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Abstract

Background: Providing accurate 3-dimensional virtual bone surface models is a pre-
requisite for virtual surgical planning and additive manufacturing in cra-
niomaxillofacial surgery. For this purpose, magnetic resonance imaging (MRI) may be
a radiation-free alternative to computed tomography (CT) and cone beam computed
tomography (CBCT).

Purpose: The aim of this study was to assess the geometric accuracy of
3-dimensional T1-weighted MRI-derived virtual bone surface models of the mandible
in comparison to CT and CBCT.

Materials and methods: Specimens of the mandible from porcine cadavers were
scanned with (1) a 3-dimensional T1-weighted MRI sequence (0.6 mm isotropic
voxel) optimized for bone imaging, (2) CT, and (3) CBCT. Cortical mandibular struc-
tures (n = 10) were segmented using semiautomated and manual techniques.
Imaging-based virtual 3-dimensional models were aligned with a high-resolution opti-
cal 3-dimensional surface scan of the dissected bone (=ground truth) and global geo-
metric deviations were calculated (mean surface distance [MSD]/root-mean-square
distance [RMSD]). Agreement between the imaging modalities was assessed by
equivalence testing and Bland-Altman analysis.

Results: Intra- and inter-rater agreement was on a high level for all modalities. Global
geometric deviations (MSD/RMSD) between optical scans and imaging modalities
were 0.225 = 0.020 mm/0.345 = 0.074 mm for CT, 0.280 = 0.067 mm/0.371 =
0.074 mm for MRI, and 0.352 + 0.076 mm/0.454 + 0.071 mm for CBCT. All imaging
modalities were statistically equivalent within an equivalence margin of 0.3 mm,

and Bland-Altman analysis indicated high agreement as well.
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Conclusions: The results of this study indicate that the accuracy and reliability of
MRI-derived virtual 3-dimensional bone surface models is equal to CT and CBCT.
MRI may be considered as a reliable alternative to CT and CBCT in computer-assisted

craniomaxillofacial surgery.
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dental imaging, guided-implant surgery, image processing, implant surgery, magnetic
resonance imaging, radiology

What is known

e MRI is suitable for imaging of cortical and cancellous bone on the basis of dedicated
sequences.

o Little is known on accuracy of virtual MRI-derived bone surface models.

e Accurate virtual bone models are a prerequisite for computer-assisted surgery.

What this study adds
e The study provides data on the geometric accuracy of MRI-derived virtual 3-dimensional
bone surface models of the mandible in comparison to CT and CBCT.

1 | INTRODUCTION

Computer-assisted surgical procedures have gained considerable
importance in dentistry and craniomaxillofacial surgery in recent
years, and it seems likely that this trend will accelerate further. Impor-
tant application areas include orthognathic surgery,! dental
implantology,?® maxillofacial trauma,* craniomaxillofacial
reconstruction,” and craniofacial malformation.® The process of the
computer-aided surgery (CAS) follows a characteristic sequence.
Starting with data acquisition provides a digital images and communi-
cations in medicine (DICOM) file. The following step comprises image
processing with segmentation and conversion of images to
3-dimensional surface models followed by virtual surgical planning
(VSP) using a dedicated software. Finally, the planning is transferred
into the operation via additive manufactured accessories like drilling
guides, templates, patient-specific implants, or intraoperative naviga-
tion commonly based on standard tessellation language (STL) files. A
common summarization of these processes is also given by the term
computer-aided design/computer-aided manufacturing (CAD/CAM)
procedures. Currently, computed tomography (CT) or cone beam com-
puted tomography (CBCT) are routinely used as the imaging modality
of choice for VSP due to their ability to appropriately visualize bone
structures. However, both imaging modalities have the major disad-
vantage because they expose patients to ionizing radiation. Despite
constant efforts to further reduce the radiation dose,”® CT and
CBCT remain invasive, and studies suggest that diagnostic radiation
exposure from dental X-rays might be associated with an increased
risk of thyroid cancer and meningioma.®*° Finally, the radiation
applied when using CT or CBCT is a major drawback and a principle
factor limiting the further progression of VSP in dentistry and cra-

