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Abstract

Background: Computer-guided implant surgery is currently based on radiographic

techniques exposing patients to ionizing radiation.

Purpose: To assess, whether computer-assisted 3D implant planning with template-

guided placement of dental implants based on magnetic resonance imaging (MRI) is

feasible.

Materials and methods: 3-Tesla MRI was performed in 12 subjects as a basis for

prosthetically driven virtual planning and subsequent guided implant surgery. To eval-

uate the transferability of the virtually planned implant position, deviations between

virtually planned and resulting implant position were studied. Matching of occlusal

surfaces was assessed by comparing surface scans with MRI-derived images. In addi-

tion, the overall image quality and the ability of depicting anatomically important

structures were rated.

Results: MRI-based guided implant surgery with subsequent prosthetic treatment

was successfully performed in nine patients. Mean deviations between virtually

planned and resulting implant position (error at entry point 0.8 ± 0.3 mm, error at

apex 1.2 ± 0.6 mm, angular deviation 4.9 ± 3.6�), mean deviation of occlusal surfaces

between surface scans and MRI-based tooth reconstructions (mean 0.254

± 0.026 mm) as well as visualization of important anatomical structures were accept-

able for clinical application.

Conclusion: Magnetic resonance imaging (MRI) based computer-assisted implant sur-

gery is a feasible and accurate procedure that avoids exposure to ionizing radiation.
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1 | INTRODUCTION

X-ray-based three-dimensional (3D) imaging, in particular cone beam

computed tomography (CBCT), has become established for presurgical

planning in implant dentistry.1 In addition to the diagnosis of various

pathologies, CBCT serves to evaluate relevant anatomical structures

such as the mandibular canal, maxillary sinus, or teeth. Beyond that,

CBCT is increasingly used as the imaging modality of choice for virtual

surgical planning and subsequent fabrication of CAD/CAM (com-

puter-aided design and computer-aided manufacturing) fabricated sur-

gical guides, also called guided implant surgery.1,2 Dedicated planning

software enables virtual implant positioning that primarily follows the

prosthetic requirements but also considers anatomical aspects. Static

guidance systems in the form of drilling guides transfer the virtually

planned implant position to the surgical site within a clinically reason-

able level of accuracy.2-4

However, CBCT exposes patients to a relevant amount of ionizing

radiation with associated cancer risk.5,6 This should be viewed particu-

larly critically in the context of otherwise healthy patients and elective

surgery. Even assuming that the risk to individuals is low, radiation

exposure from CBCT is certainly relevant seen from a public health

perspective.7 Another drawback of CBCT with regard to planning in

implant dentistry is that tracing of the inferior alveolar nerve can be

difficult in the absence of a well corticated mandibular canal.8

Magnetic resonance imaging (MRI) may serve as an alternative

imaging modality in implant dentistry. Some earlier clinical studies

have shown that MRI data can, in principle, serve as a basis for

implant planning, however, without considering the aspect of guided

implant surgery.9-12 3D isotropic resolution MRI sequences (eg, 3D

T1-weighted Black Bone Sequences) at the latest 3 Tesla (3 T) MRI

scanners using dedicated coils currently enable dental imaging with

significant increase in resolution, improvement of the signal-to-noise

ratio, reduction in acquisition times as well as artifact suppres-

sion.13-18 With regard to the measurement of bony dimensions, a

good agreement between CBCT and MRI was described.13,19-21 Also,

the CAD construction of virtual 3D models of craniofacial bone in STL

format (STL = standard triangulation/tessellation language) based on

MRI data has been evaluated,22 which is a basic requirement for inte-

gration of MRI data into the workflow of computer-assisted surgery

planning. By superimposing MRI-derived 3D models of the jaw and

corresponding digitalized information that precisely represent tooth

surfaces, it is ultimately possible to generate detailed hybrid models,

which serve as the basis for CAD/CAM fabrication of surgical guides.

As a result, MRI is increasingly becoming the focus of attention as a

diagnostic basis for implant planning.23,24 One recently published case

report demonstrates a proof-of principle of template-guided implant

placement based on MRI.25 So far, there is no research testing feasi-

bility of this approach with special regards to accuracy of implant

placement. In addition to eliminating exposure to ionizing radiation,

MRI scans also promise potential diagnostic value over CBCT or com-

puted tomography (CT) because of its superior soft tissue contrast.

This makes it possible to directly visualize neurovascular structures

such as the inferior alveolar nerve or the dental pulp.8,18,26-28

For the reasons set out above, the aim of this study was to show

if computer-assisted 3D implant planning with template-guided place-

ment of dental implants carried out based on MRI-derived data is

feasible.

