15]. Matlab is used to calculate the skew lines of each 
polygon. The skew lines are send to a C++ library that facilitates OpenCL to 
calculate the center points. OpenCL was used to accelerate the calculation of 
the CCFP. In Matlab the CCFPσ and CCFP are calculated using the standard 
deviation and average of these center points. The software used was as proof 
of concept and thus the CCFP calculation is not limited to Matlab or C++. Other 
software (e.g. the free alternative Octave  (Eaton, online)) could be used to 
implement the CCFP calculation. Other acceleration techniques like CUDA 
[19] instead of OpenCL could also be used. Due to the simple math in the CCFP 
calculation completely stand-alone software could be written if desired.
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ABSTRACT

Introduction: The Computed Cranial Focal Point (CCFP) was introduced 
to standardize the alignment of cranial 3D photos and CT-scans in, for 
instance, soft-tissue matching. The effect of the presence of scaphocephaly 
or trigonocephaly on soft-tissue matching has not yet been investigated. 
Therefore, our goal was to investigate the soft-tissue matching error of the 
CCFP alignment method between CT-scans and 3D photos in scaphocephaly or 
trigonocephaly patients.

Methods: Time-matched cranial 3D photos and CT-scans of 20 scaphocephaly 
and 20 trigonocephaly patients were collected. The mean CCFP-offset was 
determined in the soft-tissue CT-scans for both patient groups. Two alignment 
strategies reflecting two different use cases were used for soft-tissue matching 
between the CT-scans and 3D photos using the CCFP alignment technique. The 
soft-tissue matching error was determined and visualized using distance maps 
for both strategies.

Results: Regardless of strategy, both patient groups showed a good surface 
matching fit. Both strategies had near identical distance map for either 
trigonocephaly or scaphocephaly.

Conclusion: Both alignment strategies showed a good fit with near identical 
surface matching performance in matching 3D Photos and CT-scans in either 
craniosynostosis form.
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INTRODUCTION

Adequate cranial shape evaluation methods are important for the detection 
and follow-up of craniosynostosis [1]. Three-dimensional (3D) imaging 
techniques such as 3D stereophotogrammetry and 3D-CT are frequently used 
to perform 2D measurements, calculate ratios, or to generate distance maps 
of the cranial shape [2]–[4]. An important step in processing these 3D imaging 
forms is the alignment technique. 

Figure 1: A 2D representation of the computed cranial focal point (CCFP) within the 
head. This uses the common type of expression in the form of the CCFP-offset value in 
the sella turcica-nasion orientation with the sella turcica as the origin (0,0,0).

In earlier studies, we presented the alignment technique using the Computed 
Cranial Focal Point (CCFP) [5], [6]. This technique is based on the CCFP-offset; 
the 3D position of the CCFP relative to the sella turcica in the sella-turcica 
nasion (StN) orientation [Figure 1]. The CCFP can be computed by determining 
the mean intersection of all the inwardly directed normal rays of the surface 
of the head starting 20 mm above the sella turcica–nasion plane [Figure 2]. 
This technique has been applied in several studies [6]–[8], however, it is still 
uncertain what the effects of deformations caused by craniosynostosis may 
have on the accuracy of alignment using the CCFP. 
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The goal of this study was to investigate the soft-tissue matching error of the 
CCFP alignment method between CT-scans and 3D photos in scaphocephaly or 
trigonocephaly patients. 

Figure 2: A 2D representation of the computation of the computed cranial focal point 
(CCFP). The CCFP is computed by determining the mean intersection of all normal rays 

of the 3D photo or CT-scan of the head 20 mm above the nasion-tragus plane.

MATERIALS AND METHODS

STRATEGY

The soft-tissue matching error of the CCFP alignment method between 
CT-scans and 3D photos in scaphocephaly or trigonocephaly patients is 
determined in two steps. First the CCFP-offset values for trigonocephaly and 
scaphocephaly patients are calculated and compared using CT-scans. These 
are then used in the second step. In the second step, the soft-tissue matching 
errors of CT-scans and 3D photos for scaphocephaly and trigonocephaly 
patients are determined after applying the CCFP alignment method.
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ACQUISITION AND SUBJECTS

The first dataset consists of 20 time-matched pre-surgery CT-scans and 3D 
photos of scaphocephaly patients. The second dataset consists of 20 time-
matched pre-surgery CT-scans and 3D photos of trigonocephaly patients. The 
time-matched CT-scans and 3D photos were acquired within 30 days of each 
other for each patient. 

The 3D photos were obtained using a 3DMD Cranial System (3dMDCranial, 
3dMD, Atlanta, USA). Scaphocephaly and trigonocephaly patients were 
randomly selected from the craniosynostosis registry of our institution. 
Patients scheduled for either endoscopic strip craniectomy as well as total 
vault remodeling were eligible. Patients who signed the opt-out for anonymous 
data use for scientific research were excluded. Patients with 3D photos or CT-
scans that presented incomplete captured craniums or quality inconsistencies 
were excluded. If a patient was excluded, a random replacement was selected 
and checked for exclusion criteria until 20 scaphocephaly patients and 20 
trigonocephaly patients were included. After data collection, patients were 
anonymized and labelled with either trigonocephaly or scaphocephaly.

Approval with an informed consent waiver from the regional institutional 
review board was obtained (CMO regio Arnhem – Nijmegen, 2020-6128). 
This study was conducted in compliance with the World Medical Association 
Declaration of Helsinki on medical research ethics.

DATA PRE-PROCESSING

The data pre-processing was mostly similar to that of Meulstee et al. [7]. All 
CT-scans were reconstructed to 3D surfaces using Maxilim software (Medicim 
NV, Mechelen, Belgium). All 3D surfaces of all the CT-scans were landmark 
annotated manually using custom software written in Unity v5.6.3 (Unity 
Technologies, San Francisco, CA, USA). Using a 3D photo version of the 
software [Figure 2], 3D photo landmarks were also annotated manually. The 
annotated landmarks for the CT-scans and 3D photos are listed in [Table 1]. 
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Table 1: Landmarks on the 3D-photos and CT-scans.

3D photos 3D CT

•	 Pretragion/Tragus (left & right)
•	 External cantion/exocanthion (left & right)
•	 Internal cantion/endocantion (left & right)
•	 Nasal bridge/Nasion
•	 Nose tip
•	 Subnasal landmark at the transition of the 

nose and upper lip/Subnasale

•	 Nasion 
•	 Sella turcica
•	 Frontozygomatic suture
•	 External acoustic meatus
•	 Frontal intersection of the Pterion
•	 Asterion
•	 External occipital protuberance
•	 Anterior fontanelle (center)
•	 Posterior fontanelle (center)

Figure 3: Example screenshot of the custom annotation tool to select 9 landmarks on 
3D photos resulting in the preorientation (left).

CCFP-OFFSET COMPUTATION

The CCFP-offset in the sella turcica–nasion orientation was computed for 
all the CT-scans as reported in earlier studies [5]–[7]. The CCFP-offset values 
were reported per group for soft-tissue (CT-ST) and hard-tissue (CT-HT). The 
mean, standard deviation, and the 95% confidence interval (CI) were reported 
for every direction of the CCFP-offset (X, Y, Z) as represented in the sella 
turcica–nasion orientation [Figure 1]. The difference of means of the CCFP-
offset was determined between the hard-tissue and soft-tissue for all datasets. 
Furthermore, the difference of means of the CCFP-offset was determined 
between the soft-tissue modalities for patient groups using a two-tailed 
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independent-samples T-test. All significance was assumed p<0.05. IBM SPSS 
Statistics version 25 (IBM Germany GmbH, Ehningen, Germany) was used for 
analysis. 

SOFT-TISSUE MATCHING

Due to the math behind the CCFP computation method we are aware that the 
CCFP should be positioned at a similar location relative towards the surface 
of the head when using similar surfaces and landmarks. With multi-modality 
setup this leaves two variables in a sella turcica-nasion orientation in the: the 
CCFP-offset and the modality. Therefore, the matched CT-scans and 3D photos 
were oriented using two orientation strategies [Figure 4]. The first strategy (A) 
is the intended CCFP-based orientation workflow for matching CT-scans and 
3D photos. In this workflow, the CT-ST is oriented in the sella turcica-nasion 
orientation using the bony landmarks. Each 3D photo is oriented in the sella 
turcica-nasion orientation using the mean population based CCFP-offset 
(either of trigonocephaly or scaphocephaly) [6], [7]. 

Figure 4: The orientation strategies for testing the soft-tissue matching between soft-
tissue CT-scans and 3D photos using the CCFP. ST = Soft-tissue, StN = Sella turcica–
nasion, CCFP = Computed cranial focal point.
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The second strategy (B) tests the soft-tissue matching using an pseudo-arbitrary 
CCFP-offset value for both the CT-scan and 3D photo in cases where an exact 
CCFP-offset is not known. The arbitrary offset value chosen was the mean age-
referenced healthy control CCFP-offset [Appendix Table 4]. This orientation 
strategy processes both the CT-ST and 3D photo identically by placing them in 
the sella turcica-nasion orientation using this CCFP-offset. 

After applying the orientation strategy, sampling using a hemi-icosphere of 
both the CT-scan and 3D photo was performed as described in earlier studies 
[6], [7]. Distance maps between the CT-scans and 3D photos were created 
and averaged for both orientation strategies in each group. Furthermore, 
the Euclidian distance in mm per sampled point was used to determine the 
mean, absolute mean, standard deviation, minimum distance, and maximum 
distance in the distance maps. The mean distance maps and Euclidian distance 
metrics were used to determine the degree of soft-tissue matching. 

RESULTS

POPULATION

The mean age of trigonocephaly patients was 3.6 months for the CT-scans and 
3.7 months for the 3D photos (4.7-day difference). For the scaphocephaly group, 
the mean age during the CT-scan was 3.3 months and 3.6 months for the 3D 
photo (9.7-day difference).

CCFP-OFFSET VALUES

An overview of the CCFP-offset values from the craniosynostosis groups is 
presented in [Table 2]. There was no significant difference between the soft-
tissue and hard-tissue for each patient or control group. The scaphocephaly 
and trigonocephaly groups differed in both CCFP-Y (p<0.001) and CCFP-Z 
(p=0.001) for the soft-tissue offsets.
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Table 2: The mean, SD and 95% CI of the CCFP-offset values for the hard-tissue and 
soft-tissue CT-scans for each group in the X, Y, Z direction in the sella turcica-nasion 
orientation. P-values representing significant differences between these hard-tissue 
and soft-tissue values are also given.

CCFP-offset Hard-tissue (mm) CCFP-offset Soft-tissue (mm)

Mean SD 95% CI Mean SD 95% CI p-value

Scaphocephaly X -0.1 0.7 -0.4 - 0.2 -0.2 0.8 -0.5 - 0.2 0.676

Scaphocephaly Y 8.5 4.1 6.6 - 10.4 9.0 4.0 7.1 - 10.9 0.698

Scaphocephaly Z 29.0 2.8 27.7 - 30.4 28.0 2.6 26.8 - 29.3 0.249

Trigonocephaly X -0.1 1.1 -0.7 - 0.4 0.0 1.1 -0.5 - 0.5 0.997

Trigonocephaly Y 15.0 3.1 13.5 - 16.5 14.4 3.8 12.6 - 16.2 0.588

Trigonocephaly Z 32.7 3.6 31.0 - 34.4 32.2 3.6 30.5 - 34.0 0.663

 
SOFT-TISSUE MATCHING
The results of the mean soft-tissue matching are shown in [Table 3 and Figure 
5]. Using strategy A with the population-specific CCFP-offset values, both 
trigonocephaly and scaphocephaly have a 0.1 mm difference between the 
mean and absolute mean. Furthermore, there is no apparent shift or rotation 
present in the distance maps. Using strategy B results in near identical soft-
tissue matching maps and surface matching error values as strategy A for both 
trigonocephaly and scaphocephaly. 

Table 3: The surface matching errors for different orientation strategies.

  Surface matching error (mm)
Figure Id Group Strategy Mean Abs. Mean Std. Min Max

5A Trigonocephaly A 1,8 1,9 1,2 -1,9 5,0
5B Trigonocephaly B 1,8 1,9 1,1 -1,7 4,6

5C Scaphocephaly A 1,1 1,2 0,8 -1,7 6,2
5D Scaphocephaly B 1,1 1,2 0,8 -1,8 6,0



Chapter 3

56

Figure 5: The mean matching distance map (in mm) between soft-tissue CT-scans 
and 3D photos for trigonocephaly (A, B) and scaphocephaly (C, D) cases using the two 
orientation strategies. Positive values represent additional volume in the 3D photos over 
the CT-scans.

DISCUSSION

CCFP-OFFSET VALUES

There was no significant difference between the soft-tissue and hard-tissue 
CCFP-offsets. The absolute differences varied per direction and were smaller 
than those in the earlier reported adult population which may be the results 
of additional skin thickness in adults [5]. Please note that the reporting on the 
axis of Y and Z are swapped between this and the adult study. This results in 
the caudal to cranial direction being defined by the Z-axis while the anterior 
to posterior direction being defined by the Y-axis. Only the CCFP-X-offset 
difference between the trigonocephaly and scaphocephaly group was not 
significant.
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Comparing the reference CCFP-offset values of healthy controls aged 3-6 
months [Appendix Table 4] [7] with the trigonocephaly and scaphocephaly 
group showed two significant differences. A significant difference (p<0.001) 
was found for the CCFP-Y in scaphocephaly and the CCFP-Y (anterior-
posterior displacement) of the controls. This was similar for the control and 
trigonocephaly groups in CCFP-Z (p=0.013) (caudal-cranial displacement). 
These differences may indicate possible constraints of the interchangeability 
of the control CCFP-offset values with the patient groups. Although not 
specifically tested in this study, it is fair to assume that to achieve the best 
possible approximation of the sella turcica, a population-specific CCFP-offset 
is needed. 

SOFT-TISSUE MATCHING

The first strategy (A) showed good results in both scaphocephaly and 
trigonocephaly. The 3D photos had additional volume over the CT-scans which 
can be explained by the hair and/or hairnet present in the 3D photos, age 
differences, and the aliasing/rounding errors of both modalities. On average, 
the 3D photos in the trigonocephaly cases were taken 4.7 days later than the 
CT-scans, resulting in 60 ml extra volume. For the scaphocephaly cases, this 
difference was 9.7 days on average, resulting in 40 ml extra volume. Although 
the additional volume effects are limited, the growth areas seem to be in line 
with the normal head growth and the closed sutures of the same age group [7]. 
There was no clear sign of a relative shift between the CT-ST and the 3D photos 
using this strategy.

The second strategy (B) showed a workflow of multi-modality matching using 
a control CCFP-offset for both the CT-scans and 3D photos. Interestingly, this 
method shows near identical matching compared to strategy A [Table 3, Figure 
5]. The volume differences are close to those of the intended workflow; 60 ml 
versus 60 ml for trigonocephaly, and 39 ml versus 40 ml for scaphocephaly. 

However, strategy B shows a slight shift in the surfaces when compared to 
strategy A. This is due to the differences in the CCFP-offset values used. 
Strategy A and B both compute an identical CCFP position, which is dependent 
on the surface of the skin or skull, but result in a different approximated sella 
turcica position which was based upon the CCFP position and the CCFP-offset.
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As strategy A and strategy B yield near identical results regarding the 
surface matching error and distance maps, it is most likely that a control 
CCFP-offset (or any reasonable CCFP-offset) can be used to achieve proper 
matching between CT-scans and 3D photos. There is no need for knowing 
the (population) specific CCFP-offset in matching CT-scans and 3D photos as 
long as the approximated sella turcica position does not need to be accurate. 
However, since the CCFP-offset changes over time [5], [7], it is recommended 
to use both population and age-specific CCFP-offsets when using longitudinal 
follow-up after, for instance, craniosynostosis treatment.

LIMITATIONS

Follow-up CT-scans after craniosynostosis at our institution only occur in 
case of indications like complications or unexpected results, so there are 
no “normal” follow-up CT-scans. Furthermore, CT-scans of the head after 
craniosynostosis treatment due to a non-craniosynostosis indication are rare. 
This leaves a knowledge gap with respect to the evolution of CCFP-offset after 
surgery. Collecting the CT-scans required to determine the evolution of the 
CCFP-offset after craniosynostosis treatment prospectively will result in the 
use of either sedation or a radiation dose [9]–[12]. Despite the reduced radiation 
dose options in diagnosis of craniosynostosis [13], [14] it is still not standard 
clinical practice at our institute. A historic set of post-operative follow-up CT-
scans in non-syndromic craniosynostosis similar to the syndromic variant 
may exist [15]; alternatively (ultra/super) low-dose CT-scans might be a 
feasible option in a prospective setup if the quality is sufficient for the CCFP 
computation [14]. 

Other cranial shape orientation strategies may allow for even better results. 
So far the CCFP strategy seems to result in the best soft-tissue orientation. 
We have tested the suitability  for population-based orientations rather than 
individual orientations. The use of longitudinal orientation of individuals was 
not feasible with the current data, and therefore was not part of this study. 
However, considering the stable nature of the CCFP-offset we consider the 
CCFP a good candidate in longitudinal setups when using e.g. interpolation 
over time.

Other forms of craniosynostosis like anterior plagiocephaly were also not 
included in this study due to the number of available patients and their 
respective 3D photos and CT-scans at our institution. Due to the asymmetric 
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nature of these patients, it is uncertain if the CCFP alignment method will 
work. However, it is assumed that, based on this study, the asymmetry could 
be overcome by e.g. mirroring and averaging of the 3D photos and CT-scans.

CONCLUSION

The goal of this study was to investigate the soft-tissue matching error of the 
CCFP alignment method between CT-scans and 3D photos in scaphocephaly 
or trigonocephaly patients. Two alignment strategies for matching CT-scans 
and 3D photos were tested using either a population-specific CCFP-offset or 
a control CCFP-offset. Both alignment strategies showed a good fit with near 
identical results, and could be applicable depending on availability of a known 
CCFP-offset and the need for approximating the sella turcica position in 3D 
photos.
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APPENDIX

Reference CCFP-offset values of healthy controls aging 3-6 months of age 
(n=13) as obtained (but not explicitly reported) in a different study are shown 
in [Appendix Table 4] [7].

Table 4: The mean, SD and 95% CI of the CCFP-offset values for the hard-tissue and 
soft-tissue CT-scans for the 3 & 6 month old controls in the X, Y, Z direction in the sella 
turcica-nasion orientation. P-values representing significant differences between these 
hard-tissue and soft-tissue values are also given.

CCFP-offset Hard-tissue (mm) CCFP-offset Soft-tissue (mm)

Mean SD 95% CI Mean SD 95% CI p-value

X 0.4 1.0 -0.2 - 1.0 0.4 1.0 -0.2 - 1.0 1.000

Y 13.9 3.2 11.9 - 15.8 14.0 3.1 12.2 - 15.9 0.936

Z 29.2 4.0 26.7 - 31.6 28.8 3.9 26.5 - 31.1 0.799
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ABSTRACT

Introduction: Radiation-free 3D post-operative sequential follow-up in 
craniosynostosis is hindered by the lack of consistent markers restricting 
evaluation to subjective comparison. However, using the computed cranial 
focal point (CCFP), it is possible to perform correct sequential image 
superposition and objective evaluation. We used this technique for mean 
volume and shape change evaluation of the head utilizing 3D photos after 
endoscopically assisted trigonocephaly surgery.

Methods: We performed a mean head shape and volume evaluation on age 
grouped 3D photos (n = 86) of children who underwent endoscopically assisted 
strip craniectomy with helmet therapy. We used CT-scans of healthy children 
as reference. We performed a mean shape evolution analysis and calculated 
the anterior fossa to total volume ratio (A/T-ratio). The volume- and A/T-ratio 
pattern were compared with the reference group.

Results: The mean anterior fossa volume evolved from 336 ml (33.4% A/T-ratio) 
pre-surgery to 664  ml (36.0% A/T-ratio) at 37-48 months post-surgery. Both 
groups have a near similar volume- and A/T-ratio pattern over time. The first 
18 months show a predominant growth around the resected metopic suture. 
Between 18 and 24 months we observed mostly anterior orbital rim growth. 
From 24 months till 36-48 months the head grows predominantly at the 
temporal area. The least outward growth was observed at the temporal bones.

