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Objective:  Cone beam computed tomography (CBCT) images are being increasingly used 
to acquire three-dimensional (3D) models of the skull for additive manufacturing purposes. 
However, the accuracy of such models remains a challenge, especially in the orbital area. The 
aim of this study is to assess the impact of four different CBCT imaging positions on the accu-
racy of the resulting 3D models in the orbital area.
Methods:  An anthropomorphic head phantom was manufactured by submerging a dry 
human skull in silicon to mimic the soft tissue attenuation and scattering properties of the 
human head. The phantom was scanned on a ProMax 3D MAX CBCT scanner using 90 and 
120 kV for four different field of view positions: standard; elevated; backwards tilted; and 
forward tilted. All CBCT images were subsequently converted into 3D models and geometri-
cally compared with a “gold-standard” optical scan of the dry skull.
Results:  Mean absolute deviations of the 3D models ranged between 0.15 ± 0.11 mm and 
0.56 ± 0.28 mm. The elevated imaging position in combination with 120 kV tube voltage 
resulted in an improved representation of the orbital walls in the resulting 3D model without 
compromising the accuracy.
Conclusions:  Head positioning during CBCT imaging can influence the accuracy of the 
resulting 3D model. The accuracy of such models may be improved by positioning the region 
of interest (e.g. the orbital area) in the focal plane (Figure 2a) of the CBCT X-ray beam.
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Introduction

Over the past decade, advances in image analysis and 
graphics processing power have extended the role of 
medical imaging far beyond traditional, diagnostic 

visualization. Three-dimensional (3D) medical images 
are being increasingly used to additively manufacture 
patient-specific constructs, such as anatomical models, 
surgical cutting guides and implants.1,2 Such patient-
specific constructs have proven to be particularly valu-
able in the field of oral and maxillofacial surgery and 
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are being increasingly used to reconstruct the orbit after 
trauma.3–5

The current medical additive manufacturing (AM) 
process comprises three basic steps. The first step is 
image acquisition, which is commonly performed using 
a CT scanner. The second step is image processing, 
during which the tissue of interest is segmented in the 
CT images and converted into a 3D model by means 
of meshing. The resulting 3D model is commonly 
saved as a standard tessellation language (STL) file 
that can subsequently be used to design patient-specific 
constructs, such as orbital floor implants, using dedi-
cated computer-aided design (CAD) software. The third 
and final step in the medical AM process is the fabrica-
tion of the construct using a 3D printer.6

While the aforementioned medical constructs can be 
fabricated with great accuracy (<0.1 mm) using current 
3D printing technologies, their design is limited by the 
accuracy of the medical images.7,8

To date, there is a general agreement that multislice 
CT (MSCT) scanners offer the best images for medical 
AM.9 However, cone beam CT (CBCT) scanners are 
being increasingly used for dentomaxillofacial imaging 
due to their high sharpness, low costs and low radiation 
dose.10 Consequently, an increasing number of patient-
specific 3D constructs are being designed using CBCT 
images. This development has sparked the need to opti-
mize CBCT for the generation of 3D models suitable for 
medical AM.

One key limitation of using CBCT images for medical 
AM is the fact that thin and complex bony structures, 
such as the orbital walls, are often poorly represented 
in CBCT-derived 3D models.11 This is mostly due to 
the beam geometry and image acquisition strategies 
used in CBCT imaging. Furthermore, the scaffold-like 
structures of the eye socket are surrounded by thick 
bony structures such as zygoma that predominantly 
attenuate the low-energy part of the X-ray spectrum by 
causing both beam hardening and photon “starvation”. 
The remaining high-energy photons are less likely to 
become absorbed by the thin bone structures resulting 
in a contrast loss and difficulty to separate transi-
tions between bone and soft tissues thus making STL 
models challenging. However, the attenuation caused 
by the thick bony structures can be partially avoided by 
choosing an exposure orientation that offers minimal 
bone mass in the radiation path. CBCT scanners irra-
diate the entire field of view (FOV) during a single (full 
or partial) gantry rotation using a wide X-ray beam in 
combination with a single, flat-panel detector. Conse-
quently, the irradiation reduces contrast of the image 
by causing a large non-uniform background exposure. 
The magnitude of this so-called scatter-to-primary 
ratio is defined as scatter radiation intensity divided by 
primary radiation intensity at the level of the detector. 
The resulting large beam angles induce high scatter-to-
primary ratios, which manifests in the reconstructed 
images as reduced contrast between different tissue 

