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Objectives: Additively manufactured bone models, implants and drill guides are becoming
increasingly popular amongst maxillofacial surgeons and dentists. To date, such constructs
are commonly manufactured using CT technology that induces ionizing radiation. Recently,
ultrashort echo time (UTE) MRI sequences have been developed that allow radiation-free
imaging of facial bones. The aim of the present study was to assess the feasibility of UTE
MRI sequences for medical additive manufacturing (AM).
Methods: Three morphologically different dry human mandibles were scanned using a CT
and MRI scanner. Additionally, optical scans of all three mandibles were made to acquire
a “gold standard”. All CT and MRI scans were converted into Standard Tessellation
Language (STL) models and geometrically compared with the gold standard. To quantify the
accuracy of the AM process, the CT, MRI and gold-standard STL models of one of the
mandibles were additively manufactured, optically scanned and compared with the original
gold-standard STL model.
Results: Geometric differences between all three CT-derived STL models and the gold
standard were ,1.0 mm. All three MRI-derived STL models generally presented deviations
,1.5 mm in the symphyseal and mandibular area. The AM process introduced minor
deviations of ,0.5 mm.
Conclusions: This study demonstrates that MRI using UTE sequences is a feasible
alternative to CT in generating STL models of the mandible and would therefore be suitable
for surgical planning and AM. Further in vivo studies are necessary to assess the usability of
UTE MRI sequences in clinical settings.
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Introduction

Virtual three-dimensional (3D) surgical planning and
additive manufacturing (AM) technologies are in-
creasingly used in oral and maxillofacial surgery. To

date, these advanced technologies have proven to be
invaluable in dental implant surgery,1 in the restoration
of mandibular fractures,2 in tumour resections3 and in
maxillofacial reconstructions.4,5 Moreover, additively
manufactured medical constructs such as drill guides,6

saw guides7 or individualized implants8 offer a pre-
dictive, functional and aesthetic outcome, especially in
patients with anatomical limitations, insufficient man-
dibular or maxillary bone or poor bone density.9
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Medical AM comprises three basic steps. The first
step is the acquisition of high-resolution medical 3D
images that are archived as a digital images and com-
munications in medicine (DICOM) file. The second step
is to load the DICOM file into virtual planning software
that commonly converts the DICOM file automatically
into a virtual 3D surface model in the Standard Tes-
sellation Language (STL) file format.10 The resulting
STL model can then be used to design a medical con-
struct using computer-aided design software. The last
step is the conversion of the STL model into a g-code
that is required to control the AM process.
Currently, 3D medical images intended for oral and

maxillofacial AM are acquired using multidetector row
CT or CBCT technologies.11 Both multidetector row
CT and CBCT provide high resolution images of the
maxillary and mandibular bone and the surrounding tis-
sues.12 However, the aforementioned technologies have
one major disadvantage: they expose the patient to ion-
izing radiation. The dose levels range between 20 and
400mSv for CBCT and around 1000mSv for multi-
detector row CT modalities, which is about 10–50 times
more than a conventional panoramic radiograph (about
20mSv).13,14 Even though device manufacturers have
been developing “ultra” low-dose CT scanning
protocols,15–17 any X-ray-based imaging technology in-
evitably results in some radiation exposure. Therefore, an
alternative, radiation-free imaging modality is still being
sought, especially in applications that require a large
number of follow-up scans.18

Over the past decade, MRI technology has been
discussed as an alternative to CT technology for implant
planning.9,19,20 To date, most conventional MRI
sequences only offer optimal soft-tissue images and lack
the ability to image bone/air interfaces in the head area.
This is because MR image acquisition is based on water
microenvironments and other sources of protons in the
human body. Since the cortical bone has a low proton
density and a very short T2 relaxation time of about 1.5
ms,21 conventional spin echo and gradient echo MRI
sequences are too slow to acquire a sufficient signal
from the bone. As a result, new ultrashort echo time
(UTE) sequences have been recently developed and
successfully used for bone imaging.22,23 The unique
feature of these novel UTE sequences is that they
sample the MR signal with a minimum echo time due to
radial sampling, and rapidly switch to data recording
after the radiofrequency pulse has been delivered.23