Conclusion: Using a novel technique we were able to objectively evaluate head 
shape and volume using stereophotogrammetry after endoscopically assisted 
strip craniectomy. The A/T-ratio and volume growth pattern of endoscopically 
treated patients is near identical to that of the normal reference group.
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INTRODUCTION

Craniosynostosis is the premature fusion of cranial sutures occurring at 1 in 
2000 to 1 in 2500 live births [1]. Treatment for craniosynostosis comes with 
different approaches. Trigonocephaly has two main approaches; the open 
cranial vault reconstruction and (endoscopic) suturectomy with spring- or /
helmet therapy [2]–[6]. Objective comparison, follow-up and evaluation of 
these approaches remain difficult. Modern clinical diagnosis of head shapes 
and follow-up after surgical craniosynostosis interventions usually relies 
on the use of CT-scans, cranial x-rays and in the past few years also three 
dimensional (3D) photogrammetry [7]–[13] . 3D Photogrammetry using 3D 
Photo systems were introduced as a radiation-free alternative but are limited 
to capturing soft tissue surfaces lacking the bony structures used in traditional 
follow-up. However it is possible to use 3D photos for objective follow-up. A 
common reference point for skull comparison is the sella turcica since its 
relative position is assumed to be more or less stable during skull growth [14]. 
A new method to determine a similar reference point, the computed cranial 
focal point (CCFFP), was proposed using a 3D surface from a 3D Photo [15]. The 
CCFP has a fixed location relative to the sella turcica. This allows orienting 
3D photos of the head in the sella turcica-nasion plane anchored to the sella 
turcica for radiation-free longitudinal follow-up. 

Since it is possible to perform radiation-free longitudinal follow-up using 3D 
photos and we want to initiate this practice by describing our methodology 
for this follow-up as well as the results for the endoscopically assisted 
craniosynostosis surgery. At our institute we have database of 3D photos of 
patients that underwent this surgery. Using the CCFP for registration of 3D 
photos we are able to perform longitudinal evaluations. We evaluate the head 
shape changes over time to determine the growth pattern in these patients 
that underwent this this surgery. Furthermore we look at the longitudinal 
volume change of the anterior fossa and the total head for this patient group. 
The anterior fossa volume is of interest due to being the volume in the affected 
region of the head. We compare these volumes changes in CT-scans with a 
reference group of children that did not undergo this surgery.
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MATERIALS AND METHODS

Since December 2010 we used 3D photography in our craniosynostosis follow-
up using a 3DMDhead System (3dMD Limited, London United Kingdom) 
in Radboudumc, Nijmegen, the Netherlands. In our follow-up database we 
selected all 3D photos of children that underwent endoscopically assisted 
metopic craniosynostosis surgery with helmet therapy that had a pre-surgery 
3D photo and at least one post-surgery 3D photo. 26 Patients were identified that 
met these criteria of which we evaluated the head shape and volume changes 
over time up to October 2015. The 3D photos were grouped according to age 
between 2 and 48 months old [Table 1]. Each 3D photo underwent orientation 
in a reference frame and resampling. Volumes of anterior fossa and whole head 
were determined and analyzed. The volumes of the heads of the 3D photos 
were compared to volumes of healthy children, based on CT-scan calculations. 
We defined healthy if the CT-scan showed no pathological, traumatic, or 
morphological changes of the bony tissue of the head as well as the absence 
of hydrocephalus or tumors. The CT-scans were acquired of children that 
underwent a head CT-scan at the emergency room and were between 2 and 48 
months old. CT-scans were used as a reference since we do not have a 3D photo 
set of healthy children yet. Average head shapes and normalized average head 
shapes per group were made for shape evaluation over time. 

Table 1: Number of patients included in each age group for 3D Photos and CT-scans. * = 
Pre-surgery patients.

Group Age (months) 3D Photos CT-scans
1 2-4 22* 6
2 5-7 4* 3

3 8-10 17 4

4 11-14 14 11

5 15-18 8 8

6 19-24 8 8

7 25-36 8 5
8 37-48 5 8
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ORIENTATION AND RESAMPLING

We compared the volume pattern differences between the CT-scans and 3D 
photos as well as the morphology of the head based on the 3D photos. In order 
to perform these measurements we had to orient the CT-scans and 3D photos 
in the same reference frame. These steps are displayed in the flowchart in 
[Figure 1]. In depth information on these steps can be found in the appendix. 
Orientating the 3D photos in the reference frame of the CT-scan was executed 
by determining an age-specific CCFP to sella turcica offset using the CT-scans. 
This offset is used to approximate the sella turcica in the 3D photos prior to 
positioning these in the sella turcica-nasion reference frame. Once the CT-
scans and 3D photos were registered in the reference frames the age specific 
volumes could be determined as well as the mean shapes for the 3D photos. 
All calculations were performed using MATLAB 2015a (8.5) [16] with C++ and 
OpenCL 1.2 [17].

VOLUME ANALYSIS

For both the CT-scans and 3D Photos in each age group the mean volume, 
standard deviation and range of volumes were calculated above the sella 
turcica-nasion plane as well as for the anterior part of the head. We defined the 
anterior part of the head by the volume above the sella turcica-nasion plane 
and the volume in front of the plane crossing the center of the sella turcica 
perpendicular to both the sella turcica-nasion plane and the mid-sagittal 
plane. This approximates the anterior cranial fossa. Additionally the ratio 
between the anterior part and the entire head was calculated. The outer skin 
layer of the skull in the CT-scans was incomplete in the majority of the cases 
hence we used the outer bony surface for the CT-scan volume calculations. 

Since we used two different surfaces on which we determine the volumes (skin 
for 3D and skull for CT), we only compared the patterns of the volumes and 
volume ratios between the surgery group and reference group.
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STATISTICAL ANALYSIS

We compared the means of the volumes of the patients per age group for 
the total volume and anterior volume to determine if there was a significant 
difference. We started with a Shapiro-Wilks Test to test for normality in each 
group. Secondly we performed a Levene’s Test to test if the variances of each 
age group are equal. These tests determine the choice of the statistical method 
for further analyzing the differences in means. Since there was normality in 
each group and there were no equal variances we used a Brown Forsythe and 
Welch Test to test if there was a difference in means between groups and a 
Games-Howell Post-hoc test to determine which groups were significantly 
different from other groups (α=0.05).

SHAPE ANALYSIS

Table 2: Number 3D Photos of trigonocephaly patients per group.

Group # 3D Photos
Pre-surgery 26
6 Months post-surgery 21

12 Months post-surgery 19

18 Months post-surgery 8

24 Months post-surgery 8
36-48 Months post-surgery 4

 
Shape analysis between age groups was performed by comparing the average 
head shape per age group. Heatmaps were generated to show the absolute 
and normalized change between two sequential age groups. We were able to 
interpolate between two age groups for the vertex position and heatmap color. 
We used interpolation on the heatmaps to create animations of the average 
absolute shape change with the corresponding heatmap [see http://dx.doi.
org/10.1016/j.jcms.2017.02.007].

For the shape analysis we grouped the 3D Photos to their respective follow-
up time since we were interested in the effect of the surgery. The group 
distribution for the shape analysis can be seen in [Table 2].
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Figure 1: Flowchart depicting the steps used to determine the mean shape per age 
group for 3D photos and the mean volume per age group for CT-scans and 3D photos, as 
described in Appendix.



Chapter 4

72

RESULTS

VOLUME ANALYSIS

The mean total and mean anterior head volumes above the sella turcica-
nasion plane of the 3D photos can be seen in [Table 3] and [Figure 2]. The mean 
total volume starts at 942 ml and increases to 1846 ml (96.0% incline). The mean 
anterior volume starts at 308 ml and increases to 664 ml (116.0% incline). The 
volumes are based on the outer skin layer as observed by the 3D camera.

The mean total and mean anterior head volumes above the sella turcica-nasion 
plane of the CT-scans can be seen in [Table 4] and [Figure 2]. The mean total 
volume starts at 818 ml and increases to 1396 ml (73.5% incline). The mean 
anterior volume starts at 262 ml and increases to 454 ml (70.8% incline). The 
volumes are based on the outer bony skull layer of the CT-scan.

Figure 2: Average volumes of the full and anterior part of the head above the sella 
turcica-nasion plane for the trigonocephaly group (skin) and reference group (skull).
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Table 3: Outer skin trigonocephaly 3D photo head volume measurement above sella 
turcica-nasion plane per group. * = Pre-surgery patients.

Total head volume (ml) Anterior head volume Ratio
Group n Mean Range Std Mean Range Std A/T (%)

1 (2-4 months)* 22 942 [748–1110] 98 308 [233–380] 38 32.7
2 (5-7 months)* 4 1205 [1011–1378] 184 489 [311–586] 86 37.2

3 (8-10 months) 17 1287 [1055–1614] 131 491 [464–518] 52 38.1

4 (11-14 months) 14 1400 [1133–1670] 172 524 [480–567] 74 37.4

5 (15-18 months) 8 1463 [1318–1697] 133 528 [478–679] 60 36.1

6 (19-24 months) 8 1467 [1281–1627] 106 521 [485–579] 44 35.5

7 (25-36 months) 8 1616 [1361–1901] 165 568 [501–634] 79 35.1
8 (37-48 months) 5 1846 [1717–2007] 110 664 [590–739] 60 36.0

Table 4: Outer skull reference CT head volume measurement above sella turcica-nasion 
plane per group.

Total head volume (ml) Anterior head volume Ratio
Group n Mean Range Std Mean Range Std A/T (%)

1(2-4months) 6 818 [687–1153] 174 262 [213–378] 69 32.0
2(5-7months) 3 1067 [1047–1105] 33 371 [367–374] 4 34.7

3(8-10months) 4 1143 [1081–1239] 68 412 [378–445] 30 33.1

4(11-14months) 11 1196 [995–1390] 116 423 [337–515] 63 35.3

5(15-18months) 8 1249 [1119–1400] 90 412 [348–508] 51 33.0

6(19-24months) 8 1324 [1208–1505] 91 440 [385–518] 40 33.3

7(25-36months) 5 1413 [1263–1577] 119 460 [394–509] 42 32.5
8(37-48months) 8 1396 [1269–1624] 113 454 [398–606] 67 32.5

 
Since we used two different surfaces (skin for 3D and skull for CT), 
we only compared the patterns of the volumes and anterior/total-ratios 
between the surgery group and reference group. Looking at the volumes 
over time [Figure 2] we can see that both the surgery group and reference 
group follow a similar growth pattern with some minor differences. 
One difference is that the surgery group still shows an increase in 
growth both total and anteriorly volume after 36 months (group 8) of 
age while the reference group does not. Another observation is that 
there is a plateau between 15 and 24 months old (group 5 & 6) for the 
mean total volume and mean anterior volume growth in the surgery 
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group. A similar plateau can be observed between 8 and 18 months old 
(groups 3-18) for the mean anterior volume growth of the reference 
group.

The anterior/total-ratio of both groups is shown in [Figure 3]. Again we see a 
similar ratio pattern. Both groups start at a lower ratio to increase in ratio 
until the age of 8-10 month. From here on there is a decline up to the 25-36 
month group. A small incline could be observed in between for the reference 
group at 19-24 months old. The ratio stays near equal for the reference group 
until 37-48 months of age while the ratios of the surgery group still shows a 
slight increase from 35.1 to 36 %.

Figure 3: Average volume ratios between the full and anterior part of the head above 
the sella turcica-nasion plane for the trigonocephaly group (skin) and reference group 
(skull).

COMPARISON OF ANTERIOR GROWTH PERCENTAGES

The results of the anterior growth comparison between the surgery group 
and reference group can be seen in [Table 5]. We distinguish between two 
measures: the growth progress (percentage of total volume achieved starting 
at group 1 with 0%) and the relative growth (percentage of difference in 
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volume compared to the previous group). The surgery group starts with 39.5% 
of the growth progress completed at 5-7 months old whereas the reference 
group already completed 56.8 %. The reference group progress goes up to 78.4 
% at 8-10 months old while the surgery group only achieves 51.4 %. A small 
plateau is present for the reference group up till 15-18 months old at around 
80%. The surgery group growth progress will go to 60.5 % at 11-14 months to 
stay at a plateau up to 19-24 months old (59.9%). The reference group achieved 
full growth for our observation window at 25-36 months old. The surgery group 
has a steady increase from 19-24 months old to 37-48 months old achieving full 
growth for our observation windows without the plateau as observed at the 
reference group.

Table 5: Anterior growth progress and relative growth for the trigonocephaly and 
reference groups. The growth progress shows the percentage of growth achieved. The 
relative growth shows the percentage of difference in volume compared to the previous 
group.

Growth Progress (%) Relative Growth (%)
Group Trigonocephaly Reference Trigonocephaly Reference
2 (5-7 months) 39.5 56.8 45.8 41.7
3 (8-10 months) 51.4 78.4 9.5 11.2

4 (11-14 months) 60.5 83.8 6.6 2.5

5 (15-18 months) 61.9 78.5 0.9 -2.5

6 (19-24 months) 59.9 93.1 -1.3 6.8

7 (25-36 months) 72.8 103.1 8.8 4.4
8 (37-48 months) 100.0 100.0 17.1 -1.3

 

STATISTICAL ANALYSIS

The total and anterior volumes for the 3D Photos were distributed normally 
as seen by the Shapiro-Wilks Test (p >= 0.255 in all groups). The Levene’s 
Test indicated equal variances for the total volumes (F = 1.556, p = 0.161) and 
unequal variances for the anterior volumes (F = 2.273, p = 0.037). However, the 
ratio between the minimum and maximum variances are 3.5 for the total 
volumes and 4.9 for the anterior volumes. Thus equal variances cannot be 
assumed. The Welch Test showed a significant difference in means for both the 
total volumes (F = 56.164, p < 0.001) and anterior volumes (F = 40.758, p < 0.001). 
The Brown-Forsythe shows a similar result for the total volumes (F = 50.203, p 
< 0.001) and anterior volumes (F = 32.225, p < 0.001).
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Finally we did a Games-Howell Post-hoc test to determine which means were 
significantly different from the other groups (α=0.05). The total volume means 
of the 2-4 month group were significantly different from all other groups 
except for the 5-7 month group. The 37-48 month group was significantly 
different for the mean total volumes from all groups except the 25-36 month 
group. The 8-10 month group was significantly different from the 19-24 month, 
25-36 month, and 37-48 month group for the mean total volumes.

For the mean anterior volumes the 2-4 month group was significantly different 
from all other groups except for the 5-7 month group. The 37-48 month group 
was significantly different for the mean total volumes from all groups except 
the 25-36 month and 5-7 month group.

SHAPE ANALYSIS

ABSOLUTE SHAPE

The average growth and shape change over time in mm can be seen in [Figure 
4]. In the first 6 months post-surgery there is a predominant growth around 
the frontal and occipital area of the head up to 8 mm along with growth of 
the orbital rims. The strip site shows the least growth in the frontal region 
[Figure 4 top left]. Between the period of 6 to 12 months post-surgery most 
growth on and around the site where the strip was removed, peaking up to 5 
mm along with more frontal growth of the orbital rim area [Figure 4 top right]. 
Between 12 and 18 months old there is an overall growth in the frontal area 
peaking 3 mm [Figure 4 middle left]. No notable growth above 1 mm can be 
found between 18 to 24 months old except for growth of the orbital rims and 
the occipital area [Figure 4 middle right]. Between 24 and 36-48 months old 
the growth is focused at the temporal area of the head [Figure 4 bottom left]. 
The total growth from Pre-surgery to 36-48 months post-surgery indicates the 
strongest growth along the orbital rims and below the anterior fontanel [Figure 
4 bottom right]. Furthermore a considerable amount of growth can be found 
near the centers of the parietal bones. The sphenoid wing, and temporal bone 
show the smallest amount of growth. No predominant orbital widening seems 
to occur over time. A video of the absolute shape change from pre-surgery 
to 36-48 months is provided for online media [see http://dx.doi.org/10.1016/j.
jcms.2017.02.007].
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Figure 4: Mean head shapes with heatmaps of the absolute head growth in mm for 
the trigonocephaly group (Please note the different color scales). Top-left: Pre-surgery 
to 6 months post-surgery. Top-right: 6 to 12 months post-surgery. Middle-left: 12 to 18 
months post-surgery. Middle-right: 18 to 24 months post-surgery. Bottom-left: 24 months 
post-surgery to 36-48 months post-surgery. Bottom-right: pre-surgery to 36-48 months 
post-surgery.
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NORMALIZED SHAPE

The normalized growth and shape changes per time in percentage can be 
seen in [Figure 5]. Normalized growth ensures that the volume over time stays 
equal, showing relative growth. This means that if there is relative growth at 
one site, relative shrinkage must occur at the rest of the head. Between pre-
surgery and 5 months post-surgery we see a relative growth around the surgery 
site, orbital rims, temporal bone and occipital area [Figure 5 top left]. In 
the center of the frontal bone is an area with relative shrinkage. Between 6 
months and 12 months there is a similar growth to the absolute shape change 
[Figure 5 top right]. Between 12 to 18 months old there is relative growth in the 
overall frontal area and the left occipital area [Figure 5 middle left]. The latter 
is most likely an artifact due to naturally occurring asymmetry and sample 
size. Between 18 and 24 months old there is a relative growth of the orbital 
rims and the occipital area [Figure 5 middle right]. In the group from 24 to 
36-48 months old there is a predominant growth in the temporal area of the 
head [Figure 5 bottom left]. When looking from pre-surgery to 36-48 months 
post-surgery we see a growth in the orbital rims, below the frontal fontanel 
and the temporal to occipital area of the head [Figure 5 bottom right]. In the 
frontal center of the frontal bone there is a relative shrinkage equal to that of 
the cranial part of the parietal bones. A video of the normalized shape change 
from pre-surgery to 36-48 months is provided for online media [see http://
dx.doi.org/10.1016/j.jcms.2017.02.007].

DISCUSSION

With the use of the CCFP and 3D Photos it is possible to perform a longitudinal 
radiation free follow- up of head shape and volume. The current population 
on which this was performed consisted of patients that underwent 
endoscopically assisted metopic suture craniosynostosis surgery. We have 
started in December 2010 to create full head 3D Photos of children with 
craniosynostosis pre- and post-surgery over time. So far only 27 patients 
could be used in the follow-up with in total 86 usable 3D Photos on which we 
based our analysis. This analysis already shows the initial results whereas 
we keep expanding our database with more 3D Photos to further improve this 
analysis.
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Figure 5: Normalized mean head shapes with heatmaps of the normalized head growth 
in mm for the trigonocephaly group (Please note the different color scales). Top-left: 
Pre-surgery to 6 months post-surgery. Top-right: 6 to 12 months post-surgery. Middle-
left: 12 to 18 months post-surgery. Middle-right: 18 to 24 months post-surgery. Bottom-
left: 24 months post-surgery to 36-48 months post-surgery. Bottom-right: pre-surgery to 
36-48 months post-surgery.
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We compared the growth patterns between patients that underwent 
endoscopically assisted metopic suture craniosynostosis surgery and a 
reference group of healthy children using two different modalities. The 
different modalities were chosen based on the availability in our clinic. Because 
of the difference between these two modalities we also have a difference in 
the segmented/observed surface and thus volume. The bony outer surface 
will always result in a smaller volume compared to the skin outer surface. 
Unfortunately, CT-scans of healthy children that include the complete skin 
surface are very scarce and we had to use the outer bony surface in order to 
obtain enough CT-scan data for the reference group. However, this limited 
our study by only comparing the growth patterns between our reference group 
and surgery group and not the absolute volumes. Using a correction value as 
determined by Mckay et al. for volumes above the lateral canthus and tragus 
could be an option to correct for the sella turcica-nasion plane if determined 
[12]. In our case these correction values of the total mean CT-scan outer bony 
surface volumes to the total mean trigonocephaly skin surface volume values 
would be between 1.11 and 1.17 depending on the age (nonlinear). However 
since these correction values are between the skull of normal reference groups 
and the skin of surgery groups we did not use these correction values.

For the growth and shape analysis we used different grouping as compared to 
the volume analysis. This was done to monitor the growth and shape effects 
caused by the surgery in detail. However we did not have reference 3D photos 
of healthy children. If we do, we can distinguish shape changes caused by 
natural growth and those that are caused by the surgery. We are currently 
building a database with 3D Photos of healthy children for future research.

The absolute and relative shape analysis showed growth around the surgical 
site with a relative shrinkage at the center of the frontal bone. Skull widening 
occurs in the later phase after surgery. Although there is a considerable 
amount of growth at the orbital rims, we did not see orbital widening in this 
time frame. Absolute growth at the sphenoid wing and temporal bone show an 
overall smallest growth of the entire analyzed area.

Other studies that evaluated shape changes either in pre- to post-surgery or 
long-term are often limited to a selection of parameters and not the whole head 
growth analysis [7], [11]. Analysis of using the whole head shape in sagittal 
craniosynostosis have been done before, however still using CT-scans [8]. 
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Longitudinal whole head shape analysis of metopic suture craniosynostosis 
was not performed in earlier research to our best knowledge.