niomaxillofacial surgery. This is particularly true for elective

procedures like implant surgery and orthognathic surgery, for appli-
cations that may benefit from multiple follow-up imaging and for use
on young patients. Magnetic resonance imaging (MRI) is a principle
3-dimensional cross-sectional imaging alternative to CT and CBCT,
which does not depend on the use of ionizing radiation. For a long
time, the focus of MRI was mainly on soft tissue imaging. However,
it has become increasingly apparent in recent years that MRI can
also be used in musculoskeletal imaging including the quantification
of cortical and cancellous bone based on sequences such as ultra-
short echo time (UTE).11-13

Recently, MRl is also increasingly becoming the focus of attention
in dentistry and craniomaxillofacial surgery because 3 Tesla (3T) MRI
scanners using 3-dimensional high-resolution isotropic resolution
sequences and dedicated radiofrequency (RF) coils currently enable
dental imaging with a significant increase in resolution, improvement
of the signal-to-noise ratio, reduction in acquisition times, and artifact
suppression.'~18 High agreement concerning linear measurements of
the mandible between MRI and CT has been reported.*>*?-2! More-
over, MRI-derived virtual 3-dimensional models of the mandibular
bone and their conversion to STL files have been described. This can
be seen as a prerequisite for linking MR imaging to a digital workflow
in CAS.22 A few further cadaver studies reported on the accuracy of
MRI-derived 3-dimensional models in comparison to CT for the lower
extremities?>~27 but there are no data comparing MRI-derived surface
models to those derived from CBCT.

Regardless of the fact that MR imaging protects patients from
radiation exposure, it has diagnostic added value compared to CT and
CBCT due to its excellent soft tissue depiction. Accordingly, relevant
parts of the dental and facial anatomy such as dental pulp and mucosa
or neurovascular structures, skin, and subcutaneous tissues may be

better integrated into the virtual planning process.?®-32
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There is still little evidence that MRl is able to depict maxillofacial
cortical bone structures quantitatively on the same level as CT or
CBCT imaging, thus substantiating that MRI can serve as a reliable
imaging modality for VSP and additive manufacturing in dentistry and
craniomaxillofacial surgery. Therefore, the aim of this study was to
assess the geometric accuracy of 3-dimensional T1-weighted MRI-
derived virtual 3-dimensional bone surface models of the mandibular
body in comparison to CT and CBCT.

2 | MATERIAL AND METHODS

21 | Study design

The prospective study was planned and performed according to the
STARD guidelines. The Municipal Veterinary Office (city of Munich, Ger-
many) approved the cadaveric study. Porcine cadaver mandibles (domes-
tic pigs, mixed dentition) with surrounding soft tissue were used as
samples. The region of interest (ROI) and subject of the study was one
side of the mandibular body (n = 10). The maximum dimensions of the
samples did not exceed 100 x 50 x 30 mm (anteroposterior x cranial-

caudal x horizontal). The study design is illustrated in Figure 1.

2.2 | Magnetic resonance imaging

All specimens underwent MRl on a 3T system (Elition, Philips
Healthcare, Best, the Netherlands). The specimens were placed in a
plastic box filled with water, the occlusal plane was roughly oriented

parallel to the scanner table, and a 16-channel Head and Neck Spine

array was placed around the box. A 3-dimensional T1-weighted MR
sequence with an isotropic-resolution of 0.6 mm was chosen, which is
optimized for bone visualization and already in clinical use.3? To reduce
the echo time partial Fourier imaging was employed in the frequency
encoding direction with a factor of 60%.3* The specifications for the
3-dimensional T1-weighted bone sequence are displayed in Table 1.