types.12 Although such low contrast-to-noise ratios 
(CNRs) typically do not hinder the diagnostic use of 
CBCT images for tissues with high anatomical contrast 
(e.g. bone, teeth, air spaces), they make CBCT image 
segmentation notably more cumbersome in the field of 
medical AM.13,14

The extent to which the CNR is impacted by imaging 
a specific anatomical structure of interest (e.g. the 
orbits) depends on its position in the FOV during CBCT 
imaging.

Various studies have shown that head positioning in 
the CBCT scanner can influence the accuracy of linear 
measurements, CNR, and other image quality figures 
of merit.15,16 Furthermore, a recent study by Lindfors et 
al reported that tilting the head backwards resulted in 
significantly higher mean CNR in two different CBCT 
scanners.17 These findings suggest that CBCT images 
could be optimized for medical AM by adapting the 
position of the anatomical structure of interest in the 
FOV of the CBCT scanner. However, to the best of the 
authors’ knowledge, the combination of head tilting 
and positioning has not been previously investigated. 
Therefore, the aim of the present study is to assess the 
impact of four different CBCT imaging positions on the 
accuracy of the resulting 3D models in the orbital area 
using an anthropomorphic head phantom.

Methods and materials

Manufacturing of an anthropomorphic head phantom
This study was performed according to the Ethical Prin-
ciples for Medical Research Involving Human Subjects 
as defined by the World Medical Association.18 One 
female human cadaver head was anonymously provided 
by the Department of Anatomy, Amsterdam UMC 
(location VUmc), Amsterdam, The Netherlands. The 
head was boiled for 24 h, after which all remaining soft 
tissues were manually removed using standard dissection 
equipment (i.e. scrapers and scalpels). The resulting dry 
skull was subsequently scanned using a GOM ATOS™ 
III optical 3D scanner (GOM GmbH, Braunschweig, 
Germany) with an accuracy of 0.05 mm to acquire an 
accurate “gold-standard” 3D model of the skull.19 The 
scanned dry skull was placed in a head-shaped mould 
that was milled using a CNC 5-axis milling machine 
(Figure 1). This mould was subsequently filled with sili-
cone (Dragon Skin® 30, Smooth-On, Macungie, PA, ρ 
= 1.08 g/cm3) to mimic the attenuation and scattering 
conditions of soft tissues in the human head. The major 
advantages of Dragon Skin silicone are its elasticity that 
allows easy moulding, stability at room temperature, 
long shelf  life and fast curing time (<16 h).

Image acquisition
The phantom head was scanned in four different 
imaging positions using a Planmeca ProMax 3D Max 
CBCT scanner (Planmeca, Helsinki, Finland) with a 
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230 × 160 mm FOV. The first position was the stan-
dard imaging protocol on the ProMax 3D Max CBCT 
scanner, in which the FOV extended from the tip of 
the chin to the forehead (Figure  2a). The three other 
imaging positions were achieved by elevating the FOV 
so that the focal plane intersected with the orbital 
floors (Figure  2b), by additionally tilting the elevated 
phantom head backwards (−45°) (Figure  2c), and by 
tilting the phantom head forward (+45°) (Figure  2d). 
In the current set-up, the focal plane is defined as a 
horizontal plane at the position where the X-ray beam 
emerging from the focal spot reaches the detector 
perpendicularly. All CBCT scans were performed using 
two different scanning protocols with similar effective 
doses: 90 kV, 14 mA and 120 kV, 5.6 mA. The exposure 
time for both protocols was 7.8 s. The ProMax 3D Max 
CBCT scanner uses asymmetric imaging geometry that 
minimizes the radiation dose to thyroid gland for large 
FOVs. However, the physical phenomenon resulting 
from the head tilting remains regardless of  the CBCT 
scanner used.