The mean anterior volume, mean total volume and A/T-ratio showed a near 
similar pattern over time. Although some differences were observed. When 
looking at the volume pattern it can be seen that there is a small plateau 
in the surgery group for both the mean total and mean anterior volume at 
15 to 24 months. This could potentially point towards slowing down of the 
growth although this could also be due to our limited sample size. The mayor 
difference can be observed at 37-48 months old. The patient group still shows 
some additional volume growth (+ 0.9%) while the reference group does not. 
Statistically there was no difference between the means of the volumes at 24-
36 months and 37-48 months. So it could be that this effect is caused by our 
sample size. 

Intracranial volume measurement in craniosynostosis has been done before 
[18]–[21]. However these are limited to pre-surgery [18]–[20], or only compare 
pre- to post-surgery [21]. The pre- to post-surgery comparison did include 
the anterior fossa to total volume analysis, but was limited to brachycephalic 
craniosynostosis. To our knowledge no longitudinal follow-up of the volumes 
after metopic suture craniosynostosis surgery exist to date.

Using an objective measure significantly helps in the evaluation and 
quantification of the effects of craniosynostosis interventions. This is not only 
the case for our institution, but also for others around the world performing 
craniosynostosis interventions. The current 3D camera systems are getting 
cheaper and more accessible for both the mainstream and professional clients. 
Using these 3D cameras and new analysis techniques as shown in this study 
can help with reducing the amount of preventable ionizing radiation that is 
used in craniosynostosis follow-up. We hope that by the method shown in this 
study more institutes performing craniosynostosis surgery will use 3D photos 
or retrospective CT-scans to further quantify the effects of the surgery. We 
further hope to provide a method to objectively compare and further improve 
craniosynostosis surgery.
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CONCLUSION

We performed a retrospective study to evaluate the head shape and volume 
changes over time after endoscopically assisted metopic craniosynostosis 
surgery. We have been able to analyze the volume changes over time above 
the sella nasion plane thanks to the use of the CCFP[15]. The mean total 
and anterior head volume growth pattern was almost equal to the reference 
group. A total mean volume increase of 96.0% and an  anterior mean increase 
of 116.0% was observed in the surgery group.

The A/T-ratio pattern is also nearly similar in both groups. Again a deviation 
occurs at the later age from the 24-36 months to 37-48 months. The A/T-ratio 
for the surgery group increases while the reference group stays equal.

When looking at the overall growth progress of the mean anterior volume of 
both groups, we observed that the reference group was at the final anterior 
volume earlier than the surgery group and had a stronger incline at the start.

The shape analysis showed the growth pattern over time both absolute and 
relative. The surgical site and orbital rims show the most prominent growth 
along with the center of the parietal bones. The site of the removed strip 
showed the least local growth of the anterior portion of the head. The shape 
analysis shows the smallest growth in the orbital widening, sphenoid wing, 
and temporal bone over the evaluated period.

Our method for head shape and volume analysis gives insight in the growth 
pattern after endoscopically assisted metopic craniosynostosis intervention. 
This method can be used for healthy patients as well as other forms of 
craniosynostosis evaluation in the future. We hope that other institutes adapt 
and possibly improve this methodology to objectively compare the longitudinal 
effects of craniosynostosis surgery as well to further improve this surgery.
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APPENDIX 

ORIENTATION PROCEDURE

CT-SCANS

For the orientation of the CT-scans we start by removing small objects in the 
scan with a167 HU intensity or above. We created the surface data by using 
an OpenCL accelerated marching cubes algorithm also at 167 HU [22]. The CT-
scans were manually placed in the sella turcica-nasion orientation. 

After orientation resampling was performed using raycasting for the sampling 
[23] on the vertices (3D points) of a hemi-icosphere as reference shape. 
Resampling reduces the amount of 3D points used to describe an object while 
maintaining the overall shape [Figure 6]. Using a reference shape enables 
simple mathematical and statistical analysis. The number of vertices was 
chosen as low as possible for less computation time while ensuring that the 
inaccuracy of the CCFP position caused by sampling would be less than 1 mm.

Gaps in the resampled surface can occur naturally or by the CT-scan scanning 
procedure. The gaps were filled by iteratively determining the 3D points based 
on the average position of the neighborhood of neighboring 3D points to the 
origin.

After filling the gaps the CCFP position and volumes were determined and 
averaged per age. The CCFP is later used to determine the sella turcica position 
in the 3D photos of the same age group. An improved CCFP calculation was 
used that weights triangle size differences that can occur in 3D Photos as 
described later in the appendix.
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Figure 6: 3D Photo before (top) and after (bottom) resampling after orientation. The 
original version has 106268 triangles and the resampled version has 10240 triangles.

3D PHOTOS

The 3D photos were manually placed in a supraaurale-exocanthion orientation. 
The origin was placed at the midsaggital plane crossing the line between the 
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two exocanthions. We determined the CCFP position using the surface that was 
at 20 mm above the supraaurale-exocanthion plane after a 20 degree anterior 
rotation. [Figure 7].

Figure 7: 3D Photo after pre-orientation in the supraaurale-exocanthion plane with 20 
degrees anterior rotation. The highlighted area is used for the CCFP calculation.

We use the CCFP-sella turcica offset from the CT-scans of the same age group 
and the CCFP position in the 3D photo to calculate the center of the sella turcica 
in the 3D photo. We translate the 3D photo so that (0,0,0) position is the center 
of the calculated sella turcica. We rotate the 3D photo so that the head was 
positioned in the sella turcia-nasion plane.

Gap filling was performed similarly as in the surface of the CT-scans. Finally 
the mean volumes and the mean shapes per age group were determined for 
the 3D photos. The mean shapes consisted of the absolute shape as well as 
the normalized shape. The normalized shape is the absolute shape scaled by 
the inverse of the cubic root of the volume. These normalized shapes have an 
equal volume regardless of the age group and thus only shape is different.
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IMPROVING THE CCFP CALCULATION

The improved CCFP calculation adds a correction for triangle size. Triangle 
sizes in a 3D photo can typically vary up to 50x larger to 20x smaller than 
the mean triangle size [Figure 8]. This can result in less accurate CCFP 
calculations since larger triangles have an equal influence as smaller 
triangles. This makes the accuracy prone to the sampling resolution and 3d 
reconstruction. In order to compensate for this effect there is a weight factor 
for the triangle size implemented in the CCFP calculation.

ORIGINAL CCFP CALCULATION

In the original CCFP is calculated by determining and averaging the center 
points in a triangulated spherical object [15]. In the original article two 
properties of a triangle are used: the normal and the center. A skew line 
is determined by using the normal and a center of a triangle. The original 
center point calculation for a given triangle is described in [Equation (1)].

The center point PC,Ln is determined by the position of s and t on the skew 
lines Ln (s) and Lm (t) where the distance between these skew lines is minimal. 
The skew line Ln (s) is the line of the triangle of which the center point is 
determined. The skew lines Lm (t) are the lines that can form a pair with Ln 
(s). A pair can be formed if there is absolute angle larger than 30 degrees and 
smaller than 330 degrees between the two skew lines. The total is divided by 
the amount of formed pairs n f ,Ln .

(1)

As a final step all center points are averaged to determine the CCFP 
[Equation (2)].

(2)

IMPROVED CCFP CALCULATION

The first step of the improvement calculation is in the center point calculation. 
In this calculation we consider the surface area of the paired triangles as a 
weighting factor for the center point. For this we use the surface area (Am) 
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of each triangle of which skew line can be used as a pair. In this version we 
multiply the surface area per sub-center point and later on divide the sum of 
these sub-center points by the sum of the surface area of the triangles that 
can be used as a pair. This results in the new [Equation (3)] where the effect 
of the size of the paired triangles is taken in consideration.

(3)

The second step of the improvement is in the averaging calculation. 
Here we take the effect of the size of the triangle of the center point on 
the CCFP itself. This is done by multiplying the surface area (An). per 
center point and dividing the total with the sum of the surface area as seen in 
[Equation (4)].

(4)
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ABSTRACT

Background: Insight in the growth and development of the normal 
newborn’s cranial shape is essential to monitor cranial development, to 
detect and diagnose abnormal skull shapes and for the long-term follow-up 
of craniosynostosis surgery. The aim of this study was to analyse the growth 
pattern of the cranial shape of infants during the first years of life using 3D 
stereophotogrammetry and 3D-CT with advanced 3D evaluation techniques.

Methods: A large set of 3D photographs (n=199) and CT-scans (n=183), taken 
between 0-54 months, was collected. Cranial shapes with artefacts and 
asymmetries were removed. Total volumes and intracranial volumes were 
obtained as well as 3D and 2D measurements including the cranial width, 
cranial length, cranial index and suture lengths. Furthermore, growthmaps 
were created for all modalities to indicate 3D growth over time.

Results: For the final analysis, a total of 130 3D photographs, 94 hard-tissue 
CT-scans and 75 soft-tissue CT-scans were used. The 3D and 2D measures, 
volumes, growthmaps and growth animations were obtained. A non-uniform 
growth was revealed by the 3D growhtmaps. 

Conclusion: This study addresses the need for normative cranial evolution 
data to monitor healthy cranial development and for detection, follow-up and 
planning in craniosynostosis treatment. 
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INTRODUCTION

During the first years of a newborn’s life, the cranium grows very rapidly[1]. 
Insight in this growth and development of the normal cranial shape is essential 
to monitor cranial development, detect abnormalities, and evaluate long-term 
results of craniosynostosis surgery [2].

Many studies have described the development of the cranial shape by reporting 
databases with craniometrics for different ages and populations. Craniometric 
data can be measured directly on the subjects’ heads, using two dimensional 
(2D) measurement tools or can be derived from plain X-rays [3]–[6]. 

Since the introduction of three dimensional (3D) imaging, new accurate 
measurement methods for the evaluation of the cranium became 
available including 3D computed tomography (CT) and radiation-free 3D 
stereophotogrammetry [7]–[10]. Most studies, however, merely used 3D 
imaging techniques to create a database of 2D measurements. Yet, these 2D 
measurements and ratios fail to give an adequate, complete and detailed 
description of the cranial shape and its 3D evolution. Literature which describe 
a complete 3D evaluation of the skull during the first months of life is scarce 
[2]. 

The aim of this study was to analyse the growth pattern of the cranial shape of 
infants during the first years of life using 3D stereophotogrammetry and 3D CT 
with advanced 3D evaluation techniques. This insight can be used to describe 
normal cranial development, detect and diagnose cranial abnormalities and 
evaluate treatment of craniosynostosis.

PATIENTS AND METHODS

ACQUISITION AND SUBJECTS

A database with 3D craniometrics was established using 3D photographs and 
CT-scans of healthy infants. A 3D stereophotogrammetry set-up (3dMDCranial 
3DMD, Atlanta, USA) with a five-pod configuration was used prospectively for 
the acquisition of 199 3D photographs of healthy infants. Ethical approval from 
the regional institutional review board of the institution was obtained for this 
study. 
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3D PHOTOGRAPHS

Three dimensional photographs of the healthy infants were taken at fixed 
time intervals (3, 6, 9, 12, 15, 18 and 24 months). Photographs with severe 
quality inconsistencies were excluded resulting in a set of 146 3D photographs. 
Furthermore, 3D photographs with a mild, moderate or severe asymmetry 
were excluded. To objectively determine asymmetry, the plagiocephalometry 
method described by Van Vlimmeren et al. was used [6] by calculating the 
ODDI (oblique diameter difference index) and CPI (cranial proportion index) 
for every 3D photograph. An ODDI <104.5 and a CPI < 90 was defined as normal. 
A total of 130 3D photographs of 49 infants were finally included in this study 
[Figure 1]. From this group 49% (n=63) were males. 

COMPUTED TOMOGRAPHY

This study retrospectively used anonymized CT-scans of subjects which had 
a CT-scan in the Radboudumc Nijmegen or the Sint Luc University Medical 
Hospital Brussels. The CT-scans were performed on clinical indications (e.g. 
suspicion of head trauma). CT-scans of subjects between 0 and 54 months of 
age were screened and only included if no pathology or morphological changes 
were present. A part of the Radboudumc set was previously reported [11]. CT-
scans not capturing the complete cranium or scanned with a slice thickness > 
2 mm were excluded, resulting in a total of 183 CT-scans. The CT-scans were 
reconstructed to a 3D shape of the hard tissue (CT-HT) and soft tissue (CT-ST) 
in Maxilim (Medicim NV, Mechelen, Belgium). Three dimensional shapes 
with clear artefacts were removed from the CT-HT or CT-ST group. Since the 
plagiocephalometry method to exclude asymmetrical cranial shapes was 
designed for soft tissue only, a correlation and offset factor was calculated to 
make the plagiocephalometry method also applicable for hard tissue. Details 
of the plagiocephalometry method and offset calculation are given in the 
Appendix. Finally, a total of 94 CT-HT shapes and 75 CT-ST shapes were used in 
this study [Figure 1]. The CT-HT group contained 52% (n=49) males and the CT-
ST group contained 50% (n=38) males. Distribution details are given in [Table 
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Figure 1: Flowchart of the study and the included 3D photographs and 3D-CT scans 
(CPI, cranial proportion index; ODDI, oblique diameter difference index).

DATA PROCESSING

The quality of all 3D photographs was assessed and minor artefacts were 
repaired using the MeshMixer 3D software (Autodesk MeshMixer, San 
Francisco, CA, USA). Similar to earlier presented methods, nine landmarks 
were manually marked on the textured 3D photographs [Table 2 and Figure 2] 
and used to automatically pre-align the 3D photographs in a reference frame 
(tragus-nasion orientation) [12]. The computed cranial focal point (CCFP) 
was used to automatically position the 3D photographs in identical reference 
frames (sella turcica -nasion orientation) using Matlab (MATLAB v2017a, The 
Mathworks Inc., Natick, MA, USA) [13]. The 3D photographs were checked for 
rotational or position variances and adjusted if necessary. For further analysis, 
all 3D photographs were normalized to create mesh data with the same number 
of vertices (data points) [11], [12]. 

An annotation tool was created in Unity (v5.6.0, Unity Technologies, San 
Francisco, USA) to manually position 21 landmarks on the CT-HT [Table 2]. 
Landmarks and the CCFP method was used to automatically position the 3D 
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shapes in the sella turcica-nasion orientation. Equal to the 3D photographs, 
rotational and positional differences were eliminated and the 3D CT shapes 
were normalized for further analysis.

Figure 2: (A) Example of a 3D photograph with manually positioned landmarks (red). 
(B) The measurement plane was used to define the oblique diameters (green), cranial 
length, cranial width, and circumference (blue). (C) Illustration of the measurement 
method to determine the cranial asymmetry score and classification. (D) Lengths of the 
sutures measured over the CT-HT surface.

MEASUREMENTS

The 3D photographs were grouped in seven predefined age categories and 
the mean cranial shape was calculated for every group [11], [12]. The mean 
growth was calculated as the difference between a mean cranial shape and the 
consecutive mean cranial shape and visualized with a growthmap. The CT-HT 
shapes were grouped similar to the 3D photographs with two additional age 
groups of 36 and 48 months. 

The cranial length was given by the most anterior and posterior point of the 
cranium. These two points were used to indicate a horizontal measuring plane 
on the cranial shapes [Figure 2]. The maximum cranial width was determined 
by a line perpendicular to the cephalic length. Cranial width divided by the 
cranial length and multiplied by 100 resulted in the cranial index (CI). The 
circumference was calculated using a plane crossing the points that define the 
cephalic length and cephalic width [Figure 2].

For all modalities, the volume measurements were performed above the sella 
turcica-nasion plane. Total volume (TV) was measured on 3D photographs, CT-
HT and CT-ST. Intracranial volume (ICV) was measured on CT-HT group. The 
anterior and posterior component of the TV’s were computed separately and 
divided at position of the sella turcica.
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On the CT-HT scans, the metopic and sagittal suture lengths were measured 
over the surface in the midsagittal axis of the reference frame. The coronal 
suture length  was determined using 11 landmarks, from the left pterion to the 
right pterion. The lateral orbital distance (LOD) was defined as the distance 
between the left and right lateral orbital wall. 

IBM SPSS Statistics (IBM Germany GmbH, Ehningen, Germany) was used 
for descriptive statistics. The mean, standard deviation and 95%-confidence 
intervals were calculated for these results. A student’s t-test was used to 
compare plagiocephalometry measurements on CT-HT and the CT-ST as well 
as any gender differences between the age groups.
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Table 1: Sex distribution w
ith m

ean age and standard deviation per age group for 3D
 photographs (3D

P), C
T hard tissue (C

T-H
T), and C

T 
soft tissue (C

T-ST).

3D
 Photographs

CT hard tissue
CT soft

 tissue
n

M
ean A

ge (SD
)

n
M

ean A
ge (SD

)
n

M
ean A

ge (SD
)

G
roup

M
ale

Fem
ale

M
ale

Fem
ale

M
ale

Fem
ale

M
ale

Fem
ale

M
ale

Fem
ale

M
ale

Fem
ale

1
14

12
3.1 (0.4

3.0 (0.2)
3

7
2.3 (1.2)

2.0 (1.6)
3

8
2.3(1.2)

2.0 (1.3)
2

10
12

6.4 (0.7)
5.9 (0.3)

2
1

5.5 (0.7)
6.0 (.)

1
 0

6.0 (.)

3
13

14
9.0 (0.4)

9.0 (0.2)
5

1
9.4 (0.9)

9.0 (.)
3

1
9.7 (0.6)

9.0 (.)

4
10

9
12.0 (0.4)

12.0 (0.2)
3

6
11.7 (1.2)

12.5 (0.5)
3

6
11.7 (1.2)

12.2 (0.8)

5
4

7
15.2 (0.3)

15.1 (0.5)
5

5
15.4 (0.9)

14.8 (0.8)
4

4
15.3 (1.0)

15.3 (0.5)

6
10

8
18.5 (0.8)

18.2 (0.1)
2

5
19.5 (2.1)

19.2 (1.5)
4

4
19.8 (1.5)

19.3 (1.7)

7
3

4
24.3 (0.3)

24.2 (0.1)
7

6
27.1 (2.8)

24.8 (2.2)
7

5
26.6 (2.5)

24.4 (2.3)

8
17

12
36.2 (3.0)

36.0 (2.8)
10

8
37.1 (2.6)

36.5 (3.1)
9

5
2

45.6 (4.8)
44.5 (0.7)

3
2

47.7 (5.5)
44.5 (0.7)

Table 2: Landm
arks on 3D

 photographs and 3D
 C

T.

3D
 photographs

3D
 CT

•	
Pretragion (left

 and right)
•	

N
asion 

•	
E

xternal cantion (left
 and right)

•	
Sella turcica

•	
Internal cantion (left

 and right)
•	

Frontozygom
atic suture

•	
N

asal bridge
•	

E
xternal acoustic m

eatus
•	

N
ose tip

•	
Frontal intersection of the P

terion
•	

Subnasal landm
ark at the transition of the nose and upper 

lip
•	

A
sterion

•	
E

xternal occipital protuberance
•	

A
nterior Fontanelle

•	
Posterior Fontanelle

•	
8 A

dditional landm
arks over coronal suture
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RESULTS

CRANIAL INDEX, WIDTH, LENGTH AND CIRCUMFERENCE

The CI, width, length and circumference measures over time for the 3D 
Photographs, CT-HT and the CT-ST are given in [Table 3] and [Figure 4]. 
The CI fluctuates within the first 24 months of age between 75 and 78 for all 
modalities. After this age the CI increases in both CT-HT and CT-ST. Both the 
cranial width and cranial length increase over time for all modalities. The 
CT-HT showed lower values compared to the other modalities. All modalities 
showed a sudden increase of both the cranial width and length around 18 
months. The circumference, cranial width and cranial height all followed the 
same pattern of growth. For all measurements, differences between males 
and females were calculated [Table 3, Figure 3- Figure 5].

Figure 3: Circumference of all modalities. Coloured numbers indicate the number of 
subjects used for every age groups.
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Figure 4: Cranial Index (CI) boxplots, illustrating the range of CI values and male – 
female ratio for the 3D photographs (A) and CT-HT (B).
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Figure 5: Boxplots of circumference measured on 3D photographs for boys (left) and 
girls (right). Circumference reference values based on the Dutch cross-sectional growth 
study was plotted in the background [14].
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Table 3: The num
ber of subjects per age group, per gender, per m

odality and the m
ean w

ith standard deviation (SD
) of the cranial index, cranial w

idth, 
cranial length and circum

ference. C
T-H

T = H
ard tissue C

T scan, C
T-ST = Soft tissue C

T scan. * = statistical significant diff
erence betw

een m
eans of m

ale 
(M

.) and fem
ale (F.) of given age group and m

odality (p<0.05).

n
Cranial w

idth (m
m

)
Cranial length (m

m
)

Cranial index
Circum

ference (m
m

)
M

.
F.