2.3 | CTand CBCT scanning

Multislice CT scans were performed using a Philips Ingenuity
128 device (Philips Healthcare, Best, the Netherlands). Specimens
were positioned on the CT table with the occlusal plane aligned parallel

TABLE 1  Specifications of MRI - 3-dimensional T1-weighted
bone sequence

MRI - 3-dimensional T1-weighted bone sequence

Acquisition time 03:08 min
FOV 180 mm
Matrix 420 x419

Acquired voxel 0.6 x 0.6 x 0.6 mm®

Number of signal averages 1

TR 10 ms
TE 1.53 ms
CS + SENSE yes
Reduction 23

Abbreviations: CS, compressed sensing; FOV, field of view; SENSE,
sensitivity encoding; TE, echo time; TR, repetition time.

‘ Mandible cadaver i

CT

|

‘ Dissected bone

CBCT Optical Scan

(= ground truth)

Individual global
thresholding &
manual post-processing

General global
thresholding HU 600

Individual local
thresholding &
manual post-processing

Virtual 3D STL models

Alignment CT, MRI, CBCT
& Optical Scan

Measurement of

FIGURE 1 Outline of the study

3D global geometric deviations
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to the floor. Isotropic voxel size was 0.67 mm, field of view (FOV)
20 x 20 cm, tube voltage 120 kV, and tube current time product was
250 mAs. Cone beam computed tomography was carried out using a
Carestream CS 9300 device (Carestream Dental LLC, Atlanta, GA). Speci-
mens were positioned on a plate mounted on a photo tripod to imitate
the positioning of a patient with the occlusal plane oriented nearly parallel
to the floor. Isotropic voxel size was 0.18 mm, field of view 10 x 10 cm,
tube voltage 90 kV, and tube current time product was 25.6 mAs.

24 | Optical scan of cadaver bone surface

All soft tissues of the cadaveric specimens were removed from corti-
cal bone after CT, MRI, and CBCT imaging, in order to create an opti-
cal 3-dimensional surface scan of the bone, serving as ground truth.®®
Therefore, the specimens were mechanically cleaned with standard
dissection equipment like scalpels and scrapers. No boiling or chemical
treatments were used because it is known that these treatments can
introduce geometric deviations due to shrinking effects on the bone
interface.?”*¢ Subsequently, a high-resolution optical 3-dimensional
scanner (Artec Space Spider, Artec 3D, Luxembourg) with a stated res-
olution up to 0.1 mm and a point accuracy up to 0.05 mm was used to
capture 3-dimensional images of the cadaveric bone surface. The data
were further processed by the corresponding software (Artec Studio
14, Artec 3D, Luxembourg) using the autopilot tool, resulting in a final
rendered 3-dimensional surface scan. That was exported as an STL file

and served as reference (=ground truth).

2.5 | Image processing and segmentation
procedures

DICOM data of MRI, CT, and CBCT were imported into specialized
medical image processing software (Mimics, Materialise; Leuven, Bel-
gium). Cortical bone of the mandibular body was segmented in MRI,
CT, and CBCT images (Figure 2).

With respect to CT data, cortical bone was automatically seg-
mented by applying a general global threshold of the Hounsfield scale
to all samples. For this purpose, all voxels with Hounsfield units (HU) of
600 and above were selected in each specimen. This threshold was set
after a review of CT images and HU histograms and in agreement with
two radiologists and one oral and maxillofacial surgeon.

Regarding the MRI segmentation, specimen-individual global
thresholds of the signal intensity range were defined for each sample
in agreement with two radiologists and one oral and maxillofacial sur-
geon. Subsequently, the cortical bone boundaries had to be manually
postprocessed using a range of tools of the imaging software.

For the CBCT segmentation, specimen-individual local thresholds
were first applied to different regions of the mandibular body. In this
method, also known as multilevel thresholding, an image is divided into
several ROIs, for which an individual threshold bandwidth is selected.®”
In a second step, the borders of the cortical bone were selected manu-

ally with different tools of the image processing software.