The MRI of bone using UTE sequences is being ap-
plied in several emerging clinical technologies such as
positron emission tomography MRI attenuation cor-
rection,22 high-intensity focused ultrasound applica-
tions,24 MR-guided surgery25 and MR-only treatment
planning and guidance in radiotherapy.26 However, to
the best of our knowledge, no studies have been per-
formed on the feasibility of UTE MRI sequences in
generating STL models for AM purposes. In this study,
we compare the geometric accuracy of UTE MRI-
derived STL models of three morphologically different

human mandibles with CT-derived STL models. Fur-
thermore, additional geometric inaccuracies introduced
during the AM process are assessed.

Methods and materials

Three morphologically different human cadaver man-
dibles of succumbed Dutch patients with unknown
clinical histories and intact bony structures were
obtained from the Department of Anatomy, VU Uni-
versity Medical Center, Amsterdam, Netherlands. The
mandibles were boiled for 20 h, and all soft tissues were
meticulously removed manually.

The outline of this study is summarized in Figure 1.
The three dry mandibles were scanned using a CT and
a MRI scanner (Step 1). In addition, an optical scan of
all three mandibles was acquired using an optical 3D
scanner (Artec Spider�; Artec group, Moscow, Russia)
with a point accuracy of 0.05mm. The optical scans of
the three mandibles were used as “gold-standard” STL
models. The CT and MRI scans were then converted to
STL files (Step 2) and aligned with the gold-standard
STL models. Subsequently, the geometric deviations
between the CT- and MRI-derived STL models and the
gold-standard models were calculated. Furthermore, the
CT, MRI and gold-standard STL model of one mandible
were additively manufactured (Step 3) and scanned again
with the optical scanner (Step 4) to map additional
geometric deviations introduced during the AM process.

MRI
The mandibular cortical bone has a very short T2

* of
approximately 1.5 ms, and therefore conventional spin
or gradient echo sequences are too slow to acquire any
bone signal. In UTE imaging, the free induction de-
cay signal is sampled directly with a submillisecond
echo time, resulting in a MR signal from the sur-
rounding cortical bone.22,23

All three mandibles were scanned using an UTE se-
quence on a Philips Achieva® 3-T MRI scanner (Philips
Healthcare, Best, Netherlands) with an eight-channel
head radiofrequency coil using a UTE single-echo se-
quence. The following scan parameters were used: rep-
etition time5 4.8 ms, echo time15 0.14 ms and flip
angle5 15°. A non-selective hard radiofrequency pulse
was used for excitation, followed by tuning the receive
coil. Immediately thereafter, free induction decay sam-
pling was started during ramp-up of the gradients. This
procedure resulted in a time between excitation and
readout of 0.14 ms. The 3D k-space was radially sam-
pled and regridded to a Cartesian co-ordinate system of
isotropic 0.53 0.53 0.5-mm voxels.

CT imaging
CT imaging was performed with a Siemens Somatom®

Sensation 64-slice CT scanner (Siemens Medical Sol-
utions, Erlangen, Germany) using a low-dose scanning
protocol. The scan parameters were as follows: tube
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voltage5 80 kV, tube current exposure time product5
150 mAs, pixel size5 0.33 0.3 mm and slice thickness
5 0.6 mm. The images were then reconstructed using
a sharp bone convolution kernel (H60h).