Image processing
All acquired CBCT scans were reconstructed as Digital 
Imaging and Communications in Medicine (DICOM) 
data sets with 0.4 mmx 0.4 mm x 0.4 mm voxels. The 
acquired DICOM data sets were subsequently imported 
into Mimics 3D medical image processing software (v. 
20, Materialise, Leuven, Belgium), and all bony struc-
tures in the CBCT images were segmented using global 
thresholding. (Semi-)automatic image segmentation 
techniques such as automatic threshold selection or 
region growing, however, lead to suboptimal segmen-
tation results for these types of relatively noisy CBCT 
images. Therefore, we jointly optimized the threshold 
value for all CBCT scans that were acquired using a 
specific tube voltage (90 and 120 kV). To eliminate bias 
and enable a fair comparison between the CBCT scans 
acquired using different head positions, we opted for 
one threshold value that was suitable for all four head 
positions. This threshold value was determined by 
drawing intensity value profile lines through the zygoma 
and the medial orbital walls at axial slices representing 

Figure 1  Manufacturing of the anthropomorphic head phantom. (a) Computer-aided design of the dry skull embedded in a head-shaped cast; 
(b) milling of the mold; (c) the dry skull positioned in the mold; and (d) the resulting head phantom cast in silicon.
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the same craniocaudal level for each CBCT scan. Based 
on these profile lines, an observer selected the optimal 
threshold value such that the resulting segmentation 
included as many bone voxels of the orbital walls as 
possible without including connected soft-tissue voxels 
and noise. The optimized thresholds were subsequently 
averaged over the four scans, resulting in a threshold 
value of 621 for the 90 kV scans and a threshold value 
of 566 for the 120 kV scans.

After segmentation of the bony structures, all 
segmented CBCT scans were converted into 3D 
models and exported as STL files. These 3D models 
were imported into GOM Inspect metrology software 
(GOM GmbH, Braunschweig, Germany) and the noise-
residuals and unconnected triangles were removed. All 
acquired 3D models were geometrically aligned with 
the “gold-standard” 3D model of the dry skull that was 
acquired with the optical scanner. The alignments were 
performed using a manual 3-point alignment, followed 
by a local best-fit using a maximum search distance of 
5.0 mm in GOM Inspect software. Finally, the geometric 
deviations between all CBCT-derived 3D models and 
the gold-standard 3D model were calculated using the 
surface comparison functionality in GOM Inspect. This 
surface comparison function calculates the shortest 
perpendicular distance between a polygon point of the 
CBCT-derived 3D models and the gold-standard 3D 
model. This was performed for each polygon point of 
the CBCT-derived 3D model. Note that the deviations 
can be expressed at subvoxel-level accuracy due to the 
use of triangulated surface models, which are not bound 
by the voxel size. The resulting surface deviations were 
superimposed on the CBCT-derived 3D models using 
color maps (Figures 3 and 4).

Orbit bone fill factor
In order to quantify the representation of the orbital 
walls in the 3D models, orbital bone fill factors were 
calculated as follows. The orbits were cut out of all 3D 
models and halved using a mid-orbital axial plane in 
GOM Inspect software (Figure 5). The orbital floor was 
subsequently projected onto the mid-orbital axial plane. 
Note that this method was also applied to the laser-
scanned 3D model in order to obtain a ‘gold-standard 
projection’. The orbital bone fill factor was calculated 
as the surface area (in mm2 of the CBCT-derived projec-
tion (Figure 5) divided by the surface area (in mm2 of 
the gold standard projection (Figure 5a), expressed as a 
percentage. To assess the reproducibility of the method, 
10 CBCT scans were consecutively acquired in the stan-
dard imaging position (Figure  2a) and the elevated 
imaging position using a tube voltage of 120 kV.