FIGURE 2

Segmentation (left) and conversion to 3-dimensional
models (right) of (A) CT and (B) MRI images

Based on the segmented parts, 3-dimensional objects of the corti-
cal bone and teeth were generated and converted to STL models
(Figure 2). CT-, CBCT-, and MRI-derived 3-dimensional STL models as
well as the STL files of the corresponding optical scans (=ground
truth) were imported into 3-dimensional modeling software (3-matic,
Materialise; Leuven, Belgium). Three-dimensional models of CT,
CBCT, and MRI were aligned with the 3-dimensional model of the
corresponding high-resolution optical scan first by a three-point align-
ment procedure followed by global alignment (10 iterations, stepwise
reduction of agreement down to a level of approximately 30 pm)
(Figure 3). Based on this alignment, global 3-dimensional geometric
deviations between the imaging modalities were measured in 3-matic
(Figure 3). In this way, the shortest 3-dimensional distance (Euclidean
distance) from any point on the surface of the optical scan to the tar-
get surface of the CT-, CBCT-, and MRI-derived 3-dimensional models
was calculated. Mean unsigned (absolute) distances, referred to as
“mean surface distance” (MSD) according to van Eijnatten and col-
leagues, and root-mean-square distances (RMSD) were reported.35
Color-coded difference images (heatmaps) allow conclusions on the
localization of areas with high or low geometric deviations. For further
qualitative graphical assessment, the aligned 3-dimensional models of
CT, CBCT, and MRI were transferred to Mimics while maintaining the
alignment to each other. As a result, the respective contours of
the 3-dimensional models can be reviewed in the multiplanar recon-

structions of the different imaging modalities (Figure 4).

2.6 | Study variables and statistical analysis
Intra- and inter-rater agreement (two observers, repetition after
6 weeks) was determined by intraclass correlation (ICC) analyses

based on root-mean-square distances (RMSD) in each group. For this
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FIGURE 3 (A) Alignment

procedure of medical imaging-
derived 3-dimensional surface
model (yellow) with the
corresponding optical scan-derived
3-dimensional model of the
dissected bone (pink). (B) Global
3-dimensional geometric
deviations displayed by a

color map

(B)

FIGURE 4 Contours of the aligned 3-dimensional surface models
(left) can be reviewed in the multiplanar reconstructions of the
different imaging modalities (right). CT imaging displayed in green,
MRI displayed in blue

purpose, the complete workflow including segmentation and align-
ment was repeated.

Global 3-dimensional geometric deviations, given as mean surface
distances (MSD) and root-mean-square distances (RMSD), between
the imaging modalities and the high-resolution optical scan (=ground
truth) was set as the primary outcome variable.3> One-way analysis of
variance (ANOVA) was used to test mean differences between the
groups.

Equivalence testing between the imaging modalities with two
one-sided t-tests (TOST) was performed (RMSD values). Based on a
literature review reporting on the accuracy of CT image segmentation
methods for bone using global thresholding, a predefined equivalence
margin (+0) of £0.3 mm was set (RMSD values). This corridor can also
be considered acceptable from a clinical point of view in the context
of computer-assisted surgery and additive manufacturing. The level of
agreement between CT, MRI, and CBCT was further assessed by
Bland-Altman analysis indicating the mean differences (RMSD values)
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between the imaging modalities and the upper and lower limits of
agreement (LOA, mean of the differences +1.96 x SD of the
differences).

Statistical analysis was carried out with Excel (Microsoft, Red-
mond, WA) and SPSS 25 (SPSS Inc., Chicago, IL).

3 | RESULTS

Between observers (inter-rater reliability), the ICC coefficients based
on root-mean-square distances (RMSD) were 0.978 (CT), 0.987 (MRI),
and 0.943 (CBCT). Intraobserver ICC coefficients were 0.985/0.983
(CT), 0.981/0.980 (MRI), and 0.997/0.943 (CBCT).