M
ale

Fem
ale

M
ale

Fem
ale

M
ale

Fem
ale

M
ale

Fem
ale

G
roup

age
M

ean
SD

M
ean

SD
M

ean
SD

M
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SD
M
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SD

M
ean

SD
M

ean
SD

M
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SD
3D

P
3

14
12

114.4
3.6

111.4
6.0

146.0
5.3

143.6
4.5

78
4

78
5

*415.4
9.8

*405.3
9.9

6
10

12
*124.8

5.3
*118.8

5.4
*159.9

4.1
*152.7

3.9
78

4
78

4
*451.1

8.1
*432.9

10.7
9

13
14

*127.9
3.4

*122.6
4.2

*164.5
4.6

*159.6
4.8

78
2

77
3

*465.5
11.5

*450.1
11.4

12
10

9
*129.3

3.2
*125.2

3.3
*171.0

4.4
*163.3

5.5
76

3
77

3
*477.5

8.8
*457.9

9.0
15

4
7

131.1
4.1

129.4
4.1

168.3
3.4

168.3
5.6

78
4

77
4

474.5
4.0
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11.9

18
10

8
135.7

3.8
133.5

5.6
174.7

6.2
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5.8
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4
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4
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24
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4
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4.6

178.7
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3.2

498.0
11.2
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3
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1
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5.5
151.9
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12.6

175.9
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4.1
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3.7
175.6

7.3
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3
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16.3
36
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8
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5.5
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VOLUMES

The intracranial volume (ICV) and the total volume (TV) for all modalities are 
shown in [Table 4] and [Figure 6]. The ICV of the CT-HT and TV of all modalities 
showed a near identical growth pattern compared to the corresponding 
circumference, cranial width and cranial length over time. The posterior 
volume showed a similar curve and had a near constant ratio towards the TV 
within 2.7%. 

Figure 6: Volume measured on CT-HT, CT-ST and 3D photographs. Coloured numbers 
indicate the number of subjects used for every age groups.

SUTURE LENGTHS AND LATERAL ORBITAL DISTANCE

The 3D suture length measures for CT-HT over time are given in [Table 5] and 
[Figure 7]. The strongest increase for all sutures and LOD is within the first 
9 months of age. At 12 months, the length of all the sutures and the LOD was 
equal or even smaller to the 9-months group. After a final increase in length at 
15 months, no more growth was present in our dataset for all sutures and the 
LOD and the lengths remained the same. 
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Table 4: The num
ber of subjects per age group per gender per m

odality as w
ell as the average and standard deviation (SD

) of the com
plete total volum

e, 
the intracranial volum

e above the S-N
 Plane, the total volum

e above the S-N
 Plane and the posterior total volum

e above the S-N
 Plane. S-N

 = Sella turcica-
nasion, C

T-H
T = H

ardtissue C
T scan m

esh, C
T-ST = Soft

tissue C
T scan m

esh. * = statistical significant diff
erence betw

een m
eans of m

ale (M
.) and fem

ale 
(F.) of given age group and m

odality (p<0.05).
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*793
40

*713
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*785

43
12

10
9

1477
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.
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GROWTHMAPS

The growthmaps showed the evolution of the cranial shape. Most growth (in 
mm) was seen between 3 and 6 months in the frontal and parietal region, for 
both 3D photographs and the CT-HT. Between 6 and 12 months, growth was 
more prominent in the anterior part of the skull resulting in an elongation of 
the head. The posterior part of the skull developed more rapidly between 12 
and 18 months. After 12 months the overall growth reduced compared to the 
first 12 months. Therefore, a longer time-interval of 12 to 24 months was used to 
create a growthmap which revealed that most growth was present in the frontal 
and the occipital region [Figure 8 and Figure 9]. Two supplementary video files 
demonstrate the evolution of the cranium in 3D for the 3D photographs and CT-
HT [online via https://doi.org/10.1016/j.ijom.2019.10.012].

Figure 7: Suture length measured on the CT-HT. Coloured numbers indicate the number 
of subjects used for every age groups.
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Figure 8: Growthmaps of 3D photographs, illustrating the focus of growth between 
different time-intervals.

Figure 9: Growthmaps of 3D-CT, illustrating the focus of growth between different 
time-intervals.
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DISCUSSION

The normal growth of the cranium was extensively evaluated by the use of 3D 
stereophotogrammetry and 3D-CT during the first years of life in this study. 
Early detection is key in endoscopically assisted craniosynostosis surgery, 
and normative reference data can be used for adequate and early detection of 
abnormalities [2], [12]. In addition, this reference data can be used by clinical 
experts to make follow-up during remodelling helmet therapy more objective 
[2], [15]. Also, this data provides a reference for preoperative planning of open 
reconstructive craniosynostosis surgery in which a virtual reconstruction of 
the new cranial shape and volume is made [16]. Therefore, this study addresses 
the need for normative cranial evolution data for detection, follow-up and 
planning in craniosynostosis. 

GROWTHMAPS

Consistent with literature, the growthmaps of the 3D photographs and CT-HT 
revealed a fast expansion of the cranium in the younger age groups [1], [10], [17]. 
Between 3 and 6 months, a strong focus of growth was located in the frontal 
region and in the central parietal regions, indicating the growth kernels. The 
locations of the sagittal and coronal sutures were clearly indicated by the 
colours of the growthmaps emphasizing the importance of sutures for the 
growth of the cranium [18], [19]. According to the 12 – 24 months growthmap, 
the growth focus was located in the occipital head region, close to the site of the 
cerebellum. The timing of the cerebellum’s volume increase corresponds with 
the timing of infantsstarting to walk and develop their balance and muscle 
coordination functions. Although the relation between brain functionality and 
volume is not clear, brain volume might influence brain development and this 
might be an explanation for the volume increase in this region [20]. Using MRI 
data, a disproportionate enlargement of the cerebellum during the first two 
years was also described by Knickmeyer et al., although this enlargement was 
even more prominent in the first year [21]. 

In the 12 - 24 months interval, the 3D photographs demonstrated 3-4 mm more 
frontal growth compared to the CT-HT group. Population and age differences 
as well as more and longer hair might have resulted in more volume at the 
back of the head. This larger posterior volume can result in a more posteriorly 
located CCFP. Consequently, this would lead to a more anterior alignment of 
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the cranial shapes and thus erroneously demonstrate more frontal growth. 

The mean cranial shapes created in this study can additionally be used for 
the evaluation of individual cases. The average cranial shape of a specific age 
group can directly be compared to 3D photographs or 3D CT-scans of patients 
and allows a direct evaluation of the cranial shape in 3D. In addition to the 
graphs and tables, the supplementary videos provided optimal insight and 
understanding of the normal evolution over time. An enormous increase of 
the cranial size can be noted while the colours highlighted the difference in 
growth focus during the first 24 months of life. To the best of our knowledge, 
this is the first study which used this high amount of time intervals to evaluate 
cranial growth in 3D. 

MEASUREMENTS

All CI measurements were in the range of 75 and 78 within the first 24 months 
of age. In line with literature, the 3D photographs, CT-HT and CT-ST all 
demonstrated lower values at 24 months [10], [22]. After this period, the CT-HT 
and CT-ST respectively showed an increase of CI up until the age of 48 months 
towards 78 and 80 which is in line with the findings of Farkas and Dekaban 
et al. [4], [23]. The results of CI are lower compared to the findings of Meyer-
Marcotty et al. who established an average CI of 84 and 82 measured on 3D 
photographs of healthy infants of 6 and 12 months respectively [9]. Likus et al. 
presented also a larger CI of 83 on average, measured on CT-scans [1]. Delye et 
al. found a mean CI of 83 and 84 measured on CT of healthy infants of 6 and 12 
months respectively. This indicates that the subjects used in this study have 
slightly more elongated head shapes [7]. We therefore believe it is important to 
establish reference measurements obtained from a population that is a good 
representation to the population of patients that are treated in a local centre.

Head circumference measured on 3D photographs showed almost identical 
trends when compared to the nationwide growth study in the Netherlands 
which included 14500 boys and girls of Dutch origin [Figure 5] [14]. Only the 
24-months group of both sexes in our data showed a +1 SD higher circumference 
which can also be a consequence of hair of the subjects at this age.

Since sexual dimorphism is present in an early stage of life, a distinction 
between males and females was made in this study [24], [25]. Meyer-Marcotty 
et al. already described a significant larger value in males for length, 
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circumference and volume increase between 6 and 12 months of life [9], 
[10]. Joffe et al. measured slightly larger cranial circumferences at birth, at 
6 months and at 12 months in males [26]. Although these studies used fewer 
time intervals, the sexual dimorphism with males presenting larger values is 
in line with the findings in this study for the 3D photographs during the first 
12 months of life [Table 3 and Figure 5]. After this period, our results did not 
reveal a significant difference between males and females. This is in contrast 
with studies that stated that sexual dimorphism become more pronounced 
with later age [24]. This discrepancy might be explained by the smaller 
sample size of the 18- and 24-months age group in our study or by the fact 
that 3D photographs are more prone to artefacts at a later age because of the 
hair volume. Nevertheless, in contrast to our expectations we were not able 
to find a significant difference in the CT-HT and CT-ST groups [Table 3]. One 
explanation may be the smaller sample size of these groups compared to the 
3D photographs. 

VOLUME

Volume measurements based on head circumference has been frequently 
described [27], [28]. A strong correlation between head circumference and 
the ICV was found in this study and can be calculated using Equation 1. The 
high correlation of r=0.987(p<0.001) makes this method also usable for bedside 
measures. The total volume graph [Figure 6] demonstrates a clear correlation 
on increase for the TV of the 3D photographs and CT-HT and CT-ST. Because 
of the soft tissue, the CT-ST and 3D photographs displayed a larger volume. 
The latter showed even slightly higher volumes which can be explained by 
artefacts such as hair. 

 
Equation 1:  

 
The total ICV and the ICV above the sella turcica-nasion plane showed a strong 
and significant correlation (r=0.993, p<0.001). The TV above the sella turcica-
nasion plane and the ICV above the sella tursica-nasion plane also had a 
strong significant correlation (r=0.987, p<0.001) making these volumes good 
estimates of each other. Comparing the ICV, other studies presented identical 
growth curves for the first 12 months although Kamdar et al. measured 



113

The Normal Evolution Of The Cranium In Three Dimensions

5

smaller volumes of around 200 ml for all ages on CT-scans [17], [29], [30]. Our 
data suggests more rapid growth in the first 18 months of life with a peak at 18 
months. However, the 18-months groups only included seven scans and might 
therefore be less accurate compared to the 15- and 24-months age groups. In 
addition, a similar peak for the 18-months group was seen for suture lengths 
and the circumference measurements based on the CT datasets. This suggests 
that relatively large heads were included in this group. 

Cranial volume is an important factor for evaluation of cranial surgery. 
However, different populations, methods and results are presented in 
literature [29], [31], [32]. Therefore, it is important to interpret the volume data 
according their methodology of image acquisition and analysis. This study 
used different image modalities, yet the same analysis methods were used. 
This makes evaluation and follow-up more adequate and emphasizes the 
importance of this study. 

LIMITATIONS

In this study, a total of 382 3D photographs and CT-scans were selected for 
initial inclusion. Due to strict exclusion criteria’s, only 299 subjects were used 
for final analysis which resulted in certain age groups with smaller numbers. 
The 6-month CT-ST group contained only one scan and was therefore excluded 
from further analysis. In addition, distinction between males and females 
resulted in even more samples which were too small to analyse. Yet, the benefit 
and importance of using stringent exclusion criteria was a clean and pure 
dataset describing only normal cranial shapes and is therefore appropriate for 
surgical evaluation and follow-up.

CONCLUSION

This study analysed the growth pattern of the cranial shape of infantsduring 
the first years of life using 3D stereophotogrammetry and 3D-CT. Advanced 
3D evaluation demonstrated a focus of growth of the anterior region of the 
head in the first year of life and more posterior growth after the age of 1 year. 
Normative data was presented which is of multidisciplinary interest and can 
be used by paediatricians and maternity consultation clinics to evaluate the 
growth and shape of infants’ heads.
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APPENDIX

OBLIQUE DIAMETER DIFFERENCE INDEX  AND CRANIAL 
PROPORTION INDEX

The oblique diameter difference index (ODDI) and cranial proportion index 
(CPI) described in the plagiocephalometry method by van Vlimmeren et al. 
was used in this study to exclude asymmetrical cranial shapes [6]. The general 
exclusion criteria presented in that study were applicable for soft tissue only. 
However, since the soft tissue (CT-ST) shapes in this study were more prone 
for artefacts, the hard tissue (CT-HT) shapes were instead used to determine 
exclusion. Because it was expected that the effect of ODDI and CPI can be 
structurally different when measured on CT-HT, a correlation and offset factor 
between the artefact-free CT-ST and CT-HT was calculated for the ODDI and 
CPI measurements. In total, 97 CT-scans were used to determine the ODDI and 
CPI on both the CT-HT and the CT-ST shapes and a possible correlation and 
offset was investigated. 

The mean ODDI was 103.1 (SD=2.3) for the CT-HT scans and 102.8 (SD=2.2) for 
the corresponding CT-ST scans. The paired correlation showed a statistically 
significant (p<0.001) and strong positive correlation for both the ODDI (r=0.968) 
and CPI (r=0.984). There was a statistically significant average difference for 
the ODDI (t96=4.456, p< 0.001) but no statistical significant average difference 
for the CPI (t96=1.961, p=0.053). Therefore, only an offset for the ODDI was 
applied which was based on the difference of the mean (+0.3). This resulted in 
a new ODDI of 104.8 and a CPI of 90 to be used as a cut-off for the CT-HT scans. 
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ABSTRACT

Background: Two commonly used surgical techniques for treating 
scaphocephaly are endoscopically assisted craniosynostosis surgery (EACS) 
or open cranial vault reconstruction (OCVR). However, the longitudinal 3D 
cranial shape developments after these surgery remains unknown. The aim 
of this study was primarily to evaluate the longitudinal 3D cranial shape 
developments and secondly the surgical safety outcomes after EACS and OCVR.

Methods: Longitudinal 3D photos (n=492) were collected from 140 infants who 
underwent EACS or OCVR with reference 3D photos (n=130) of healthy infants. 
The 3D cranial shape measurements and color-coded distance maps of growth 
and surgical changes were calculated and compared between the groups over 
time. Surgical safety outcomes were determined and compared for 150 EACS 
and OCVR patients.

Results: Both surgical techniques showed their strongest changes and growth 
direct after surgery. Most 3D measurements were not significantly different 
between groups at later ages. Comparison of EACS and OCVR for children aged 
24 months, showed differences less than ± 2mm between head shapes. EACS 
was superior over OCVR in nearly all safety outcomes.

Conclusion: Comparison showed near identical results in the 3D measurements 
and distance maps between EACS and OCVR, however EACS showed superior 
surgical safety outcomes. EACS is the recommended treatment option. 
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INTRODUCTION

Scaphocephaly is the result of premature fusion of the sagittal suture and is 
characterized by esthetical features such as an elongated head, a wide and 
prominent forehead, and a narrow occiput [1]. Scaphocephaly is the most 
common type of craniosynostosis with a prevalence of around 45-50% in 
relation to other forms; it occurs in 1.5-4 of 10.000 live births worldwide [2]–[6]. 

Treatment of scaphocephaly aims to correct cranial deformities, prevent 
increased intracranial pressure, and reduce the risk of developmental delay 
[7]. There are a wide variety of treatment options, including open cranial 
vault reconstruction (OCVR), spring mediated cranioplasty, modified-pi 
reconstruction, and endoscopically assisted craniosynostosis surgery (EACS) 
with redressing helmet therapy [8]. Although OCVR is the most commonly used 
procedure [7], [9], there is a trend for minimal invasive treatment options since 
the initial introduction of the endoscopic technique which showed positive 
results [10]. Studies show that the endoscopic technique reduced complication 
and mortality rates, decreased blood loss, shortened hospital stay, and lowered 
healthcare costs [4], [8], [10]–[12]. However, the aesthetic and morphological 
outcome of treatment options is often not described in literature or is based 
on subjective measures [13], [14] which makes it challenging to determine the 
optimal surgical procedure.

Three-dimensional (3D) imaging techniques such as 3D stereophotogrammetry 
can be used to determine the pre- and post-surgery cranial shape. 3D Photos 
can be taken quickly and without harmful radiation at different moments 
before, during and after treatment. This allows a more objective long-term 
follow-up of the patients’ cranial shape morphology. 

The primary aim of this study was to evaluate the cranial shape development 
of scaphocephaly patients with objective 3D analysis methods. Secondly, the 
surgical safety outcomes of these type of patients were evaluated.

MATERIALS AND METHODS

PATIENTS

Unisutural non-syndromic scaphocephaly patients aging up to 56 months who 
underwent either EACS or OCVR between 2005 and 2019 at our institute were 
included in this study. A part of this patient sample was presented in an earlier 



Chapter 6

124

study regarding some of the surgical safety outcomes and 3D measurements 
(64 EACS patients) [12]. All data were anonymized prior to analysis. Patients 
older than 14 months at the time of surgery are rare in our institution and were 
excluded to prevent outliers. Approval with an informed consent waiver from 
the regional institutional review board was obtained for this study (2020-6128). 
This study was conducted in compliance with the World Medical Association 
Declaration of Helsinki on medical research ethics.

TREATMENT

During EACS, the fused sagittal suture is removed and biparietal and 
bitemporal stave osteotomies are performed. Helmet therapy is initiated two 
weeks after EACS for all patients and continued for a period of approximately 
10 months. EACS for the preferred treatment for children younger than 6 
months. In case EACS is not possible OCVR is performed. Since 2013, a virtual 
surgical planning is created to determine the best surgical strategy for all 
OCVR treated patients.

3D PHOTO ACQUISITION

3D Photos of the cranial shape were acquired using the 3DMD Cranial System 
(3dMDCranial, 3dMD, Atlanta, USA) in a prospective setup. The 3D photos of 
patients who underwent EACS or OCVR were distributed in the nearest age 
group (3, 6, 9, 12, 15, 18, 24, 36 and 48 months) and placed in the groups pre-
surgery and post-surgery.

3D PHOTO PROCESSING 

The same data acquisition and processing protocols were followed for the 3D 
photos as described in our earlier work [15]–[17]. All 3D photos underwent 
quality control and were excluded in case of incomplete craniums. 3D Photos 
with small artefacts were repaired. All 3D Photos were oriented in a similar 
position for further analysis in three steps. Firstly, nine landmarks for pre-
alignment in the tragus-nasion orientation were manually indicated [15]. 
Secondly, within the tragus-nasion orientation, the Computed Cranial Focal 
Point (CCFP) was calculated. Finally, using the specific CCFP-offset values and 
the CCFP, the 3D photos were placed in their final position [16], [18]. 
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The scaphocephaly CCFP-offset values were determined using 20 pre-surgery 
CT-scans of scaphocephaly patients with the method of an earlier study [16]. 
Reference CCFP-offset values were similarly acquired using 183 CT-scans of 
infants aged 0-48 months [15]. All 3D photos for the pre-surgery group were 
positioned using the scaphocephaly-specific CCFP-offset. Both the post-
surgical OCVR 3D photos and the reference group 3D photos were positioned 
using the reference age-specific CCFP-offset values due to the head being 
modelled towards normal shaped heads. The post-surgery EACS 3D photos 
used scaphocephaly CCFP-offset values interpolated towards the reference 
value from 6 - 18 months of age. After 18 months, the reference CCFP values 
were used for the EACS 3D photos.

3D PHOTO MEASUREMENTS 

For all 3D photos, the cranial length was measured from the most anterior 
point to the most posterior point of the cranium [15]. Dividing cranial width 
by cranial length resulted in the cephalic index (CI). Circumference was 
measured on the cranial shapes at the crossing points of the cranial width 
and length. The volume above the sella turcica – nasion plane was calculated. 
Results were split on gender, type of surgery, and pre or post-surgery status.

COLOR-CODED DISTANCE MAPS

Growth and shape comparison maps were created to visualize the shape 
changes of the head for each specific group using color-coded distance maps; 
these were also used to compare between groups. Asymmetries in the head 
can naturally occur but give a distorted image of the shape changes over 
time. Therefore, prior to calculating these distance maps, the 3D photos were 
mirrored over the midsagittal axis. The original 3D photo and the mirrored 
counterpart were both sampled using ray casting [15] and subsequently 
averaged. These averaged 3D photos will be used for the distance map 
computation. Male and female patients were grouped together for each age 
and treatment group.