Results

The geometric deviations of the 3D models acquired 
in four different phantom positions (Figure  2) are 
presented in Figures 3 and 4. The mean absolute devi-
ations of the 3D models acquired using a tube voltage 
of 90 kV ranged between 0.15 ± 0.11 mm and 0.42 ± 
0.31 mm, whilst the mean absolute deviations of the 120 
kV 3D models ranged between 0.17 ± 0.13 mm and 0.56 
± 0.28 mm (Table  1). The orbital bones demonstrated 
larger geometric deviations (0.41 ± 0.25 mm) than the 
cranial bones (0.20 ± 0.15 mm). The mean absolute devi-
ations resulting from the four different imaging posi-
tions were 0.33 ± 0.21 mm (standard), 0.30 ± 0.19 mm 
(elevated), 0.32 ± 0.20 mm (backward tilted) and 0.26 ± 
0.19 mm (forward tilted).

The representation of the orbits in all 3D models was 
quantified using the “orbital bone fill factor” (Figure 5). 

Figure 2  (a) Standard FOV; (b) elevated FOV; (c) elevated FOV and backwards (−45°) tilted; and (d) elevated FOV and forward (+45°) tilted. 
FOV, field of view.
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Figure 3  3D models obtained using a CBCT tube voltage of 90 kV in four positions: (a) standard FOV; (b) elevated FOV; (c) elevated FOV and 
backwards (−45°) tilted; and (d) elevated FOV and forward (+45°) tilted. CBCT, cone beam CT; FOV, field of view.

Figure 4  3D models acquired using a CBCT tube voltage of 120 kV in four positions: (a) standard FOV; (b) elevated FOV; (c) elevated FOV 
and backwards (−45°) tilted; and d) elevated FOV and forward (+45°) tilted. 3D, three-dimensional; CBCT, cone beam CT; FOV, field of view.
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When compared to the standard imaging position 
(Figure 2a), lowering the phantom head in the CBCT 
X-ray beam (Figure 2b) increased the orbital bone fill 
factor in all 3D models from 67.0 to 75.3% (90 kV) and 
from 69.1 to 76.3% (120 kV) (Figure 6). In the 3D models 
acquired using 120 kV, tilting the head backwards or 
forward improved the orbital bone fill factor to 84.0 and 
80.2%, respectively. On the other hand, when using a 90 
kV tube current, these imaging positions resulted in fill 
factors of 70.8% (backward tilted, Figure 2c) and 75.0% 
(forward tilted, Figure  2d), which was lower than the 
75.3% achieved using the elevated imaging position.

Figure  7 demonstrates the reproducibility of the 
orbital bone fill factor experiment. The standard devi-
ation of the orbital bone fill factor was 1.9% for the 
standard imaging position and 1.2% for the elevated 
imaging position.

Discussion

To date, CBCT images are not commonly used to addi-
tively manufacture anatomical models and implants 
due to inaccuracies and data loss in CBCT-derived 3D 
models. This data loss particularly occurs in anatomical 

Figure 5  Calculation of the orbital bone fill factor. (a) Gold-standard 3D model of the orbital floor; and (b) an example of a CBCT-derived 3D 
model of the orbital floor with the corresponding projections onto the mid-orbital axial plane. The orbital bone fill factor is defined as the ratio 
between the CBCT-derived projection (b) and the gold-standard projection (a). 3D, three-dimensional; CBCT, cone beam CT.