Image processing and Standard Tessellation Language
deviation analysis
All MRI and CT data sets were saved in DICOM file
formats and subjected to the image processing steps
described in Figure 2. All CT data sets were imported
into Insight Segmentation and Registration Toolkit®

software (Kitware Inc., Clifton Park, NY) and manu-
ally thresholded using 0HU. The MRI data sets were
thresholded using 15 (Mandibles 1 and 2) and 12
(Mandible 3) arbitrary units (Figure 2, Step 1). These
threshold values were chosen just above the MRI back-
ground noise signal level to acquire an optimal model of
the mandibular bone. Subsequently, all segmented data
sets were converted to STL models (Figure 2, Step 2) and
imported into MeshLab software (Visual Computing
Lab, Pisa, Italy). The MRI- and CT-derived STL models
were aligned with their corresponding gold-standard STL
models using an iterative closest point algorithm
(Figure 2, Step 3). The signed STL-to-STL distances, that
is geometric deviations, between all MRI- and CT-
derived STL models and the gold-standard STL model
were computed using Visualization Toolkit® software
(Kitware Inc.) (Figure 2, Step 4) and visualized using
colour maps and histograms (Figure 3).

The 95th percentiles of all STL-to-STL distances were
calculated using MatLab® software v. 2012 (Math-
Works®, Natick, MA). To determine the geometric
accuracy in the different areas of interest for surgical
planning, the 95th percentiles were calculated for the
whole mandible as well as for five different anatomical
regions: (1) right ramus with condyle, (2) right body, (3)
symphyseal area with alveolar ridge, (4) left body and
(5) left ramus with condyle (Table 1).

Additive manufacturing
The CT- and MRI-derived STL models of Mandible 1
were imported into GOM Inspect® software (GOM
mbH, Braunschweig, Germany) and smoothed with
a surface tolerance of 1.0 mm to correct stair-step arte-
facts. The smoothed CT-derived STL model, the
smoothed MRI-derived STL model and the gold-
standard STL model of Mandible 1 obtained using the
optical scanner were all printed using a Zprinter 250
inkjet powder printer (3D Systems Inc., Rock Hill, SC).
The resulting additively manufactured models were once
again scanned with an optical scanner, aligned with the
gold-standard STL model and subjected to STL de-
viation analysis according to Steps 3 and 4 in Figure 2.

Results

All geometric deviations between the optical scan gold-
standard STL models and the CT-derived STL models
were ,1.0 mm (Figure 3a–c), with 95th percentiles ,0.5
mm (Table 1), with the exception of Mandible 1 (0.71
mm). The MRI-derived STL models generally presented
geometric deviations ,2.0 mm (Figure 3d–f), with 95th

percentiles ,1.5 mm (Table 1), again except for Man-
dible 1 (1.69 mm).

Figure 4 presents the mean and standard deviation of
the signed geometric deviations in the five different
anatomical regions of all CT and MRI STL models.
The mean value indicates to what extent the STL model
was smaller or larger than the gold standard, and the
standard deviation indicates the spread in geometric
deviations between the STL model and the gold stan-
dard. The deviations in all CT-derived STL models were
uniformly distributed over the different anatomical
regions, whereas all MRI-derived STL models showed
a small spread of deviations in the symphyseal area and

Figure 1 Outline of the study. STL, Standard Tessellation Language; UTE, ultrashort echo time.
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a larger spread of deviations in the mandibular condyles
(Figure 4).
Minor additional geometric deviations were reported

in the additively manufactured 3D models of Mandible
1 (Figure 5). The additively manufactured gold-
standard 3D model demonstrated geometric deviations
of up to 0.5 mm (Table 2), especially in thin structures
such as the coronoid process and alveolar ridge. Geo-
metric deviations in the additively manufactured 3D
model obtained using CT data (Figure 5b) were mostly
in the vicinity of the coronoid process. In the 3D model

obtained using MRI data (Figure 5c), deviations were
observed in the coronoid process, mandibular condyles
and alveolar ridge.

Discussion

Today, there is an ever increasing need for high-resolution
3D images for use in surgical planning.27,28 In this con-
text, CT and CBCT imaging technologies are commonly
used and subsequently induce harmful radiation to the

Figure 2 Overview of image processing steps and software packages involved in the Standard Tessellation Language (STL) analysis. The Insight
Segmentation and Registration Toolkit® software was obtained from Kitware Inc., Clifton Park, NY, the MeshLab software was obtained from Visual
Computing Lab, Pisa, Italy, and the Visualization Toolkit® software from Kitware Inc., Clifton Park, NY. DICOM, digital images and
communications in medicine.