The distribution data of the distance maps for the analysis are shown in [Table 
2]. These visualize the difference between two head shapes in two sequential age 
groups or between two treatment groups. Finally, to investigate the long-term 
outcome of both surgical strategies the EACS7 and OCVR 7 groups were compared. 
EACS patients usually no longer wear the remodeling helmet at that age. 
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Table 1: The overview of pre to post-surgery distance maps and post to post-surgery 
distance maps created for the EACS and OCVR patients.

Pre to Post-surgery distance maps Post to Post-surgery distance maps
Group 1 (Pre) Group 2 (Post) Group 1 (Post) Group 2 (Post)

EACS 1 è EACS 2 EACS 2 è EACS 3
EACS 2 è EACS 3 EACS 3 è EACS 4

OCVR 1 è OCVR 2 EACS 4 è EACS 5

OCVR 2 è OCVR 3 EACS 5 è EACS 6

OCVR 3 è OCVR 4 EACS 6 è EACS 7

OCVR 4 è OCVR 5 EACS 7 è EACS 9
EACS 7 è OCVR 7

ACQUISITION OF SURGICAL SAFETY OUTCOMES

Surgical safety outcomes obtained included: age at surgery, gender, blood 
loss, surgery time, total anesthesia time, blood-transfusions (peri and post-
surgery), hospital stay duration, and intensive care stay duration. Helmet 
therapy duration was also obtained for EACS patients. The outcomes of 114 
EACS patients (92 males) and 36 OCVR patients (29 males) were collected. 
This population largely overlaps the population of which the 3D photos were 
obtained.

STATISTICAL ANALYSIS OF GROWTH DATA

For all 3D photo measurements, the mean and standard deviation were 
computed per dataset per group using mixed model analysis; fixed effects of 
the age group, intervention, and gender for post-surgery were determined. 
A significant p-value for the fixed effect of a cranial 3D photo measurement 
indicates that the given measurement value changes differently between two 
groups over time. Two-tailed t-tests for 3D measurements between age groups 
per intervention and gender were conducted based on the mixed model results. 
The same tests were conducted for the reference groups to compare with the 
intervention groups. 

Means and standard deviations were given for normally distributed data. 
Medians and the range were given for non-normally distributed data. 
Statistical significance for determining differences was assumed p<0.05. For 
statistical analyses, we used IBM SPSS Statistics version 25 (IBM Germany 
GmbH, Ehningen, Germany). 
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RESULTS

ACQUISITION OF 3D PHOTOS

A total of 384 3D photos from 106 infants were used for EACS, and a total of 108 
3D photos from 34 infants were used for OCVR. The EACS and OCVR groups 
contained 84 males (79%) and 29 (85%) respectively. A total of 130 reference 3D 
photos with 64 males (49%) up to the age of 24-months were obtained from an 
earlier study [15]. The 3D photo distribution is shown in[Table 2].

Table 2: The number of 3D photos per age-group (months) over pre and post-surgery for 
EACS and OCVR groups. All groups were divided in male (M) and female (F).

Pre-surgery Post-surgery
EACS OCVR EACS OCVR References

Group Age (mo.) M F M F M F M F M F
1 3 52 13 4 1 4 2 14 12
2 6 18 3 8 33 3 1 1 10 12

3 9 8 47 11 4 13 14

4 12 8 2 47 13 7 10 9

5 15 26 6 9 1 4 7

6 18 12 3 10 3 10 8

7 24 37 8 17 2 3 4

8 36 8 2 4 2
9 48 29 7 15 1

 
SURGICAL SAFETY OUTCOMES

The male-female ratio was 4 to 1 in both the EACS and OCVR groups [Table 1]. 
For EACS patients, less blood loss and a shorter surgery and total anesthesia 
time were found [Table 3] and the overall length of stay was shorter [Table 4]. 
In the EACS group, only one case (1%) was treated in the ICU for a period of 3 
days. In the OCVR group, 25 cases (61%) were admitted to the ICU for one day 
each. The remodeling helmet was worn 9.6 months on average (SD=2.4, range 
=3.9-16.1) after EACS.

Fewer blood transfusions were given during EACS [Table 6] and the amount 
of blood given was significantly lower in the EACS group. The only outcome 
parameter not significantly different between both groups was the number of 
post-surgery blood transfusions.
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Table 3: Gender and age at surgery distribution for the EACS and OCVR groups.

Totals (n (%)) Age (months)
Group Male Female Median Min Max

EACS 92 (81%) 22 (19%) 3.9 2.4 6.6

OCVR 29 (81%) 7 (19%) 9.2 4.0 14.0

p-value 0.985 <0.001

Table 4: Blood loss, surgery time and total anesthesia time for the EACS and OCVR 
groups

Blood loss (ml) Surgery time (mins) Total anesthesia time (mins)
Group Median Min Max Median Min Max Median Min Max
EACS 18 0 160 56 34 113 136 98 325
OCVR 100 15 300 131 89 283 250 167 394
p-value <0.001 <0.001 <0.001

Table 5: Length of stay and post-surgery days for EACS and OCVR surgery.

Total (days) Post-Surgery (days)
Group Median Min Max Median Min Max
EACS 3 2 7 2 1 5
OCVR 5 4 9 5 3 8
p-value <0.001 <0.001

Table 6: The blood transfusion rate and total amount (in case of at least one transfusion) 
for the EACS and OCVR group. The adjusted p-value for chi-square statistical 
significance is computed as p≤0.008. Note that due to rounding of the percentages the 
sum can exceed 100%.

Surgery Transfusions (n (%)) Total Amount (ml)
Group None Peri-surg. Post-surg. Both Median Min Max
EACS 93 (82%) 0 (0%) 19 (17%) 2 (2%) 90 65 190
OCVR 7 (19%) 17 (47%) 7 (19%) 5 (14%) 130 30 250
p-value <0.001 <0.001 0.701 0.003 <0.001
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3D MEASUREMENTS

[Table 7] shows the results of the fixed effects test for the cranial measurements. 
A significant p-value indicates that the given measurement changes (pattern) 
over time are different between two groups. In general, most outcomes for 
males showed a different pattern over time in EACS as compared to OCVR and 
the Controls. OCVR showed this in lesser extend as compared to the Controls. 
Most differences in females were found between EACS and the Controls. In 
general the EACS growth patterns showed more deviations from the Controls.

The pre-surgery and post-surgery (cranial shape) measurements for the male 
and female patients are shown in [Tables 8-11] The graphs of the means and 
standard error of mean of the cranial index, cranial length, and circumference 
is shown in [Figure 1]. Almost all pre-surgery values were significantly 
different from the reference groups in both genders. 

Table 7: P-values from the test of fixed effects on the cranial measurements based 
on interaction of overlapping age groups and treatment as separated by gender. A 
significant p-value indicates that the given measurement value changes over time are 
different between two groups.

Treatment groups Gender Cranial 
Width

Cranial 
Length

Cranial 
Index Circumference Volume

EACS OCVR Male 0.917 <0.001* 0.002* 0.001* 0.004*

Female 0.043* 0.818 0.059 0.899 0.644

Control EACS Male 0.067 <0.001* <0.001* <0.001* 0.024*

Female 0.062 <0.001* 0.772 <0.001* 0.004*

Control OCVR Male 0.011* 0.113 0.384 0.020* 0.015*

Female 0.999 0.164 0.750 0.276 0.357

* = significant difference between treatment groups

 
Both the EACS and OCVR groups showed an increase of the CI from pre to post 
surgery. The CI in the reference groups was higher in both males and females 
compared to the surgery groups. The EACS patients showed an increase in the 
first months after surgery in both males and females, followed by a decline at 
around 9-12 months. OCVR patients have a constant post-surgery CI over time 
(around 69-71). The CIs of EACS patients showed a decline to approximately 
that of the OCVR CI values over time, which finally resulted in no significant 
differences between the EACS and OCVR groups.
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Cranial width varied but had no clear pattern regarding the significant 
differences between the surgery groups themselves, and between the surgery 
groups and controls. The cranial length in the references remained shorter 
compared to the surgery groups over time. For males, a strong increase in 
the cranial length in OCVR was noted up to 24-months followed by a slower 
increase; EACS showed a steady increase until 36-48 months of age. The 
cranial length of both surgery groups got closer over time until no between-
group significant differences existed.

The circumference of the EACS and OCVR groups were significantly larger 
than the references in the earlier post-surgery age groups, while becoming 
equal in the later age groups. Significant differences for the circumference 
between the surgery groups occurred at 15 and 36 months of age in the male 
population. 

The volume differences between EACS, OCVR and the controls showed no 
clear pattern especially when considering male and female distributions.
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Figure 1: Graphs of the mean and standard error of mean of the cephalic index, cranial 
length and circumference after EACS and OCVR for scaphocephaly at given ages in 
months.
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COLOR-CODED DISTANCE MAPS

The distance maps of EACS patients from pre to post surgery for age groups 1 
(3 months) and 2 (6 months) are shown in [Figure 2]. A strong parietal growth 
of up to 10 mm was found in both groups. The frontal and occipital growth for 
the first age group were around 0 and 4 mm respectively. For the second age 
group, both frontal and occipital growth were approximately 0 mm.

Figure 2: Distance maps indicating the mean head shape differences (in mm) from pre 
to post-EACS surgery for 3 - 6 months and 6 - 9 months of age. Note the color scaling 
(0.5 mm/ unique color).

The OCVR pre to post surgery distance maps are shown in [Figure 3]. Parietal 
changes up to 10 mm can be seen. In contrast to EACS, occipital growth up to 
10 mm is present between 6 - 12 months; frontal changes remain limited in 
all age (OCVR) groups. More temporal widening can be observed compared to 
EACS patients.
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Figure 3: Distance maps indicating the mean head shape differences (in mm) from pre 
to post-OCVR surgery for 3 - 6 months until 15 - 18 months of age. Note the color scaling 
(0.5 mm/ unique color).

The post-surgery follow-ups for EACS patients are shown in [Figure 4]. From 
6 - 9 months of age, a prominent upper parietal growth of 5 mm is noted, with 
lower parietal growth around 3 mm. Frontal areas grow up to 4 mm. The 
frontotemporal region only shows 1-2 mm of growth. From 9 - 12 months, only 
0-1 mm frontotemporal growth, up to 3 mm occipital growth and a midline 
growth up to approximately 2.5 mm was noted. Nearly identical growth 
is present between 9 - 18 months. However, growth at 18 months is more 
prominent around the occipital and frontal area (up to 5 mm). Between 18 - 24 
months, only frontoparietal growth and some lower occipital growth up to 2.5 
mm is present. Between 18 - 24 months, some frontotemporal growth (up to 3 
mm) is dominant.

Figure 4: Distance maps indicating the mean head shape differences (in mm) post-EACS 
surgery for 3 - 6 months until 24 - 48 months of age. Note the color scaling (0.5 mm/ 
unique color).
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The head shape comparisons at 24 months between EACS and OCVR are shown 
in [Figure 5]. The maximum differences are within the range -2 mm and +2 
mm. Typically, OCVR treated patients have a more elongated head with a 
growth focus around the frontal and occipital areas, a somewhat narrow lower 
temporal region, and a wider lower parietal region. Furthermore, the vertex of 
the OCVR is slightly lower.

Figure 5: Distance maps indicating the mean head shape differences (in mm) between 
EACS and OCVR at 24 months of age (post-surgery). The length of the EACS is shorter 
while the vertex is higher. The EACS head shape is baseline. A positive value indicates 
that the OCVR head shape has localized additional volume over that of EACS. Note the 
color scaling (0.5 mm/ unique color).

DISCUSSION

SURGICAL SAFETY OUTCOMES

EACS performed equal or better than the OCVR in all aspects of the surgical 
safety outcomes. Only one EACS case was admitted to the ICU for a period of 3 
days. This patient had additional non-craniosynostosis-related surgery within 
the same session which resulted in a complication requiring ICU admittance. 
This suggests that there were no EACS induced ICU admittances in contrast 
to 25 cases (61%) for OCVR. The mean age differences can be explained due to 
the preference of our institution to perform EACS in combination with helmet 
treatment in children under 6 months. 

Surgery times are not always well defined in the literature as these can be 
reported with or without anesthesia time. Therefore, some of the reported 
values have to be interpreted with care. The statistically lower EACS surgery 
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time is comparable with earlier reports [19]–[23]; the overall surgery times for 
EACS and OCVR are in line with those in the literature [4], [19]–[28]. Anesthesia 
time only or surgery time including anesthesia is occasionally reported, but 
both are comparable with other endoscopic techniques for scaphocephaly 
correction [25] or when combining all strip craniectomy surgery types [28]. 
Shorter surgery and anesthesia times are factors noted in the literature that 
can contribute to reducing costs of EACS compared with OCVR [4], [28], [29].

Length of stay is also associated with higher costs [29]. Most studies describe 
a length of stay of 1-2 days for EACS patients which is in line with our study 
[19], [22], [26], [28], [30]. This is considering that in our institution patients are 
admitted one day prior to the surgery. The 3-6 days length of stay for OCVR 
patients included in this study is also comparable with literature [24], [26], [30]. 

The OCVR blood loss levels in our study seemed lower than reported in other 
studies [23], [24], [27], [30] whereas for EACS, the blood loss values are similar 
to earlier reporting [4], [12], [23], [30]. Overall blood loss was significantly lower 
in EACS group and was in the same range as reported values [4], [23], [26], [30]. 
Our OCVR patients were, on average, older than our EACS patients which 
resulted in a higher body mass and subsequently a higher circulation blood 
volume. Although body weight or circulation blood volume was not reported 
in this study, other studies have shown differences in these normalized values 
favoring EACS over OCVR regarding the amount of blood loss during surgery 
[22], [31]. 

Blood transfusions also add to general treatment cost [32]. In infants, it is 
preferable to minimize the number of blood transfusions as blood transfusion-
related complications have a greater incidence [29]. At 18%, our post-surgery 
transfusion rates for EACS patients were slightly higher compared to those 
reported in other studies [4], [26], [30]. As blood loss volume was comparable 
to other studies, our higher transfusion rate may be explained by the fact 
that a blood transfusion was given more easily in earlier EACS procedures in 
our institution [12]. However, the transfusion rate in this study is currently 
lower compared to our earlier reports. The post-surgery transfusion rate 
was not significantly different between EACS and OCVR despite the two-fold 
differences (18% versus 37%). Regarding OCVR, the literature greatly varies 
with respect to peri or post-surgery transfusion rates, with reports of up to 
100% [24], [29], [30]. 
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3D MEASUREMENTS

The average number of 3D photos per patient was 3.8 and 3.2 in EACS and 
OCVR respectively. This is logical, given that follow-up is more frequent during 
helmet therapy in the first year.

Reports of true longitudinal follow-up after craniosynostosis surgery 
spanning over multiple years, especially regarding 2D & 3D measurements, 
are limited in the literature. This makes comparison with other studies less 
straightforward. Some studies report the 3D measurements using percentiles 
or Z-scores rather than e.g. millimeters or milliliter/cc [8], [10], [19], [28], [33]. 
Reporting of percentiles or Z-scores limits comparison with other studies due 
to the unavailability of the original or the reference group measurements.

The growth patterns of EACS were more deviant than those of OCVR as 
compared to the controls. OCVR aims for direct surgical reconstruction of 
the skull while EACS aims for a more natural growth after creating artificial 
sutures. However, in OCVR the natural sutures can be affected by the surgery 
itself limiting potential further natural growth. The differences in the surgical 
technique can explain the differences of the growth patterns over time.

Cranial width and length are only reported occasionally [34]. In our study, 
cranial width shows a strong increase post-surgery in especially EACS but 
lacks strong additional growth over time, suggesting an inability of the skull 
to expand laterally. A more common scaphocephaly measure is the CI. Pre-
surgery studies report CI values in the range of 67-70 which is in line with 
our findings [22], [23]. Most of the post-surgery CI values for scaphocephaly 
correction remain around the 75-85 range which are higher than ours [8], 
[10], [19], [22], [23], [35], [36]. However, our results are more in line with earlier 
reports of the (Dutch) normal population [12], [37]. This may be due to a 
demographic difference in the patient population or to the measuring method 
[11], [37]. Therefore, using the same measuring methods and a representative 
control population is essential for objective and relevant research. Reference 
values for CI in similar populations using the same measuring technique still 
remain higher and significant at all times for both EACS and OCVR [15]. The 
trend of CI over time is in line with longitudinal studies [19], [23], [38]. Overall, 
CI in the EACS group remains higher than in the OCVR, and is significantly 
different for earlier age groups. For the later age groups, the effect diminishes 
in both males and females, with a CI near to 70.
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The circumference directly after OCVR differs little from the pre-surgery 
situation [34]. The longitudinal circumference changes were in line with other 
reporting and did not differ between OCVR and EACS [8], [19]. 

Volume measurements differ per study due to the lack of consensus on volume 
measuring methods in craniosynostosis [39]. Interpretations of the volumes 
with regard to the measuring methods show similar volumes and changes for 
OCVR [40]. 

Early correction, as is the case in EACS, seems to be favorable for surgical 
safety outcomes. It is uncertain whether early correction with OCVR would 
yield similar results. To our best knowledge, no studies have been conducted 
specifically on the timing of EACS alone and their effect on 3D outcome 
measurements. Since untreated scaphocephaly leads to more extreme 
differences as compared to the references as caused by the compensatory 
growth [Figure 1, Table 8, Table 10] it might be possible that treating EACS 
patients as early as possible yields the best results.

DISTANCE MAPS

No post-surgery to post-surgery comparison for OCVR was done due to the 
limited number of 3D photos in the post-surgery OCVR group. Due to the 
number of 3D photos available for post-surgery EACS in group 8, the EACS 
group 7 was compared with EACS group 9 [Table 1].

In [Figure 2-Figure 4], an impressive increase in cranial growth can be seen 
in the distance maps. A clear increase of lateral expansion and vertex height 
can be noticed resulting in a proper lateral profile for both treatment options. 
In [Figure 5], the cranial length of the OCVR is greater compared to the EACS 
group. This can be explained by the fact that OCVR patients have more and 
longer compensatory growth in the anterior-posterior direction. The vertex 
height of the EACS group is slightly higher than that of the OCVR group and 
showed a natural and appealing spherical shape of the crania. This contrasts 
with Le et al. who reported that EACS results in a lower vertex height compared 
to OCVR [8]. Head height is occasionally reported as an outcome value or as 
a measure to compute an outcome value and could have been a valuable 
additional 3D measurement [8], [11], [13], [33]. Especially because this could be 
used for the comparison of other minimal invasive surgical techniques such as 
spring-mediated cranioplasties. 
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It is interesting (and promising) that the mean head shapes at 24-months were 
similar between OCVR and EACS [Figure 5]. This suggests only marginal 
differences between EACS and OCVR over time at that age.

During the first months after EACS, the majority effect of the growth appears 
to expand and enlarge the skull [Figure 2 & Figure 4]. After the first 3-6 months 
post-surgery, this expansion is mainly found in the head widening limits. 
However, the helmet therapy usually lasts until around 9 months after surgery. 
Based on our data, we are unsure whether the helmet therapy still benefits the 
surgical outcomes after this 3-6 month period. Yet, helmet therapy seems to 
benefit the CI positively, regardless of being implemented before or without 
surgery, although it raises concerns regarding intracranial pressure [36], [41]–
[43]. The increase in head length growth around 15-18 months of age coincides 
more or less with end of helmet therapy, considering that helmets are worn for 
an average of 9.6 months. This may suggest that stopping of the helmet therapy 
gives rise to a relapse of increased head length growth. However, an increase 
of head length around 15-18 months was found in the reference group as well 
which suggest that, instead of having a relapse, patients may rather shift 
towards a normal and healthy cranial growth pattern after EACS and helmet 
therapy [15]. It would be very interesting to see whether other groups could 
confirm these findings, as this might suggest that early re-opening of a fused 
suture could invoke restoration of the normal growth pattern of the skull.  

LIMITATIONS

The collection of 3D photos is dependent on the follow-up appointments in our 
institution. Due to logistic reasons not all follow-up moments allow the capture 
of a 3D photo, resulting in non-continuous follow-up. Furthermore, 3D photos 
can sometimes be unusable due to technological or patient-specific reasons, 
thus limiting the number of 3D photos. More consistent 3D photo captures 
would result in better analysis of 3D measurements and growth maps.

The patients surgical safety outcomes and the patients for the 3D photos had a 
largely overlapping population but held some differences. Due to the scope of 
the project these populations were not linked. It is recommended to have fully 
matched populations if the surgical outcomes need to be directly linked to e.g. 
the 3D measurements or growth distance maps.
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The 3D photos of the reference group were only for infants aged up to 
24-months, making direct comparison with the final age group difficult. 
Moreover, the reference groups were approximately 50% male and female, 
while the scaphocephaly groups were approximately 80% male, also limiting 
comparison.