Table 1  Mean absolute deviations and SD of the orbital and cranial 
bones in the CBCT-derived 3D models

Phantom 
position

Anatomical 
structure

90 kV 120 kV

Mean absolute 
deviation (mm) 

± SD (mm)

Mean abso-
lute deviation 
(mm) ± SD 

(mm)

a) Standard FOV Orbit 0.38 ± 0.25 0.39 ± 0.20

Cranium 0.18 ± 0.19 0.38 ± 0.19

b) Elevated FOV Orbit 0.42 ± 0.31 0.40 ± 0.19

Cranium 0.19 ± 0.14 0.17 ± 0.13

c) Elevated FOV 
and backwards 
(+45°) tilted

Orbit 0.39 ± 0.24 0.56 ± 0.28

Cranium 0.15 ± 0.13 0.18 ± 0.15

d) Elevated FOV 
and forward 
(−45°) tilted

Orbit 0.32 ± 0.24 0.40 ± 0.26

Cranium 0.15 ± 0.11 0.17 ± 0.15

CBCT, cone beam CT; FOV, field of view; SD, standard deviation.

Figure 6  Orbital bone fill factor of the eight 3D models acquired 
using a tube voltage of 90 kV and 120 kV in four different imaging 
positions: (a) standard FOV; (b) elevated FOV; (c) elevated FOV and 
backwards (−45°) tilted; and (d) elevated FOV and forward (+45°) 
tilted. 3D, three-dimensional; FOV, field of view.
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areas that comprise thin and complex bony structures, 
such as the orbits. Therefore, the aim of the present 
study was to investigate the effect of head positioning 
(elevating the FOV and tilting the head backwards and 
forward) during CBCT imaging on the accuracy of 3D 
models in the orbital area.

The orbital bone fill factors of the 3D models 
acquired using four different CBCT imaging posi-
tions are presented in Figure  6. All lowered phantom 
positions (Figure  2b) resulted in higher orbital bone 
fill factors, i.e. a more complete representation of the 
orbital bones. This is possibly due to the reduction of 
high cone-angle artifacts. These artifacts result from 
violating Tuy’s sufficiency condition, which requires 
that each plane intersecting a reconstructed region of 
interest must intersect the focal trajectory, i.e. the path 
defining the radiation source position during imaging.20 
In practice, this means that the best CBCT image quality 
is obtained in the focal plane (Figure 2a). Outside of the 
focal plane, Tuy’s sufficiency condition is not satisfied, 
which leads to image degradation as the axial distance 
to the focal plane increases.13,21,22 An additional reason 
for image quality degradation is the increased beam path 
length at higher beam angles—the X-rays have more 
tissue to traverse, resulting in higher attenuation and 
thus potentially higher scatter-to-primary ratios. This 
results in reconstructions that have globally more noise 
and reduced contrast, as well as an increased degree 
of streak-like artifacts. Although the resulting image 
quality degradation can be reduced to some extent using 
artifact correction algorithms, complete correction 
remains a challenge.23–25 It should also be noted that the 
artifacts are especially pronounced when the reconstruc-
tion algorithm of choice involves filtered backprojection 
(FBP), which still is the most widespread reconstruction 
method in CBCT due to its simplicity and fast recon-
struction times.26,27

Another finding in this study was that the bone fill 
factors acquired in the standard (Figure 2a) and lowered 
phantom positions (Figure 2b) did not depend on the 
tube voltage, whereas in the backwards-tilted imaging 
position (Figure 2c) a change in the tube voltage from 90 
to 120 kV resulted in a relative improvement in bone fill 
factor of 13.2%. A potential contributing factor to this 
increase could be the fact that photons generated using 
120 kV are less attenuated by the thick maxillary bones 
surrounding the orbits, resulting in higher signal levels 
on the detector.

Higher signals decrease the effect of both the 
quantum noise and electrical noise of the detector, and 
thereby enhance the contrast in the orbital floor area. 
On the other hand, at higher tube voltages the prob-
ability of absorption within the flat panel decreases, 
which can have a negative impact on the CNR. In the 
forward-tilted imaging position (Figure 2d), the bone fill 
factor acquired using a 120 kV tube voltage was only 
5.2% higher than the bone fill factor acquired using 90 
kV. This difference between the backward tilted position 
(Figure 2d) and the forward tilted position (Figure 2c) 
can be attributed to the amount of scatter: in the back-
wards tilted position since the skull is only partially 
covered by the FOV (Figure 2), which reduces scatter, 
and thereby improves image quality.