Averages of global 3-dimensional geometric deviations with
regard to mean surface distances (MSD) between optical scans and
imaging modalities were 0.225+0.020 mm (95% ClI 0.211-
0.240 mm) for CT, 0.280 + 0.067 mm (95% Cl 0.232-0.328 mm) for
MRI, and 0.352 + 0.076 mm (95% CI 0.298-0.407 mm) for CBCT.
Only differences between CT and CBCT were statistically significant
(p < 0.05, ANOVA, Games-Howell post hoc test). Averages of global
3-dimensional geometric deviations with regard to root-mean-square
distances (RMSD) between optical scans and imaging modalities were
0.345+0.074 mm (95% Cl 0.292-0.398 mm) for CT, 0.371
+0.074 mm (95% CI 0.318-0.424 mm) for MRI, and 0454
+0.071 mm (95% Cl 0.403-0.504 mm) for CBCT. Differences
between CT and CBCT as well as between MRI and CBCT were statis-
tically significant (p < 0.05, ANOVA, Tukey's HSD post hoc test).
Results are displayed in Figure 5.

Two one-sided t-tests (TOST) were highly significant (p < 0.001)
between CT, MRI, and CBCT. A 90% confidence interval of the differ-
ences between the different imaging modalities remained within the
predefined equivalence margin of +0.3 mm. Therefore, CT, MRI, and
CBCT can be considered equivalent (Figure 6).

Bland-Altman analysis indicated high agreement between the dif-
ferent imaging modalities. There was a slight tendency for higher devi-
ations between CT and CBCT (Figure 7).

0.60

ST Lk

0.20

0.10

Global 3D geometric deviation [mm]

0.00
MSD RMSD

ECT EMRI [JCBCT

FIGURE 5 Boxplot global 3-dimensional geometric deviations
(mm) of CT, MRI, and CBCT with regard to mean surface distances
(MSD, left) and root-mean-square distances (RMSD, right)

4 | DISCUSSION

The aim of this study was to assess the geometric accuracy of
3-dimensional T1-weighted MRI-derived virtual 3-dimensional bone
surface models of the mandible in comparison to CT- and CBCT-
derived bone surface models. Equivalence testing and Bland-Altman
analysis indicated substantial agreement between the different imag-
ing modalities. Notably, CBCT showed higher root-mean-square dis-
tances (RMSD) compared to CT and MRI. In summary, the results of
this study indicate that the accuracy and reliability of MRI-derived vir-
tual 3-dimensional bone surface models is equal to CT and CBCT. This
has high clinical relevance because CAS is currently limited due to the
radiation exposure associated with CT and CBCT as the current stan-
dard imaging modalities.

Accurate virtual 3-dimensional bone surface models of the cra-
niomaxillofacial complex are mandatory for computer-assisted plan-
ning and additive manufacturing. Inaccuracies can occur at any step of
CAS but are predominantly attributed to imaging and image
processing.3”~%? The accuracy of the imaging procedure itself depends
on the image slice thickness and slice interval. But also imaging noise,
beam hardening, as well as motion and metallic artifacts, may cause
inhomogeneities in CT, CBCT, and MRI images.>®> Imaging processing
can also affect the accuracy.*® The most delicate step in imaging
processing is image segmentation, which means that an image is par-
titioned into multiple segments, for example representing different
types of tissue such as bone or soft tissue.** A variety of different
segmentation techniques is described, including manual segmentation,
global thresholding, and advanced techniques based on statistical
shape models.>®> According to a review on CT image segmentation
provided by van Eijnatten and colleagues,®> the accuracy of
3-dimensional surface models based on manual segmentation ranged

Equivalence testing

-0.3 -0.1 0.1 0.3
90% ClI differences (RMSD) between imaging modalities [mm]

—iCT — MRI MRI - CBCT +—CT-CBCT
FIGURE 6 Equivalence testing. A 90% confidence interval of the
differences (root-mean-square distances, RMSD) between the
different imaging modalities remained within the predefined
equivalence margin of +0.3 mm (red vertical lines)
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FIGURE 7 Bland-Altman plots of the differences between