The 3D photo growth maps had combined genders due to the amount of 
data. Separating the data would result in unrealistic representations of the 
growth maps. The higher dimensionality and use techniques of mixed models 
allowed gender separation for the 3D measurement outcomes. However, these 
techniques cannot be used for the entire growth maps. The mixed genders 
therefore make comparison with growth maps from earlier studies impossible.

There is a certain bias towards EACS due to our institution’s policy. Patients 
that are older than 6 months are no longer eligible for EACS and subsequently 
will always receive OCVR in our institution. This has resulted in limited 
data for OCVR cases; we were therefore unable to create the longitudinal 
growth maps of OCVR cases. Some of the OCVR patients that were younger 
than 6 months of age had a more limited degree of reconstruction, yet more 
invasive than EACS, to reduce the risk and potential complications. Due to the 
variations in the degree of reconstruction for this subgroup of patients (n=5) 
we did not differentiate these in our analysis.

The CCFP-offset values were chosen based on the availability of the CT-
data they were derived from. This resulted in choices for interpolation and 
reference values. As our follow-up protocol does not include a post-surgery CT-
scan, there is no certainty if these CCFP-values are the best possible values 
despite CCFP robustness [16], [18].
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CONCLUSION

The primary goal of our study was to evaluate the cranial shape development 
of scaphocephaly patients using objective 3D analysis methods. Looking at the 
3D measurements and growth maps of OCVR and EACS, we see differences 
between the two treatments, but they diminish over time. This is also true 
when comparing the reference 3D measurements, with the exception of the 
CI; the EACS and OCVR growth maps show only a 2 mm difference at most, 
making the resulting cranial shapes of both treatments comparable. EACS 
treated patients tend to have a less elongated and a higher, more spherical 
shaped head compared to OCVR treated patients.

Secondly, we evaluated the surgical safety outcomes of these patients to 
determine whether our treatment was comparable to those described by 
others. Regarding surgery time, total anesthesia time, length of stay, blood 
loss, and blood transfusions, EACS is significantly better compared to OCVR. 
The absolute surgical outcomes were nearly all comparable with earlier 
reported literature values. Considering the effects of surgery times, length 
of stay, blood loss, and blood transfusions on the clinical care and associated 
costs, EACS is the preferred treatment option if applicable. 

Given the near identical results in the 3D measurements and distance maps 
between OCVR and EACS combined with the superior EACS surgical safety 
outcomes, we conclude that EACS before the age of 6 months is the preferred 
treatment option for scaphocephaly. We therefore recommend early 
diagnostics and referral for suspected craniosynostosis.
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ABSTRACT

Background: Craniosynostosis is a condition in which cranial sutures fuse 
prematurely, causing problems in normal brain and skull growth in infants. To 
limit the extent of cosmetic and functional problems, swift diagnosis is needed. 
The goal of this study is to investigate if a deep learning algorithm is capable 
of correctly classifying the head shape of infants as either healthy controls, 
or as one of the following three craniosynostosis subtypes; scaphocephaly, 
trigonocephaly or anterior plagiocephaly.

Methods: In order to acquire cranial shape data, 3D stereophotographs 
were made during routine pre-operative appointments of scaphocephaly 
(n=76), trigonocephaly (n=40) and anterior plagiocephaly (n=27) patients. 
3D Stereophotographs of healthy infants (n=53) were made between the 
age of 3-6 months. The cranial shape data was sampled and a deep learning 
network was used to classify the cranial shape data as either: healthy control, 
scaphocephaly patient, trigonocephaly patient or anterior plagiocephaly 
patient. For the training and testing of the deep learning network, a stratified 
10-fold cross validation was used.

Results: During testing 195 out of 196 3D stereophotographs (99,5%) were 
correctly classified. Conclusion: This study shows that trained deep learning 
algorithms, based on 3D stereophotographs, can discriminate between 
craniosynostosis subtypes and healthy controls with high accuracy. 



149

Combining deep learning with 3D stereophotogrammetry for craniosynostosis diagnosis

7

INTRODUCTION

Craniosynostosis is defined as the premature fusion of one or more cranial 
sutures. This results in cranial malformation and can lead to facial asymmetry, 
as well as functional consequences such as increased intracranial pressure, 
deafness, visual impairment and cognitive deficits [1], [2]. The prevalence of 
isolated, non-syndromic craniosynostosis is 3.14 to 6 per 10.000 live births [3], 
[4]. The three most common forms of isolated, non-syndromic craniosynostosis 
are scaphocephaly, trigonocephaly and anterior plagiocephaly which 
correspond to the premature fusion of the sagittal suture, the metopic suture, 
and a unilateral coronal suture, respectively [3], [5]–[7].

Early diagnosis and intervention is important as it often leads to more 
therapeutic options for surgeons and the best cosmetic results for patients[1], 
[2]. Currently, computed tomography (CT) is the primary image technique used 
in craniosynostosis diagnosis [8], [9]. CT is proven to be an accurate diagnostic 
tool in craniosynostosis, but exposes the infant to ionizing radiation, which 
can pose a health risk for radiation induced cancer [9]–[11]. Therefore a safer 
alternative diagnostic tool is needed. 

Experts within tertiary healthcare centers can diagnose craniosynostosis quite 
accurately by visual examination of the shape of the head [8]. However, in the 
primary and secondary healthcare sectors, misdiagnosis of craniosynostosis 
still occurs due to the lack of expertise [12]. It therefore makes sense to 
study the potential of an imaging technique based on visual information: 3D 
stereophotogrammetry of the cranium. 3D stereophotogrammetry is a fast, 
radiation-free and patient-friendly method to evaluate the 3D morphology of 
the cranial shape [13]. 3D stereophotogrammetry has previously been used 
in combination with principal component analysis, a common machine 
learning technique, to characterize relevant aspects of the cranial shapes of 
trigonocephaly patients, scaphocephaly patients and healthy infants (controls)
[14]. However, this technique cannot automatically classify these cranial 
shapes as scaphocephaly, trigonocephaly, anterior plagiocephaly or as a 
healthy child, which makes it irrelevant for clinical implementation.

To overcome this limitation, we suggest combining 3D stereophotogrammetry 
with the more modern machine learning technique ‘deep learning’. 
This facilitates direct classification of cranial shapes and makes clinical 
implementation more feasible. Deep learning has shown promising results 
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in various fields of research, including medical image analysis [15]–[18]. Some 
benefits of deep learning prediction models are the possibility to evaluate 
complex patterns as well as non-linear patterns in data sets, effectively 
increasing the learning and classifying capacity of the model. 

The goal of this study is to investigate if deep learning algorithms are capable 
to correctly classify the head shape of infants on 3D stereophotographs as 
healthy control or as a craniosynostosis patient with the accompanying 
subtype; scaphocephaly, trigonocephaly or anterior plagiocephaly. 

MATERIALS AND METHODS

DATA ACQUISITION

A total of 160 CT-confirmed craniosynostosis patients and 53 healthy controls 
were retrospectively collected for this study. Healthy infants (controls) were 
selected based on their age (3 to 6 months old), which was similar to the age-
range of the craniosynostosis patients. Some of the healthy controls have been 
previously included in a study for determining the normal evolution of the 
cranium in three dimensions [19]. 3D Stereophotogrammetry (3dMDCranial 
3DMD, Atlanta, USA) with a five-pod configuration was used for image 
acquisition. 3D Stereophotographs were acquired by trained 3D photographers.

All craniosynostosis patients selected for this study were treated in the 
Radboudumc between July 2009 and September 2019 and diagnosed with 
isolated, non-syndromic premature closure of sutures, which was confirmed 
by CT as part of standard treatment protocol. Inclusion of patients was based 
on the availability of clinical pre-surgery 3D stereophotographs. We excluded 
10 scaphocephaly, 4 trigonocephaly and 3 plagiocephaly patients due to the 
absence of a pre-surgery 3D stereophotograph or the presence of unremovable 
or unfixable imaging artefacts on the 3D stereophotograph. Unfixable imaging 
artefacts included the loss of anatomical landmarks or a large portion of the 
cranium. This resulted in the following craniosynostosis subtypes distribution 
in the included patients: scaphocephaly (n=76), trigonocephaly (n=40) and 
anterior plagiocephaly (n=27). One 3D stereophotograph per patient or healthy 
reference was included. 

The mean age and the standard deviation were computed for each group. A 
One-way ANOVA was performed to determine statistical significant differences 
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between the mean ages of each group. A Levene’s test for homogeneity of 
variances was conducted. Finally a Dunnett T3 post-hoc test was performed 
to determine which groups were statistical significant different. Statistically 
significant differences were assumed at p<0.05. All statistical data analyses 
were performed using SPSS version 25.0 (Armonk, NY: IBM Corp, 2017).

All research was performed in accordance with relevant guidelines and 
regulations. This study did not fall within the remit of the Medical Research 
Involving Human Subjects Act (WMO). This study was approved by the medical 
ethical review board of the Radboud University Medical Centre Nijmegen, 
The Netherlands (no. 2020-6128). The study has been reviewed by the ethics 
committee (Commissie Mensgebonden Onderzoek regio Arnhem – Nijmegen, 
Netherlands) on the basis of the Dutch Code of conduct for health research, the 
Dutch Code of conduct for responsible use, the Dutch Personal Data Protection 
Act and the Medical Treatment Agreement Act. Informed consent was waived 
by this same ethics committee (Commissie Mensgebonden Onderzoek regio 
Arnhem – Nijmegen, Netherlands). Furthermore, the 3D stereophotographs of 
the 53 healthy controls were collected as part of an ongoing program to form 
a large reference cohort for future studies and was approved by the medical 
ethical review board of the Radboud University Medical Centre Nijmegen, The 
Netherlands (no. 2018-4935).

DATA SAMPLING

Prior to data sampling, each 3D stereophotograph was manually positioned 
in the sella turcica-nasion orientation using the age specific computed 
cranial focal point [5], [20]. Subsequently, data sampling was performed to 
ensure a standardized representation of each 3D stereophotograph. We used 
a raycasting algorithm for each 3D stereophotograph, utilizing a reference 
hemi-icosphere (r = 1mm) consisting of 751 vertices. The center of the hemi-
icosphere was placed on the location of the computed sella turcica and each 
ray was cast outward in the direction of each of the 751 vertices until the 
intersection with the 3D stereophotograph was reached [Figure 1]. The 751 
vertices were the result of an optimization in which the raycasting algorithm 
was able to accurately capture the shape of the head while minimizing the 
amount of potential of overfitting features. Each raycast length, from the sella 
turcica to the intersection with the 3D stereophotograph, was stored for deep 
learning.
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Because specific asymmetries in the collected cranial shapes can exist 
and can lead to potential underperformance of the deep learning model 
due to overfitting, data augmentation steps were used. A commonly used 
data augmentation step is image mirroring [21]. We mirrored each 3D 
stereophotograph over the mid-sagittal axis. Both the regular and the mirrored 
datasets were combined for deep learning model creation. Finally, for each ray 
the mean and standard deviation was computed over all the subjects. Each ray 
was then standardized by subtracting the per-ray mean and scaling using the 
per-ray unit variance [22]. This feature scaling technique was applied to correct 
for size differences and to amplify features of all subjects.

Nasion
Sella turcica-nasion

plane
Computed Sella turcica 

with hemi-icosphere
y

z

x

Ray

Ray Ray

Intersections

Intersections

Figure 1: 2D schematic representation of the head shape raycasting technique using a 
hemi-icosphere to determine the ray length from the sella turcica to the intersection of 

the outer surface of the 3D stereophotograph of the head.

DEEP LEARNING

We used a deep learning network with a categorical outcome, which classified 
the data of each subject as one of the following: healthy, scaphocephaly, 
trigonocephaly, anterior plagiocephaly. The used network was a conventional, 
feed-forward neural network holding respectively 192, 128, 64 and 32 nodes 
within the hidden layers. Activations within the hidden layers consisted of the 
Leaky Rectified Linear unit (Leaky ReLu), a variation on the Rectified Linear 
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unit (ReLu) [23], with an alpha of 0.2. The used regularization techniques 
were dropout [24] (rate = 0.5), batch normalization [25] (momentum = 0.8) and 
added gaussian noise (std=0.5) on the input during training. The output layer 
had a softmax activation function with 4 nodes for healthy, scaphocephaly, 
trigonocephaly and anterior plagiocephaly. Training was performed using the 
Adam optimizer [26] with a learning rate of 1*10-3, a decay of 1*10-6 and a clip/
gradient normalization of 0.001. Batch sizes during training consisted of 256 
samples and training was performed for up to 1000 epochs. The categorical 
cross entropy is evaluated for the validation set and used as a stopping 
criterium.  If no improvement of the validation categorical cross entropy was 
found for 50 epochs training was halted.

For the training and testing of the deep learning network, a stratified 10-fold 
cross validation was used. A subject’s original 3D stereophotograph and its 
mirrored counterpart stayed linked throughout training and testing of the 
deep learning network [Figure 2]. This ensures that one subject is only present 
in either the training or test dataset to preventing cross-over and misleading 
outcomes of the deep learning model.

Original Mirrored

Subject 1

Subject 2

Subject n-1

Subject n

Training

Test

Figure 2: A subject’s original 3D stereophotograph and its mirrored counterpart stay 
linked throughout training and testing of the deep learning network to prevent cross-

over.
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The outcome of the deep learning network was a confusion matrix of the test 
dataset. Furthermore, the recall and sensitivity (true positive / (true positive 
+ false negative)), precision (true positive / (true positive + false positive)) and 
specificity (true negative / (true negative + false positive) were computed based 
on the confusion matrix. 

The software used for the deep learning network creation was Keras [27] with 
the Tensorflow [28] backend. The software used for statistical analysis of the 
deep learning results and preprocessing of the data was Scikit-learn [29].

RESULTS

The mean age at the acquisition of the 3D stereophotograph of the subjects 
was 5.1 months (SD: 3.0), 4.0 months (SD: 1.5), 6.9 months (SD: 4.7) and 
4.6 months (SD: 1.6) for scaphocephaly patients, trigonocephaly patients, 
anterior plagiocephaly patients and healthy controls, respectively. There was 
a statistically significant difference between the group means as determined 
by one-way ANOVA(F(3,192) = 6.315, p<0.001) Equal variances were not 
assumed based upon the Levene’s Test (p<0.001). The Dunnett T3 post-hoc 
test showed a statistically significant difference between the mean ages of the 
trigonocephaly and plagiocephaly patients (p=0.027). The differences between 
the mean ages of the trigonocephaly and scaphocephaly patients approached 
but did not reach statistical significant differences (p=0.051).

DEEP LEARNING NETWORK

Out of 196 patients and healthy controls, 195 subjects (99,5%) were correctly 
classified. One anterior plagiocephaly patient was classified as a healthy 
control [Table 1]. Sensitivity and specificity was 100% in all cases except for 
plagiocephaly which had a sensitivity of 96.3% and the healthy cases which 
had a specificity of 99.2%.
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Table 1 The confusion matrix of the test set with computed recall/sensitivity, precision 
and specificity.
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Scaphocephaly 76 0 0 0 100,0%

Trigonocephaly 0 40 0 0 100,0%

Anterior 
Plagiocephaly

0 0 26 1 96,3%

Healthy 0 0 0 53 100,0%

Precision 100,0% 100,0% 100,0% 98,1%

Specificity 100,0% 100,0% 100,0% 99,2%
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DISCUSSION

In this study, we demonstrate that 3D stereophotogrammetry combined with 
deep learning can provide a basis to accurately classify cranial shapes of 
healthy controls, scaphocephaly patients, trigonocephaly patients and anterior 
plagiocephaly patients. 

Our study is in line with results from a previous study, in which 3D 
stereophotographs were used to distinguish healthy subjects from subjects 
with scaphocephaly and trigonocephaly [14]. Both our study and the study 
of Meulstee et al. underline the feasibility of diagnosing craniosynostosis 
using 3D stereophotogrammetry, a non-invasive technique without the risk of 
exposing the patient to ionizing radiation. Other machine learning techniques 
have also shown the potential in the classification of (parts of) craniosynostosis 
on 3D stereophotographs with additional statistical analysis or preprocessing 
[30]–[32].

Although the overall performance of the models presented in this study is good, 
there was one discrepancy between the prediction and the actual diagnosis. In 
the test dataset, one anterior plagiocephaly patient was classified as a healthy 
control. Anterior plagiocephaly cases were the least abundant within our 
dataset (n=27), which means that the deep learning network had only a limited 
opportunity to learn the key features in the cranial shape associated with this 
craniosynostosis subtype. Furthermore, one of our experts reviewed the case 
and classified it as mild anterior plagiocephaly.

Deep learning algorithms tend to perform better when large datasets are 
used during training [17]. However, due to the low prevalence of isolated, non-
syndromic craniosynostosis (3.14 to 6 per 10.000 live births) [3], [4], it is difficult 
to obtain large datasets for each craniosynostosis subtype. Smaller datasets 
can lead to suboptimal results because of overfitting, a process in which a 
network learns to recognize certain aspects specific to only the training cases, 
which negatively impacts the ability of the model to accurately classify new 
cases. 

Several techniques have been used in this study to minimize the effect 
of overfitting. First, all 3D stereophotographs were sampled in the same 
orientation. This severely reduced heterogeneity and size of the data other 
than the actual shape differences. By removing this unwanted noise, neural 
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networks need smaller databases to properly learn the key features of 
3D stereophotographs to discriminate between the different subtypes of 
craniosynostosis. Second, there was an optimization in the number of vertices 
in the raycasting algorithm to minimize the amount of potential of overfitting 
features. Third, we applied feature scaling to correct for size differences 
and to amplify features of all subjects, which was desirable because of 
the differences in age between some of the groups. Fourth, we mirrored 
each 3D stereophotograph to decrease the impact of specific asymmetries 
in the collected cranial shapes, which can also lead to overfitting. Fifth, 
regularization techniques were used in the neural networks to further prevent 
overfitting. Finally, 10-fold cross validation was used to determine the validity 
of each prediction model. The training and test results show a near identical 
distributions within the confusion matrices over all the folds suggesting good 
generalization of the model [Supplementary Table 1].

We applied a stratified 10-fold cross validation setup without a separate test-set 
to determine the validity of each prediction model. Inclusion of a test-set could 
further establish the validity of a trained prediction model. Ideally a test-set 
should comprise a collection of externally collected 3D-stereophotographs and 
this could be the starting point for further research.  

As mentioned before, larger datasets would be beneficial for craniosynostosis 
research. The rise of smartphone 3D stereophotogrammetry technology 
[33], [34] can aid in generating larger craniosynostosis datasets in the future. 
However, in the meantime data could be artificially generated based on the 
existing training data. This can be done by using a Generative Adversarial 
Network (GAN), which is another deep learning technique [35]. A GAN 
can generate data similar to the input of the network, thereby offering the 
possibility to synthetically enhance an existing dataset. This technique has 
previously been applied in medical images [36]–[39] and also in improving 
accuracy in experiments with small-sized training datasets [38]–[41]. Due 
to the small size of the current 3D stereophotogrammetry dataset, GAN 
implementation could be of great value for future projects. The feasibility of 
the use of GANs in generating fictive datasets of trigonocephaly cases has been 
explored by our group but is not used within this study [42].

3D photogrammetry is not the only radiation-free imaging modality that can 
be used to diagnose craniosynostosis as systematic physical examination, 
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ultrasound and MRI-scan also be utilized and have led to good results in the 
past [7], [9], [11], [43], [44]. It would be interesting to see if a deep learning 
algorithm would perform similarly when using images from another modality. 
Although each method has its own advantages, 3D stereophotogrammetry 
remains one of the fastest radiation-free methods for capturing the cranial 
shape for such diagnosis. Furthermore, 3D stereophotogrammetry technology 
is rapidly evolving, enabling the use smart-phone technology to make accurate 
3D stereophotographs [33], [34].

CONCLUSION

This study shows that trained deep learning algorithms, based on 3D 
stereophotographs, can discriminate between craniosynostosis subtypes and 
healthy controls with high accuracy. 
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APPENDIX
Table 1: The confusion matrix of the training sets with computed recall/sensitivity, 
precision and specificity. Due to the use of the 10-fold cross-validation method, training 
numbers are 9 times higher than the number of patients. 
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Scaphocephaly 684 0 0 0 100,0%

Trigonocephaly 0 360 0 0 100,0%

Anterior 
Plagiocephaly

0 0 242 1 99,6%

Healthy 0 0 1 476 99,8%

Precision 100,0% 100,0% 99,6% 99,8%

Specificity 100,0% 100,0% 99,9% 99,9%
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GENERAL DISCUSSION

The primary goal of this thesis was the creation of a new standardized method 
for objective longitudinal craniosynostosis evaluation using radiation-free 
methods. The new standardized method was supposed to provide the tools or 
alternatively a basis to help in the objective evaluation for the different forms 
of craniosynostosis treatment. The Computed Cranial Focal Point (CCFP) 
played a central role within this new standardized method [1]. A large section 
of the discussion will be dedicated towards the CCFP, the implementation, and 
the technical limitations.