This study demonstrates that matching the orbital 
floor with the focal plane (Figure  2a) of the CBCT 
scanner improves the segmentation accuracy of the 
resulting images. Further improvements in the orbital 
bone fill factor could be achieved by developing novel 
image segmentation methods that can better handle the 
higher scatter-to-primary ratios and geometrical high 
cone-angle artefacts inherent to CBCT technology. In 
this context, recent studies have reported very promising 
results using deep learning.28–30

Clinical implications
Good representation of the orbits in 3D models is 
pivotal for the design and manufacturing of accu-
rate patient-specific orbital implants.3 A poor fit of an 
implant to the patient’s anatomy can lead to increased 
movements of the implant, which may impede tissue 
repair and subsequently lead to complications after 
surgery.31 However, the orbits remain difficult to depict 
and segment on CBCT images due to the very thin 
(<1 mm) bony structures found in this area. In the 
present study, the highest orbital bone fill factor of 
all CBCT-derived 3D models was acquired using the 
elevated FOV (Figure 2b) and backwards tilted imaging 
position (Figure 2c) in combination with a tube voltage 
of 120 kV (Figure  6). However, this imaging position 
also resulted in a slight increase in mean absolute devi-
ation in the orbital area (Table 1). On the other hand, 
the elevated imaging position together with 120 kV tube 
voltage resulted in a relative increase in orbital bone 
fill factor of 10.6% without compromising the accu-
racy of the 3D model in the orbital and cranial area. 

Figure 7  Orbital bone fill factor of ten 3D models acquired using a 
tube voltage of 120 kV in two different imaging positions: (a) standard 
FOV; and (b) elevated FOV. 3D, three-dimensional; CBCT, cone beam 
CT; FOV, field of view.
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Furthermore, this elevated imaging position is relatively 
easy to implement in clinical settings using conventional 
CBCT scanners. The CBCT scanner of the current 
study, however, uses asymmetric imaging geometry and 
the upper part of the FOV is prone for larger geomet-
rical distortions when compared to the lower part of the 
FOV. The physical phenomenon resulting from the head 
tilting, however, is independent of the CBCT scanner 
used, although the optimal tilting angle may depend on 
the exact beam geometry.

Taking the aforementioned findings into account, 
we recommend to position the anatomical structure 
of interest in the focal plane of the CBCT X-ray beam 
when acquiring images for medical AM purposes. 
Finally, note that the geometric deviations found in the 
orbital area (0.41 ± 0.25 mm) were generally larger than 
the geometric deviations of the cranial bones (0.20 ± 
0.15 mm). We suggest that engineers and clinical profes-
sionals should take these inaccuracies into account 
when designing patient-specific orbital floor implants.

Limitations of this study
One limitation of the present study was that the anthro-
pomorphic phantom head was not fully identical to a 
real patient since all soft tissues were mimicked by a 
material with a uniform density, namely silicon. Also, 
the edentulous skull could have an impact on beam 
hardening. However, in the present study the radiation 
path of different scanning directions did not penetrate 
through the dentoalveolar area; thus, the absence of 

teeth did not have an impact on the results. Further-
more, in clinical settings one can expect motion artefacts 
due to breathing and small patient movements. There-
fore, the reported accuracies found in this study are not 
directly generalizable to clinical conditions.

Conclusions

This study demonstrates that phantom head positioning 
during CBCT imaging can influence the accuracy and 
completeness of 3D models of the skull. Elevating the 
FOV when using a 120 kV tube voltage improves the 
representation of the orbital bones in the resulting 3D 
model for medical AM purposes without compromising 
the accuracy.
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