(A) CT-MRI, (B) MRI-CBCT, and (C) CT-CBCT with regard to root-
mean-square distances (RMSD). The solid lines represent the mean
differences, the dashed lines represent the upper and lower limits of
agreement (LOA)

from 0.20 to 0.48 mm. Global thresholding, the predominant segmen-
tation technique used in clinical routine, included inaccuracies mainly

between 0.1 and 0.5 mm. The geometric deviations of CT-derived

3-dimensional bone surface models in this study (MSD 0.225
+0.020 mm, RMSD 0.345 + 0.074 mm) are in the lower middle of the
corridor of previously reported accuracies, which are mainly given as
mean surface distances. Based on these data and according to accept-
able errors from a clinical and technical point of view, equivalence
margins (+ 0) of £0.3 mm were set for RMSD values. The differences
between the geometric deviations between all three imaging modali-
ties (CT, MRI, and CBCT) were equal within the limits of the study set-
ting applied here. This indicates that MRI is suitable for cortical bone
imaging and conversion to 3-dimensional surface models in the con-
text of computer-assisted craniomaxillofacial surgery.

Limited previously published data are available assessing the
accuracy of MRI-derived 3-dimensional bone surface models. A
cadaver study based on three human mandibles compared
3-dimensional surface models based on CT and MRI with surface
models based on high-resolution optical scans of the corresponding
dissected bone and demonstrated larger geometric deviations in the
mandibular body region in CT (range of 95th percentiles 0.3-
0.62 mm) and MRI (range of 95th percentiles 0.86-1.30 mm) com-
pared to our study.?? Although comparable spatial resolution in CT
and MRI was used, the differences may be explained by the fact that
in contrast to this study, surface models of the whole mandible were
superimposed onto each other. Three-dimensional ultrashort echo
time (UTE) MRI quantitative evaluation of the temporomandibular
joint condyle morphology ex vivo showed high correlation against
micro-CT with an average geometric deviation of 0.19 + 0.15 mm.*?
A few more ex vivo studies focused on geometric deviations between
CT and MRI with respect to surface models of the lower extremities.
In these studies, direct comparisons of CT- and MRI-derived
3-dimensional models range from 0.19 to 0.83 mm. Comparisons to
an optical scan as a ground truth range from 0.15 to 0.85 mm for CT
and 0.23 to 1.3 mm for MRI.23-27 However, the results between the
aforementioned studies are difficult to compare because of the inho-
mogeneous study settings, with differing imaging devices, imaging
protocols with considerably varying resolutions, regions of interest,
geometric measures, and segmentation techniques as well as the pres-
ence or absence of a ground truth.

Although the differences of geometric deviations with CT and MRI
were within the defined equivalence margins of this study, the accuracy
of CBCT-derived surface models was significantly lower. This is remark-
able because the image resolution of CBCT was clearly lower than that
of CT and MRI. However, CBCT is known for lower signal-to-noise
ratios, worse contrast, and higher-intensity inhomogeneity than con-
ventional CT, making the DICOM to 3-dimensional surface model con-
version more troublesome compared with CT imaging.*>#¢ A similar
experience was had in this study, with the CBCT images the most diffi-
cult to segment. When discussing the data presented here, it is impor-
tant to note that the use of other segmentation protocols for the
respective imaging methods might have had a significant impact on the
accuracy of the derived 3-dimensional models.