THE COMPUTED CRANIAL FOCAL POINT

The introduction of the Computed Cranial Focal Point (CCFP) was essential 
for the primary goal and provided a basis to use 3D stereophotogrammetry 
(or 3D photos) in the longitudinal evaluation in craniosynostosis or healthy 
individuals [1]–[3]. The CCFP can act as a stable intracranial landmark in case 
bony landmarks are absent as is the case with 3D photos. 

STRENGTHS

Historically one would have to rely on reference frames using X-rays or CT-
scans for longitudinal follow-up of cranial development [4]–[10]. With the 
introduction of 3D stereophotogrammetry alternative references frames based 
upon surface landmarks were developed [10]–[16]. The CCFP can be used as an 
alternative intracranial landmark and additionally as a mean to compute the 
sella turcica for the use in reference frames [1].

The CCFP showed to be robust against deformations and missing data [1]. Due 
to this robustness good results were achieved in overlaying CT-scans and 3D 
photos in healthy adults, trigonocephaly cases, and scaphocephaly cases [1] 
[Chapter 3]. A different factor for good overlaying results, is the use of the 
population specific CCFP-offset. The CCFP-offset is the 3D position of the 
CCFP relative to the sella turcica in the sella turcica- nasion (StN) orientation. 
Computing the CCFP-offset is primarily performed using CT-scans. However, 
it could theoretically also be used in MRI-scans. This CCFP-offset can be used 
in case there is a need for determining the sella turcica position. Another 
application of the CCFP and the CCFP-offset values is in overlaying cranial 
scans of two different modalities [1], [2]. 
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WEAKNESSES

It is important to realize that the CCFP-offset by itself is fairly stable within 
certain groups (e.g. healthy adults, untreated craniosynostosis patients, 
young children of similar age, etc.). However, the CCFP-offset will differ 
between these populations. Applying a non-population specific CCFP-offset in 
alignment will still be consistent, but will no longer accurately approximate 
the sella turcica [Chapter 3]. Furthermore, the CCFP-offset also changes over 
age and therefore requires the use of age specific CCFP-offsets [2], [3] [Chapter 
6]. In two of our studies we made assumptions regarding the CCFP-offset 
age evolution after craniosynostosis repair [Chapter 6] [3]. The CCFP-offset 
changes over time showed to be fairly linear in nature. This allows for some 
interpolation and extrapolation of this offset in case we have missing values. 

Determining the CCFP-offset after craniosynostosis treatment or for healthy 
individuals 4-18 years of age is still not performed [Chapter 3, Chapter 6]. The 
CCFP-offset after craniosynostosis treatment cannot be investigated within 
our institution without a dedicated study due to the lack of routine CT-scans 
or MRI-scans during follow-up. Instead, in our institution 3D photos are used 
in the standard follow-up after craniosynostosis repair. Unfortunately it is 
impossible to determine the CCFP-offset on 3D photos. A prospective study 
could be performed if other institutions are currently, or historically have 
been, assessing the craniosynostosis follow-up using CT-scans. Determining 
the CCFP-offset of healthy individuals (for the ages of 4-18 years old) could be 
investigated by using CT-scans made during general care. These scans have 
to be selected for being negative for pathologies, trauma, or morphological 
changes. However, until these CCFP-offset values are known we must keep in 
mind that the assumptions made regarding the values could to some extend 
influence the results.

CRANIOSYNOSTOSIS AND NORMATIVE OUTCOMES

The trigonocephaly study was the first study where the CCFP workflow 
was utilized to evaluate clinical outcomes [3]. The workflow proved to be a 
promising tool in the longitudinal follow-up after craniosynostosis treatment. 
However, in this study there was no 3D photo reference data of healthy controls 
available from our own institution at this time. Furthermore, there was no 
comparison between treatment options. The 3D heatmaps provided insight 
in how the trigonocephaly patients changed after treatment and over time. 
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Both absolute and relative shape changes were evaluated. The added value of 
these 3D heatmaps was present in visualizing the 3D growth in the affected 
regions of the head. The ratio between the anterior skull volume and the total 
volume skull volume was a different measure within this study with the goal 
to determine volume corrections in the affected region in trigonocephaly. 
However, while indicating the volume change in the affected and unaffected 
region, this measure would require reference data measured with the same 
methodology for full interpretation. 

The normal evolution of the cranium in three dimensions was the second 
study where the CCFP workflow was utilized in clinical practice [2]. This 
study provided the reference data for the craniosynostosis (and other cranial 
development) studies. A more automated workflow, using primarily the CCFP, 
was set up to determine the cranial measurements and provide 3D growth 
maps of healthy reference cases. The cranial measurements were in-line with 
the literature and the growth maps showed similar patterns as observed in 
various other studies. This study was, to our best knowledge, the first study 
to capture the normal head growth using 3D photos. The normal head growth 
in 3D provides a good reference for craniosynostosis patients in other studies.

The scaphocephaly study [Chapter 6] was the first study that utilized the 
CCFP workflow for the comparison data of two different treatment options 
(endoscopically assisted craniosynostosis surgery and open cranial vault 
reconstruction) and healthy references. Additionally, the surgical (safety) 
outcomes were also registered. Within this workflow it was finally possible 
to provide an evidence-based treatment recommendation regarding both 
surgical outcomes and long-term cranial shape follow-up. Although the 
surgical outcome parameters were well described in other studies [17], [18] the 
longitudinal growth maps reporting on multiple stages after treatment were 
not described in literature yet to our best knowledge. 

GENERAL LIMITATIONS

There are certain limitations of the studies described above. The main 
issue is the low number of cases, age distributions and gender differences. 
Craniosynostosis remains a rare disease. Our institution has over 15 years of 
experience in endoscopic craniosynostosis treatment and even longer in open 
craniosynostosis treatment. A registry including craniosynostosis patients 
was introduced in our institution in 2004. Approximately 300 craniosynostosis 
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patients in this registry which have been threated either using endoscopic 
or open surgery. In 250 patients a 3D photo was acquired before and/or after 
treatment as could be identified from the 3D photo database. However, only 143 
patients could be used for further analysis based on the presence of a usable 
pre-treatment 3D photo with sufficient quality and exclusion of syndromic cases 
[Chapter 7]. In craniosynostosis there are three predominantly non-syndromic 
forms of which the largest group (scaphocephaly) occurs in roughly 50% of 
these cases. The majority of the cases are treated using endoscopically assisted 
craniosynostosis surgery (EACS). So even in the largest craniosynostosis group 
this leaves a very small fraction of children that are treated using the alternative 
treatment form of open cranial vault reconstruction (OCVR) [Chapter 6]. There 
are (potential) differences between male and female head growth patterns in 
infants [2], [19]. Furthermore, on average only 20-40% of the craniosynostosis 
cases are female to begin with [17], [18], [20]. This combination leads to even 
further thinning of usable 3D photos especially in female patients [Chapter 6]. 

Due to the low number of usable cases, age distributions, and the gender 
differences it was inevitable throughout this thesis to combine age and/or 
gender groups in certain analysis [3], [21], [22] [Chapter 6]. In order to create 
the purest form of data analysis for craniosynostosis follow-up cases should be 
separated based upon craniosynostosis subtype, treatment option, gender and 
age. Without additional cases using an eligible modality like 3D photos or CT-
scans it will be very difficult to fully comprehend craniosynostosis follow-up. 

The current lack of sufficient plagiocephaly patients and data is the prime 
reason these cases were not evaluated in a longitudinal study in this thesis. 
It is of uttermost importance to seek collaborations with institutions treating 
the same patients, especially if, for instance with craniosynostosis, multiple 
treatment options are available without consensus of the best treatment. 
Collaborations, open data sharing, and methodology sharing can also further 
help in defining the best outcome measures and treatment options. 

One of the downsides of the 3D stereophotogrammetry system used in this 
thesis is the additional cost for an institution in obtaining such a system. Most 
of these systems cost between 6.000 to 100.000 euros which is a dedicated 
investment for specific patient groups. Despite their use outside the field of 
craniosynostosis, these 3D stereophotogrammetry systems are less versatile 
than the radiology devices like ultrasound, X-ray, CT-scanners or MRI-



173

General Discussion & Future Perspective

8

scanners. The total amount of 3D stereophotogrammetry setups suitable for 
full cranial 3D scanning in the institutions globally remains limited to date. 
MRI-scans or CT-scans could be used in the use of the new standardized 
method for objective longitudinal craniosynostosis evaluation. However, these 
scans would not be ideal due to the use of general anaesthetics and/or the 
radiation dose (in CT-scans)[23]–[25]. 

FUTURE PERSPECTIVE

IN GENERAL

There are still some uncertainties regarding the CCFP and CCFP-offset to 
make it a validated technique for all craniosynostosis forms. The studies in 
this thesis proved that longitudinal follow-up was possible with good results 
but held some limitations as described above. It is recommended to collect 
the CCFP-offset variables from ages 4-18 years old and after craniosynostosis 
repair. As with any research it is also recommended to further enhance the 
dataset and perform external validation of the methods.

Collaborations, open data sharing, and methodology sharing can also further 
help in defining the best outcome measures and treatment options for 
craniosynostosis. Initiatives and collaborations like Eurocleft and Americleft 
[26], [27], or the MR CLEAN study (and all its derivatives/follow-up studies) 
[28] have shown the power in collaboration with an abundance of research 
in their respective fields as a result. It is recommended to also initiate such 
an international registry for craniosynostosis care. First steps in these 
collaborations for craniosynostosis care has been shown in development 
and behaviour after scaphocephaly [29].  However, collaborative national or 
international registries on surgery and shape outcomes for craniosynostosis 
are not available to our best knowledge. The creation and maintenance of 
such (online) registries can enhance collaboration between institutions and 
be a platform where diagnostics, treatment options and outcome prediction 
could be integrated. These integrations should be built to support a wide 
array of modalities like 3D photos, CT-scans, and MRI-scans. Having online 
tools that have these integrations will result in the best possible care for 
craniosynostosis patients especially if there are multiple treatment options 
available within a certain institute. The future of research is not based around 
individual researchers or single research groups, but rather nation-wide or 
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international consortia and collaborations. Additional positive effects caused 
by these consortia and collaborations is the ease of establishing consensus as 
well as keeping healthcare affordable. Duplicate research, expensive medical 
devices, costs caused by knowledge gaps, etc. can be partially tackled using 
this construction.

After the introduction of the static 3D stereophotography setups different 
dedicated handheld devices became available for capturing 3D surfaces of e.g. 
faces and heads [30], [31]. Additionally smartphone based photogrammetry 
options were recently introduced [32]. The handheld setups have an advantage 
over the static setups regarding the space requirements. Still, the 3D 
stereophotography setups are often capable of capturing the head surface (far) 
below one second while most handheld scanners take seconds to minutes to do 
a full capture. The resolutions of the handheld scanners can be theoretically 
as good as the static setups in ideal conditions. Nonetheless, the use of the 
handheld or smartphone based scanners could increase the availability of 
radiation-free capturing of the cranial 3D shape. This could, in combination 
with new tools, contribute to early detection and better follow-up when used 
in in the primary and secondary healthcare sectors. Early detection allows for 
early treatment which showed to be superior within our scaphocephaly study 
[Chapter 6].

ARTIFICAL INTELLIGENCE & DEEP LEARNING IN 
CRANIOSYNOSTOSIS

Artificial Intelligence (AI) will, without any doubt, severely impact clinical 
care and research throughout the entire field of medicine. Only one chapter in 
this thesis used AI in the form of deep learning. Yet, we were stunned by the 
incredible results of this techniques to classify craniosynostosis on 3D photos 
[22] . A part of this success (although not reported in detail) is the heavy use 
of standardization which was enabled using the CCFP workflow. Considering 
the success described in [22] [Chapter 7], deep learning techniques could 
be utilized to give an abstract score of “normality” on 3D photos of heads of 
patients that were treated for craniosynostosis. This would be the first step in 
an alternative method for optimizing craniosynostosis treatment. If a treated 
craniosynostosis case would still be classified as craniosynostosis after an 
extended period of time, in-depth analysis of the 3D photo could be performed 
by determining generic localizable features [33]. This would in essential create 
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heatmaps or distance maps that visualize the contribution to the classification 
or the “expected” differences from the normal head shape. These visualized 
contributions show the potential areas in which additional correction should 
take place. After these corrections would be performed the cranial shape will 
be classified as a healthy or “normal”. These maps themselves are somewhat 
similar to those that show the difference between an average/generalized 
healthy case and the patients as used in this thesis other studies [1]–[3], [21], 
[34], [35]. However, there is a major difference between the distance/curvature 
map differences from these studies and the contribution/attention maps 
generated using deep learning. Deep learning is not limited to e.g. logistic 
or linear differences or regression analysis. Rather it can create arbitrary 
relations and correlations between any given set of datapoints provided. 

The creation of these arbitrary relations and correlations between the data 
can be illustrated using trigonocephaly. Having a metopic ridge, which 
can be observed using 3D photos, is usually no guaranteed indication of 
trigonocephaly [36]–[38]. There are other factors like CT-scan based skull 
measurement angles which also present in trigonocephaly [39]. However, 
in moderate trigonocephaly these angles can be similar to those of healthy 
controls. The lateral supraorbital regions often represent a more inward 
expression as compared to healthy controls but again vary per healthy case 
or trigonocephaly patient [34]. An infant with a strong metopic ridge and 
inward expressed lateral orbital regions can still be a perfectly healthy 
infant, while an infant with only a mild metopic ridge and a certain cranial 
angle could be a severe trigonocephaly case. A single measurement or even a 
combination of measurements on a 3D photo is no guarantee for an adequate 
diagnosis. Furthermore, after trigonocephaly treatment, what combination 
of measurements defines if the head shape is comparable to that of a healthy 
individual. Luckily with deep learning we don’t have to define these measures 
beforehand since the algorithm can determine these abstract measurements 
itself. Unfortunately, deep learning classification models often behave like so 
called black boxes; we know the input and the expected output but have no 
to limited understanding of its internal function/reasoning. Fortunately, we 
can still extract some information from this black box functioning for each 
individual case depending on the type of deep learning used. If we have highly 
accurate craniosynostosis classification models in deep learning we could 
theoretically determine what features contribute positively and negatively 
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to the given classification by reading the so called saliency maps or class 
activation maps [33], [40]. Since the deep learning models used in [22] [Chapter 
7] were unsuitable for the creation of saliency maps or class activation maps 
we did not perform this analysis. Creation of these maps when they become 
available for the types of networks used, or re-training with networks that 
do allow these, is recommended in future research. This allows for better 
understanding of objective craniosynostosis classification and the required 
corrections for achieving normal head shapes.

AI can also contribute in a more straightforward fashion. Currently our 
objective longitudinal craniosynostosis evaluation using radiation-free 
methods has a workflow that is still dependant on manual pre-orientation using 
landmark placement. Conventional algorithms for 3D landmark detection is 
one option to further automate this process [41]–[43]. Alternatively, AI can also 
be utilized in 3D landmark detection, classification or point cloud registration/
orientation [44]–[46].

Prediction of craniosynostosis outcomes in 3D would also be within the realm 
of possibilities using AI. Face age progression is already achieved using AI [47]. 
Similar techniques for prediction of outcome after craniosynostosis treatment 
over time when enough data becomes available can be interesting to determine 
the optimum treatment. 

Since craniosynostosis is a rare disease as mentioned in the general limitations 
it remains difficult to perform adequate analysis on all different groups (age, 
type, gender) due to the lack of data in certain groups. Besides additional data 
collection, AI can help with obtaining more “data”. This data is artificially 
generated data which can be produced using Generative Adversarial Networks 
(GANs) which have been successfully used in medical imaging [48]. There are 
many applications in GANs. The main application to focus on is the creation 
of new original and realistic data without the use of conventional statistical 
or probabilistic models. With a GAN the data for the various craniosynostosis 
cases could be rapidly expanded. However, there is no guarantee that e.g. 
training a new deep learning classification model based upon this generated 
data will result in better classification performance. It is recommended to 
explore the use of GANs and the added value for craniosynostosis research.
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FINAL REMARKS

The question if the methodology created in this thesis should be the new 
standardized method for objective longitudinal craniosynostosis evaluation 
using radiation-free methods is an interesting one to answer. A new standard 
should be evidence based and accepted via consensus within the field the 
standard applies to. So we could break this down in the evidence part and the 
consensus part.

The methodology has been refined over time and limitations have been 
identified. This lead to good results in especially the radiation-free 
trigonocephaly and scaphocephaly patient evaluation. Furthermore, clear 
future perspectives are set and can help in future goals in the objective 
longitudinal follow-up. In addition, the artificial intelligence approach became 
a possibility due to the high degree of standardization. This allows for a new 
line of research regarding craniosynostosis diagnosis, planning, predication 
and follow-up. Logically, changes in methodology should be accepted when 
it becomes updated, or more refined methods are found in the longitudinal 
follow-up. So in short the evidence, bounds, limitations and future perspective 
of the methodology are set.

The consensus component is a bit more complex. Within the Craniofacial 
Team Nijmegen the described methodologies are currently implemented in 
the dedicated stand-alone in-house software 3DMedX (3D Lab Radboudumc, 
Nijmegen, The Netherlands). This is currently used in the standard 
craniosynostosis follow-up for trigonocephaly and scaphocephaly. The 
implementation is a gigantic step in making the methodology available for 
use outside our institute. Earlier versions of the follow-up process relied on a 
mix of various programs which are all now combined in one simple piece of 
software. Additionally, the accessibility of 3D photography has increased due 
to the rise of cheaper 3D stereophotogrammetry setups. These absence of these 
factors have been a bottleneck in earlier collaborations with other institutes. 
Collaborations have now become easier with the availability of the software 
and hardware. However, this means that consensus with this methodology 
in mind so far has not been achieved outside our institute. In addition, no 
consensus on any methodology in longitudinal 3D head shape follow-up 
of craniosynostosis has been made to our best knowledge. It is therefore 
recommended to establish consensus on the use standardized methods in 
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follow-up by e.g. consortia and collaborations. Furthermore, these consortia 
and collaborations can result in the collection of data required which is useful 
in further methodology refinement.

So back to the question if the methodology created in this thesis should be 
the new standardized method for objective longitudinal craniosynostosis 
evaluation using radiation-free methods. Evidence has been provided, but no 
consensus exists outside our institution yet. So at this moment, it is the new 
standardized method only within our institution. I would like to encourage 
collaborations and consortia to evaluate and form consensus on the use these 
methods. Hopefully this thesis provides and evidence based standardized 
method for objective longitudinal craniosynostosis evaluation using radiation-
free methods. Or alternatively, that this thesis sparks the sense of urgency and 
need to investigate these methods to provide the best possible craniosynostosis 
treatment and follow-up.
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SUMMARY

In Chapter 1, we introduced the primary issues in longitudinal 
craniosynostosis follow-up. A short overview of the primary forms of non-
syndromic craniosynostosis is given along with the various treatment options. 
Some of the follow-up techniques after craniosynostosis treatment with 
emphasis to the radiation-free 3D stereophotogrammetry technique are listed. 
A section of this chapter gives the importance and some variations of reference 
frames for 3D imaging techniques in craniosynostosis. The treatment options, 
and follow-up techniques with the variations in reference frames lead to the 
primary issue in the longitudinal follow-up after craniosynostosis treatment 
which are summarized to form the aim of the thesis. The primary goal of this 
thesis is defined as the creation of a new standardized method for objective 
longitudinal craniosynostosis evaluation using radiation-free methods. 

We initially developed the Computed Cranial Focal Point (CCFP) and presented 
this in Chapter 2. Rather than being a point/landmark that is based upon hard 
or soft-tissue landmarks in 3D it is an intracranial landmark that is computed 
from the entire surface area of the head or skull. This is the point where all 
the surface normal of the head on average intersect. This computation method 
is initially tested on synthetic sphere-like shapes with deformations and 
craniosynostosis-like features. The method itself showed to be reliable and 
robust against missing data and deformations. The craniosynostosis shapes 
showed a deviant CCFP position as compared with the reference models or 
other craniosynostosis shapes giving the option to potentially identify/score 
the type. When looking at the adult population there is a stable position of the 
CCFP compared towards the sella turcica. Furthermore there is only a few 
millimeter difference between the position of the CCFP as computed using the 
skin or using the skull. This allows for computation of the position of the sella 
turcica using different modalities that either yield the skin or skull as a 3D 
mesh like 3D Photos or CT-scans. Alignment of multiple modalities using the 
CCFP was also tested and resulted in a near perfect match considering growth 
and additional volume caused by hair and the hairnet which is typically 
used during the acquisition of a 3D photograph. This chapter presents the 
foundation of the new standard for objective longitudinal craniosynostosis 
evaluation using radiation-free methods by the means of the CCFP.