Figure 3 (a–f) Deviations between the CT-derived Standard Tessellation Language (STL) models and the gold-standard STL model (a–c), and
the MRI-derived STL models and the gold-standard STL model (d–f), shown in colour maps and histograms.
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patient.29 The cumulative lifetime radiation dose of the
population needs to be minimized by reducing the number
of overall examinations and the dose resulting from each
individual exposure.30 Hence, radiation-free imaging
modalities are still being sought for medical AM.

MR and CT imaging
The novel UTE MRI sequence used in this study pro-
duced STL models that were morphologically compa-
rable to those acquired using CT technology (Figure 3).
In the MRI-derived STL models, the 95th percentile was
generally found to be ,1.5 mm (Table 1). The only
exception was Mandible 1, which had a 95th percentile
of 1.69 mm. These larger geometric deviations were
partially due to the submillimetre-thin alveolar ridge of
the mandible that could not be imaged due to the lim-
ited spatial resolution of the MRI scanner (0.5 mm).
Indeed, the 95th percentile of the geometric deviations in
the symphyseal area of Mandible 1 was 1.64 mm,
compared with 0.96 and 0.70 mm for Mandibles 2 and
3, respectively (Table 1). Another anatomical region
that showed slightly larger geometrical deviations in the
MRI-derived STL models of all three mandibles were
the condyles (Table 1). This phenomenon was most
likely caused by a drop in the UTE MRI signal below
the chosen threshold value at the edge of the condyles.
This lower signal could be due to the higher cortical
bone density in the condyle regions. In clinical settings,
the presence of soft tissues would offer the possibility to

use more advanced segmentation methods,22 instead of
the thresholding approach used in this study.

In MRI technology, the spatial resolution is de-
pendent on the number of frequency encoding steps and
the size of the field of view. Since the size of the man-
dible determines the minimal field of view, the resolu-
tion is dependent on the frequency encoding, that is how
often the free induction decay signal is sampled.
Therefore, the resolution of the current UTE MRI se-
quence could be further improved by increasing the
duration of the scan; however, this would be a disad-
vantage in a clinical setting.

In the CT-derived STL models, the 95th percentile of
the geometric deviations in the whole mandible was
generally found to be ,0.5 mm (Table 1). All geo-
metrical deviations were ,1.0 mm (Figure 3). The
capability of CT to capture small bone structures is
also dependent on the spatial resolution of the scanner
(0.3mm), which is directly linked to the hardware prop-
erties such as the detector configuration of the scanner.

The aforementioned results are in agreement with
a previous study by White et al,31 who obtained MRI-
and CT-derived additively manufactured 3D models of 10
ovine knees, and compared caliper measurements of these
models with caliper measurements taken from the real
bony anatomy. They reported a mean deviation of 2.15 ±
2.44mm in their MRI models and a mean deviation of
0.61 ± 0.41mm in their CT models. Lee et al32 reported
a mean deviation of 0.7 ± 0.1mm between their MRI-

Table 1 The 95th percentiles of the geometric deviations of five anatomical regions of the mandible in CT- and MRI-derived Standard
Tessellation Language models

CT MRI

Mandible
1 (mm)

Mandible
2 (mm)

Mandible
3 (mm)

Mandible
1 (mm)

Mandible
2 (mm)

Mandible
3 (mm)

Whole mandible 0.71 0.47 0.40 1.69 1.52 1.25
1. Right ramus with condyle 0.49 0.33 0.42 1.89 1.46 1.55
2. Right body 0.30 0.45 0.43 1.03 1.23 0.96
3. Symphyseal area 0.45 0.56 0.45 1.64 0.96 0.70
4. Left body 0.62 0.56 0.30 1.02 1.30 0.86
5. Left ramus with condyle 0.93 0.45 0.34 2.04 1.91 1.53