The MRI protocol used in this study was previously established
for optimized bone depiction in the dental and craniomaxillofacial area

and is already in clinical use.*? In order to decrease the echo time,
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partial Fourier imaging with a factor of 60% was employed in the
3-dimensional T1-weighted bone sequence.®* Further MRI techniques
such as UTE imaging, zero echo time (ZTE) imaging, or sweep imaging
with Fourier transformation (SWIFT) were applied to overcome the
very short T2 and T2* relaxation times in hard tissues.'**® Based on
the large gradient hardware performance of the employed 3T scanner
(Elition, Philips Healthcare) and due to the combination of compressed
sensing (CS) with sensitivity encoding (SENSE) parallel imaging, a good
signal-to-noise ratio and a short acquisition time can be achieved
without the use of additional surface coils.*”4®

Although this study as well as some other recent studies show
that MRI is suitable for bone depiction, there is another aspect that
needs to be considered in the context of CAS, in particular for the
manufacturing of tooth-supported devices like drilling guides, osteo-
tomy guides, or occlusal splints. For this purpose, the occlusal surfaces
must be visible at least well enough to be able to be aligned with
highly precise virtual models derived from optical surface scans.*’ This
requirement is met with the MRI-based approach, when special
devices are used at the time of MRI scanning that provide sufficient
delineation of the tooth surfaces.3%>°

One of the most important arguments in favor of MRI is that it
involves no radiation exposure. Apart from that, there are numerous
additional diagnostic benefits based on its excellent soft tissue con-
trast. As a result, there are a number of useful areas of application of
MRI-based bone visualization and consecutive virtual 3-dimensional
bone surface model generation in dentistry and craniomaxillofacial
surgery. Specific clinical applications recently reported include guided
dental implant surgery,®>°*52 trauma surgery,%® orthodontic treat-
ment planning,?* and craniosynostosis surgery.>® Practical limitations
to the use of MR imaging in dental and craniofacial applications
include the presence of motion and susceptibility artifacts, some con-
traindications such as the presence of pacemakers or
neurostimulators, and limitations in terms of extended cost and
availability.

Some limitations of the present study require further discussion.
First of all, this is a cadaveric study and so the effect of movement
artifacts is not considered. Although the MRI protocol allows for a
relatively short acquisition time, it is significantly higher than for CT
and CBCT. Besides, artifacts due to dental restorations or orthodon-
tic appliances may affect imaging quality in MRI, although this is also
true for CT and CBCT. Second, the segmentation techniques of all
imaging modalities in this study are based on a manual threshold
selection and thus represent to some extent a subjective process.
Manual threshold selection is known to have a substantial influence
on the reliability and accuracy of medical additive manufacturing.*®
While CT represents the gold standard for CAD/CAM procedures,
the thresholding of bone-specific gray values is less straightforward
in CBCT images.**# This aspect is reflected in the present study,
where the segmentation of CBCT images required individual and
local thresholding followed by sometimes extensive manual post-
processing. In contrast, CT imaging was performed by global
thresholding without the need for manual post-processing. The seg-

mentation procedures of MR images, including global thresholding

and only moderate manual postprocessing, were considerably more
straightforward than for CBCT. Nevertheless, further progress in
MRI thresholding techniques is demanded in order to optimize reli-
ability, accuracy, and practicability, thus establishing MRI-based CAS.
Automated processes will certainly play a significant role in this
respect.>*>> A further limitation of the study is that porcine speci-
mens were used and that the region of interest was restricted to the
mandibular body. It is known that larger regions of interest with sig-
nificant geometric differences between each other, for example the
whole midface complex, are more difficult to segment, and therefore
the use of multiple thresholds is recommended.* So, taking a whole
human mandible into account, as is clinically relevant in reconstruc-
tive, trauma, and orthognathic surgery, segmentation procedures
would probably be more elaborate and may result in more geometric
inaccuracies than reported in this study. This is particularly relevant
in CBCT imaging due to the constraints outlined above. Therefore,
the accuracy reported in this study is not fully applicable to clinical
conditions.

5 | CONCLUSIONS

In conclusion, 3-dimensional T1-weighted MRI was as well suited as
CT and CBCT for providing accurate virtual 3-dimensional bone sur-
face models of the mandible. These findings have a substantial clinical
impact because MRI avoids any exposure to radiation for the patient
and has some additional diagnostic benefits due to its excellent soft
tissue contrast. Further studies are necessary to compare different
imaging protocols as well as different segmentation techniques and to

transfer the MRI-based approach to clinical settings.
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