Soft-tissue matching is one of the primary uses of the CCFP. Soft-tissue 
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matching is used to evaluate changes between 3D head shapes either 
longitudinally or with other cases and references. The true effect of the 
presence of scaphocephaly or trigonocephaly on the soft-tissue matching using 
the CCFP alignment technique was not investigated yet and therefore explored 
in Chapter 3. This alignment technique is based upon the CCFP-offset; the 
3D position of the CCFP relative to the sella turcica in the sella-turcica nasion 
(StN) orientation. The mean CCFP-offset was determined in the 3D soft-tissue 
reconstruction of CT-scans in both scaphocephaly and trigonocephaly patients. 
Applying the CCFP alignment technique with the obtained CCFP-offset in these 
cases to perform soft-tissue matching between CT-scans and 3D photos yielded 
good results. This technique was similar to the one described in Chapter 2. 
It was also found that using a different (reference) CCFP-offset in both a CT-
scan and 3D photo yielded similar soft-tissue matching patterns, but created 
an offset of the overall CT-scan and 3D photo. Depending on availability of a 
known CCFP-offset and the need of approximating the sella turcica position in 
3D photos either a population specific CCFP-offset or a reference CCFP-offset 
could be used in the soft-tissue matching procedure. The second method is 
not recommended in longitudinal follow-up due to the CCFP-offset shift over 
time and/or after treatment of craniosynostosis. In short, within this chapter 
parts of the uncertainty that were present in the CCFP alignment method for 
scaphocephaly and trigonocephaly were investigated. 

The first clinical evaluation of our institutes data concerning the follow-up of 
craniosynostosis is for the treatment of endoscopically assisted trigonocephaly. 
A radiation-free method was performed based on the CCFP and described in 
Chapter 4. The 3D cranial morphology of the craniosynostosis patients was 
evaluated using growth maps. The growth maps illustrate that within the first 
few months there is a strong growth from pre surgery to post surgery around 
the surgical site, but not at the location of the removed suture. This is followed 
by growth on the suture site. Head widening seems to occur on average 
between 24 and 36 months of age. No normative data was available at this time 
hampering further evaluation. This led to the need of reference data.

The CCFP Computation method and flow has since been improved for both 
CT-scans and 3D Photos. This improved workflow has first been described in 
the Appendix of Chapter 4 [1]. The improved workflow has a higher degree of 
standardization and normalization of either CT-scans or 3D Photos. The new 
workflow is based upon pre-alignment using surface landmarks and includes 
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uniform sampling using half of an ico-sphere. The new workflow further 
includes gap fixing in case the CT-scan or 3D Photo has existing or sampling 
induced error gaps. Due to this workflow it is possible to easily compare large 
series of 3D Photos or CT-scans with their respective changes over time in a 
standardized workflow. Additionally within the workflow smoothing of small 
inconsistencies was added.

In Chapter 5 the normal head growth in the first four years of age in 3D are 
assessed for CT-scans and up to two years for 3D Photos. This should provide 
in the need of normative reference data. Assessments of volume, cranial 
width, cranial length, cranial index, suture lengths and shape parameters 
were performed (when applicable). The 3D Photos are analyzed using the CCFP 
computation workflow while the CT-scans are determined using the native StN 
orientation with the sampling of the CCFP workflow. The growth maps show 
that there are specific regions of the head that differ in growth over time. 
These growth patterns are not directly clear when looking at only volumes, 
cranial widths/lengths/indices, etc. This roots for the use of growth maps for 
complete assessment of cranial growth over time. Thanks to Chapter 5 we 
have insight in the normal 3D growth evolution of the head up to 2 and 4 years 
old for 3D photos and CT-scans respectively. This results in a reference 3D 
model which van be used to compare the growth of patients with pathologies 
like craniosynostosis.

In Chapter 6 a longitudinal 3D shape development follow-up of scaphocephaly 
patients was performed. Within this study the CCFP alignment was used on the 
longitudinal 3D photos of these patients. Comparisons between the outcomes 
of two treatment options from our institution, endoscopically assisted 
craniosynostosis surgery (EACS) and open cranial vault reconstruction 
(OCVR), were made. Primarily, the 3D cranial shape measurements and color-
coded distance maps were compared between the treatment groups and with 
healthy references. Secondly the surgical safety outcome values like length of 
stay, blood loss, surgery times and transfusion rates were compared between 
the treatment groups. Initially the 3D cranial shape measurements differed 
between the two treatment groups in earlier ages but mostly diminished over 
time. At 24 months of age the mean difference between the two treatment 
groups over the cranial shape was less than ±2 mm. Over time there were no 
consistent statistical significant differences for the 3D measurements between 
both treatment groups and the healthy references. The surgical outcomes 
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showed that EACS was superior in nearly all outcomes in comparison to OCVR. 
Considering the near identical results in the 3D measurements and distance 
maps between EACS and OCVR combined with the superior EACS surgical 
outcomes EACS is the recommended treatment option. Thanks to this chapter 
we were finally able to compare two treatment options with each other and 
healthy references and give evidence-based proof for the superiority of one 
treatment option over the other. 

Besides conventional 3D measurements it is also possible to use deep learning 
in the diagnosis of craniosynostosis. Chapter 7 explores the use of deep 
learning in the diagnosis of craniosynostosis based upon 3D photos. A set of 
3D photos of the three most prominent craniosynostosis forms were collected. 
These include scaphocephaly, trigonocephaly and anterior plagiocephaly. A 
group of reference 3D photos of healthy infants in the same age were added 
to this set. All these 3D photos were aligned using the CCFP. A deep learning 
classification network was applied to these 3D photos. During testing only one 
3D photo was misclassified in the entire set. This chapter shows that trained 
deep learning algorithms, based on CCFP aligned 3D photos, can discriminate 
between craniosynostosis subtypes and healthy controls with high accuracy. 
Thanks to this chapter there is a highly accurate diagnosis method on 3D photos 
with the use of deep learning. The exploration of diagnosis of craniosynostosis 
on 3D photos with the use of deep learning makes it feasible to also perform 
follow-up with the use of deep learning.

The general discussion and future perspective is given in Chapter 8. Since a 
new potential standard was introduced concerning the CCFP a large section 
of the general discussion was based around this subject. The strengths, 
limitations and alternative usages are given in that section. The patient and 
healthy reference studies are reflected on based upon history, methodology 
and outcome of those studies. Some of the more general limitations of the study 
and the applications of this study outside our institution are briefly discussed. 
The future perspectives show the need for additional research surrounding 
the CCFP computation method for certain use cases. An important section in 
the future perspective is the need for collaborations, open data sharing, and 
methodology sharing to further help in defining the best outcome measures 
and treatment options for craniosynostosis. Also the potential of artificial 
intelligence and deep learning in craniosynostosis is described in-depth. The 
final remarks reflect on the definition of success for this thesis itself.
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NEDERLANDSE SAMENVATTING

In hoofdstuk 1 worden de primaire knelpunten in het langdurig opvolgen 
van craniosynostose geïntroduceerd. Middels een kort overzicht worden de 
basisvormen van niet-syndromale craniosynostose toegelicht samen met 
de meest voorkomende behandelmethoden. Daarnaast worden er een reeks 
technieken benoemd die gericht zijn op het opvolgen van craniosynostose 
na behandeling. Specifiek wordt er aandacht gegeven aan de stralings-vrije 
technieken van opvolgen door middel van 3D stereofotogrammetrie. In 
dit hoofdstuk wordt verder het belang en de variaties van de zogenoemde 
referentie frames in 3D beeldvorming voor craniosynostose gegeven. De 
behandelopties, de verschillende vormen van opvolg technieken en de 
variaties in de referentieframes maken het opvolgen van kinderen met 
craniosynostose lastig zoals verder uiteengezet in dit hoofdstuk. Het primaire 
doel van de thesis is dan ook het creëren van een nieuwe standaard methode 
in het objectief longitudinaal opvolgen van craniosynostose met stralings-
vrije methoden. 

In het tweede hoofdstuk introduceren we het zogenoemde Computed Cranial 
Focal Point (CCFP). Dit is een herkenningspunt welke, in tegenstelling 
tot andere herkenningspunten die zich op de huid van het hoofd of de 
schedel bevinden, voortkomt uit een berekening over het totale hoofd of 
schedeloppervlakte. Dit oriëntatiepunt is het gemiddelde snijpunt van alle 
normaalvectoren op het hoofd of de schedel. Er zijn om de methode te 
testen een aantal bolvormige 3D fantoom modellen gebruikt die kenmerken 
hadden van de meest voorkomende craniosynostose varianten. Deze tests 
lieten zien dat de methode betrouwbaar en robuust was bij vervormingen 
of ontbrekende data. Er was een afwijking te zien van de CCFP positie in de 
synthetische craniosynostose gevallen ten opzichte van de andere modellen. 
De theorie was dat deze afwijking gebruikt zou kunnen worden om eventueel 
in de toekomst craniosynostose objectief te kunnen diagnosticeren. Er is 
een onderzoek uitgevoerd onder een volwassen populatie om de positie van 
de CCFP te berekenen ten opzichte van de sella turcica in de schedel. De 
CCFP bleek zeer stabiel te zijn in deze populatie. Daarnaast was gezien dat 
er slechts een paar millimeter verschil was tussen een CCFP die berekend is 
gebruikmakende van de huid ten opzichte die van de schedel als er gebruik 
gemaakt wordt van 3D foto’s of CT-scans. Hierdoor kan de CCFP zowel 
ingezet worden op de huid als de schedel als oriëntatiepunt. Het uitlijnen 
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van verschillende beeldmodaliteiten (zoals bijvoorbeeld CT-scans en 3D 
foto’s) van eenzelfde individu creëerde een nagenoeg perfecte match. Kleine 
verschillen waren zichtbaar die ogenschijnlijk voortkwamen uit extra volume 
in 3D foto’s door bijvoorbeeld groei, haar of een haarnetje. Samengevat geeft 
dit hoofdstuk de basis voor een nieuwe standaard methode in het objectief 
longitudinaal opvolgen van craniosynostose met stralings-vrije methoden 
door gebruik te maken van de CCFP.

Het matchen (over elkaar leggen van) weke delen uit scans is een van de 
primaire mogelijkheden met de CCFP. Het matchen van weke delen in deze 
thesis wordt gebruikt om verschillen tussen twee 3D hoofd vormen te bepalen 
over de tijd of vergeleken met een populatie. In eerdere studies was het 
echte effect van de aanwezigheid van scafocefalie of die van trigonocefalie 
tijdens het weke delen matchen met de CCFP methode nog niet onderzocht. 
In hoofdstuk 3 worden de effecten bepaald in verschillende matching 
methoden met de CCFP. In deze methode is de CCFP-offset een belangrijk 
begrip. De CCFP-offset is de 3D positie van de CCFP ten opzichte van de sella 
turcica in de sella turcica-nasion (StN) oriëntatie. De gemiddelde populatie 
specifieke CCFP-offset was bepaald in 3D weke delen reconstructies van CT-
scans voor zowel scafocefalie als trigonocefalie patiënten. Het gebruik van 
de oriëntatie methode met deze populatie specifieke CCFP(-offset) tussen 
een CT-scan en 3D foto zoals omschreven in hoofdstuk 2 resulteerde in een 
goede match. Daarnaast was het gebruik van een generieke (referentie) 
CCFP-offset eveneens adequaat wanneer men zowel de CT-scan als de 3D 
foto oriënteerde middels de omschreven methode. Echter was hiermee de 
benaderde positie van de sella turcica niet meer accuraat in tegenstelling tot 
wanneer men de populatie specifieke CCFP-offset zou gebruiken. Afhankelijk 
van de beschikbaarheid van een dergelijke CCFP-offset en de noodzaak om 
de benaderde positie van de sella turcica te verkrijgen in 3D foto’s kan er 
gekozen worden tussen welke oriëntatie methode er gebruikt wordt. Daarbij is 
het gebruik van een referentie CCFP-offset niet aan te raden in longitudinale 
follow-up gezien de CCFP-offset veranderingen over tijd of door invloed 
van behandelingen niet zeker is. Samengevat is in dit hoofdstuk is een deel 
van de onzekerheid de voorheen rondom de CCFP oriëntatie methode zat 
weggenomen voor scafocefalie en trigonocefalie. 

De eerste klinische evaluatie van de data uit onze kliniek was die rondom het 
opvolgen na behandeling met endoscopisch geassisteerde craniosynostose 
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chirurgie. De stralings-vrije methode van hoofdstuk 4 gebruikmakende 
van de CCFP was toegepast op kinderen die endoscopische trigonocefalie 
behandeling kregen met aanvullende helmtherapie. De 3D hoofd morfologie 
was geëvalueerd middels de groeikaarten. Hierin was te zien dat in deerste 
paar maanden na de chirurgie er een sterke groei was rondom in het gebied 
van de ingreep zelf. Echter was er aanvankelijk geen groei te zien op de locatie 
waar de aangedane schedelnaad was verwijderd. Deze volgde pas in een later 
stadium. Het breder worden van het hoofd gebeurde grofweg rond de leeftijd 
van 24 en 36 maanden na de ingreep. Er was echter nog geen referentie data 
beschikbaar van gezonde schedelgroei in 3D. Hierdoor was er noodzaak om 
de gezonde schedelgroei in 3D in kaart te brengen.

In het vijfde hoofdstuk is de normale groei van het hoofd in 3D bepaald 
met CT-scans voor de eerste vier levensjaren en met 3D foto’s voor de eerste 
twee levensjaren. Hierin zijn volumes, breedte van hoofd, lengte van het 
hoofd, cephalic index, naadlengtes en 3D vorm parameters vastgelegd waar 
beschikbaar. De 3D foto’s zijn geanalyseerd gebruikmakende van de CCFP 
oriëntatie workflow. De CT-scans zijn geanalyseerd gebruikmakende van 
de StN oriëntatie. De 3D groeikaarten lieten specifieke gebieden van het 
hoofd zien die verschillende groeipatronen lieten zien over de tijd. Als we 
enkel de volumes, hoofd breedte, hoofd lengte, enz. bekijken vallen deze 
specifieke gebieden niet op tijdens de analyse. Dit toont de waarde aan van 
de 3D groeikaarten wanneer we hoofdgroei en -verandering in de loop van 
de tijd analyseren. Dankzij hoofdstuk 5 hebben we inzichten gekregen in de 
normale 3D groei en groei-veranderingen van het hoofd tot respectievelijk 
2 en 4 jaar oud middels 3D foto’s en CT-scans. Als resultaat hebben we een 
set van referentie 3D modellen verkregen die we kunnen gebruiken voor de 
vergelijking van gezonde kinderen in de loop van de tijd tegenover die met 
pathologie zoals craniosynostose.

Hoofdstuk 6 is een studie die de longitudinale 3D vorm ontwikkelingen van 
behandelde scafocefalie patiënten opvolgt. In deze studie gebruiken we 
wederom de CCFP oriëntatie methode op 3D foto’s. Er worden twee groepen 
vergeleken: patiënten behandeld met de “Open cranial vault reconstruction” 
(OCVR) methode en die met de “Endoscopically assisted craniosynostosis 
surgery” (EACS). De 3D hoofd metingen en de groei/verschilkaarten worden 
als primaire uitkomstmaten gebruikt om de verschillen aan te tonen 
tussen beide groepen alsmede met gezonde controles. Daarnaast worden 
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chirurgische veiligheidsmaten bekeken tussen beide behandelgroepen. 
Deze maten zij de opnameduur, bloedverlies, operatietijden en transfusies. 
Veel van de 3D hoofd metingen waren in eerste instantie verschillend tussen 
de behandelingsgroepen. Deze verschillen verdwenen grotendeels in de 
loop van de tijd. Op 24 maanden oud waren de gemiddelde verschillen in 
3D hoofdvormen tussen de twee behandelingsgroepen minder dan ±2 mm. 
Op de latere leeftijden waren er geen consistente statistisch significante 
verschillen voor de 3D hoofd metingen tussen zowel de behandelgroepen 
als de gezonde controles. De chirurgische veiligheidsmaten waren beter 
voor EACS ten opzichte van OCVR in vrijwel alle gemeten maten. Gezien de 
3D uitkomsten en groei/verschilkaarten nagenoeg identiek waren tussen 
de behandelmethoden na verloop van tijd en dat EACS superieur was ten 
opzichte van OCVR rondom de chirurgische veiligheidsmaten is EACS de 
behandeloptie naar keuze in dit geval. Dankzij dit hoofdstuk zijn we eindelijk 
in staat om een vergelijking tussen twee behandelmogelijkheden en gezonden 
controles uit te voeren om zodoende de objectieve superioriteit van de ene 
behandeling over de andere vast te stellen.

Naast de conventionele 3D maten is het ook mogelijk om deep learning 
te gebruiken in de diagnosestelling van craniosynostose. In hoofdstuk 
7 verkennen we het gebruik van deep learning voor de craniosynostose 
diagnose met 3D foto’s. Er is een set 3D foto’s van de drie meest prominente 
vormen van craniosynostose verzameld. Dit betreft scafocefalie, 
trigonocefalie en plagiocefalie. Daarnaast is er een set van 3D foto’s van 
gezonde controles verzameld random dezelfde leeftijd. Alle foto’s zijn 
georiënteerd met de CCFP uitlijning methode. Een deep learning classificatie 
netwerk is gemaakt en toegepast op deze 3D foto’s. Tijdens het testen was er 
slechts één 3D foto verkeerd geclassificeerd in de totale set. In dit hoofdstuk 
hebben we laten zien dat getrainde deep learning algoritmes toegepast op 
CCPF uitgelijnde 3D foto’s accuraat de aanwezigheid van craniosynostose 
kunnen vaststellen en het betreffende subtype te kunnen bepalen. Dankzij 
dit hoofdstuk is er een zeer accurate diagnostiek methode middels 3D foto’s 
en deep learning. Het opvolgen van craniosynostose na behadeling met deep 
learning lijkt door dit onderzoek ook tot de mogelijkheden te behoren.

De algemene discussie en de toekomstvisie zijn uiteengezet in hoofdstuk 8. 
Een groot deel van de algemene discussie is toegewijd aan de CCFP gezien 
dit een basis vormt in deze thesis. De kracht, beperkingen en alternatieve 
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gebruik van de CCFP worden hierin toegelicht. Er vind reflectie plaats 
over de studies betreffende patiënten en referenties. Hierbij is er specifiek 
gekeken nar de historie, methodologie en de uitkomsten van deze studies. 
De algemene beperkingen van de thesis en de toepassingen worden verder 
kort aangestipt. In de toekomstvisie laat verdere onderzoeksmogelijkheden 
rondom de CCFP en de berekening zien, met name voor bepaalde use cases. 
Binnen de toekomstvisie worden samenwerkingen, open data delen en 
methodologie delen als belangrijke punten aangestipt om zodoende de beste 
uitkomstmaten en behandelingsopties voor craniosynostose te komen. De 
potentie van kunstmatige intelligentie en met name deep learning binnen 
craniosynostose wordt verder uitgebreid behandeld. Als laatste is er een korte 
terugblik op de thesis en de behaalde doelen.
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RESEARCH DATA MANAGEMENT

This thesis is based on the results of human studies, which were conducted 
in accordance with the principles of the Declaration of Helsinki. The medical 
and ethical review board Committee on Research Involving Human Subjects 
Region Arnhem Nijmegen, Nijmegen, the Netherlands has given approval to 
conduct these studies where applicable. Ethical approvals part of this thesis 
were registered under: CMO Arnhem – Nijmegen #2020-6128, CMO Arnhem – 
Nijmegen #2018-4935. Collected data for the most part has been irreversibly 
anonymized.

All study data is stored on the research server of the Radboudumc 3D Lab & 
Oral and Maxillofacial Surgery. The location is “Not available in digital 
version.” and access is regulated by an designated employee of the 3D Lab. 
Data is separated per chapter and a separate folder with the latest analysis 
tools is provided. These tools include the raw source code of the CranioView 
software (custom Unity based annotation program) as used in chapters 3-7 and 
the latest Matlab toolboxes from chapter 4, 6 and 7. 

Only the original source data (e.g. dicoms & 3D Photos) as well as annotations 
are stored since the intermediate results and data often rely on custom 
and currently outdated tools. Providing the source data and latest tools as 
mentioned before should ensure the reproducibility of the study.

The data will be saved for 15 years after termination of the respective studies. 
Using these patient data in future research is only possible renewed approval 
from the medical ethical committee. The datasets analysed during these 
studies are available from the corresponding author on reasonable request 
and only with approval from the legal and ethics departments.
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