Figure 4 Mean ± standard deviation of the geometric deviations of five anatomical regions of the mandible in CT- and MRI-derived Standard
Tessellation Language models. Std., standard.
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and CT-derived STL models of the femur. A more recent
study by Van Den Broeck et al33 reported root mean
square errors of 0.55mm in their CT-derived STL models
of the tibia, and 0.56mm in their MRI-derived STL
models. The results from our study differ from the ones
reported by Lee et al32 and Van Den Broeck et al33. This
may have been due to differences in the evaluated ana-
tomical structures and the measuring protocols. More-
over, the differences may also have been caused by the
different MRI sequences used. White et al,31 Van Den
Broeck et al33 and Lee et al32 all used conventional spin
or gradient echo sequences that commonly require more
manual segmentation of the bone, which in return can be
subjective and very time consuming.

The UTE MRI protocol used in this study has certain
clinical advantages when compared with CT technologies.
The major advantage of MRI is the lack of radiation
exposure, which in return allows for multiple imaging
sessions to be undertaken. Furthermore, the UTE se-
quence used in this study combined with other sequences

Figure 5 (a–c) Deviations between the additively manufactured (AM) gold-standard three-dimensional (3D) model and the gold-standard
Standard Tessellation Language (STL) model; the AM CT-derived 3D model and the gold-standard STL model; and the AM MRI-derived 3D
model and the gold-standard STL model shown in colour maps and histograms.

Table 2 The 50th, 95th and 99th percentiles of the geometric
deviations in additively manufactured three-dimensional models of
Mandible 1

Percentile Gold standard (mm) CT (mm) MRI (mm)
50th 0.11 0.21 0.48
95th 0.46 0.88 1.73
99th 1.12 1.32 2.63
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available on the sameMRI device allows for hard and soft
tissue visualization, respectively. This can be especially
valuable when treating cancer, patients with amelo-
blastoma and orbital fractures.34,35

Additive manufacturing
To quantify the accuracy of the AM process, the gold-
standard STL model of Mandible 1 was first additively
manufactured and then optically scanned and compared
with the original STL model (Figure 5a). The 95th per-
centile of geometric deviations introduced during the AM
process using the gold-standard STL model was 0.46mm
(Table 2). This result suggests that only minor deviations
were introduced during the AM process. However, because
an optical scanner was used to image the bone, the afore-
mentioned results are not obtainable in clinical settings.

The 95th percentiles of geometric deviations in the MRI-
and CT-derived additively manufactured models were
higher than those obtained with the optical scanner: 1.73 and
0.88mm, respectively (Table 2). These results suggest that
both CT and MRI have a greater influence on the accuracy
of medical AM constructs than the AM process itself.

Limitations of this study
The major limitation of the present study was that
mandibles without soft tissues were used. Therefore, the

results of this study are not simply generalizable to
clinical conditions. In clinical settings, a second UTE
MRI echo image is required to discriminate bone from
air and soft tissues.22 Furthermore, motion artefacts due
to the relatively long duration of the UTE sequence
(several minutes) and metal artefacts caused by ortho-
dontic appliances or fillings can affect the image quality
in vivo. Further cadaver and patient studies are recom-
mended to assess the feasibility of UTE MRI sequences
in clinical settings.

Conclusion

This study demonstrates that MRI of the bone using
an UTE sequence is a feasible alternative to CT im-
aging in the generation of STL models of mandibles
with different morphologies and would therefore be
suitable for surgical planning and additive AM. The
CT and MRI modalities generally introduced geo-
metrical deviations in the STL models of ,1.0 and
,1.5 mm, respectively. The AM process introduced
minor deviations of ,0.5 mm. Further in vivo studies
are necessary to assess the feasibility of the UTE MRI
sequence in clinical settings.
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