2 | MATERIAL AND METHODS

2.1 | Study design

The investigators designed and implemented a retrospective single-

center pilot study.

The study sample was derived from a patient population undergo-

ing treatment from January 2018 to June 2019 in the Department of

Oral and Maxillofacial Surgery and Facial Plastic Surgery and in the

Department of Prosthetic Dentistry, University Hospital, LMU

Munich, Germany. Subjects eligible for study inclusion underwent MR

imaging for presurgical planning of dental implant treatment. The

institutional ethics committee approved the retrospective study pro-

tocol (approval number 19-432).

2.2 | Magnetic resonance imaging

Thermoformed splints of 1.5 mm thickness (Scheu-Dental, Iserlohn,

Germany) that have the basic shape of an impression tray were pro-

duced on the basis of individual model casts. The splints were filled

with hydrocolloid gel (Systoloid universal green, American Dental Sys-

tems, Vaterstetten, Germany), a reversible thermoplastic impression

material, and placed on the model casts. After the hydrocolloid gel

had hardened, it was removed together with the splint. Finally, the

splints containing the solid hydrocolloid, which served as local con-

trast providing material, were placed intraorally on the corresponding

jaw during the MRI examination to improve delineation of the tooth

surfaces.

All patients included in the study underwent MRI on a 3 T

system (Elition, Philips Healthcare, Best, the Netherlands) using a

16-channel Head and Neck Spine array, which was placed on top

of the head. Patients were positioned head-first in a supine posi-

tion. A high isotopic-resolution 3D T1-weighted sequence was

used for optimized bone visualization. Partial Fourier imaging with

a factor of 60% was employed in the 3D T1-weighted sequence to

reduce the echo time.29 Additionally, a 3D T2-weighted short tau

inversion recovery (STIR) sequence was performed for the

improved representation of soft tissues, in particular to depict the

inferior alveolar nerve. These sequences represent standard MRI

sequences and are commonly used in clinical practice. Sequence

specifications for 3D T1-weighted bone and 3D T2-weighted STIR

sequence are listed in Table 1. The primary orientation used for

data acquisition was axial for the 3D T1-weighted and the 3D

T2-weighted STIR sequence. Given the employed isotropic voxel

size, the 3D T1-weighted sequence images could be reformatted

in all planes.

PROBST ET AL. 613



2.3 | Virtual planning, additive manufacturing, and
guided surgery

The clinical workflow for MRI-based computer-guided implant surgery

is illustrated in Figures 1-3. DICOM (digital imaging and communica-

tions in medicine) MRI data (3D T1-weighted bone sequence) as well

as digitalized occlusal information (tooth surfaces), obtained either by

dental model scans or intraoral scans, were imported into a dedicated

implant planning software (3Shape Implant Studio, 3Shape, Copenha-

gen, Denmark). At first, occlusal surface data were superimposed on

the MRI-derived volume data. The alignment was fine-tuned in the

coronal, axial, and sagittal plane using translation and rotation tools to

obtain accurate matching resulting in a “Hybrid-Model” (Figure 1).

Next, the implant position was set following prosthetic requirements

and considering the anatomic situation. To achieve an exact prosthetic

target definition, a digital set-up of the planned restoration was cre-

ated using CAD tools. The planning software then automatically

suggested a preliminary implant position based on the position and

axes of the digital set-up. Subsequently, the implant position was

adapted to anatomical criteria, such as bone availability, mandibular

canal, maxillary sinus, and so on, and finalized (Figure 2).

After the CAD construction of a drilling guide (Figure 3), the gen-

erated STL data were prepared for 3D printing with CAM software

(BEGO CAMCreator, BEGO Medical, Bremen, Germany). The additive

manufacturing process was carried out on a 3D printer (BEGO Varseo,

BEGO Medical, Bremen, Germany) using digital light processing (DLP

process). After printing, the 3D-print was cleaned in isopropanol, the

support structures were removed and the surfaces smoothed. After

gluing in of titanium guide sleeves, the manufacturing process of the

rigid drilling guide was completed.

Using the drilling guides, a fully guided drilling sequence was per-

formed according to the implant manufacturer's specifications

(Straumann Guided Surgery, Straumann AG, Basel, Switzerland and

CamlogGuide, Camlog, Basel, Switzerland) prior to final implant place-

ment (Figure 3).

2.4 | Study variables, data acquisition, and analysis

To study the feasibility of the MRI-based approach, it was reviewed

from a clinical point of view, whether MR images were suitable for

the virtual planning and if a surgically and prosthetically adequate

implant position was ultimately achieved. For a more accurate and

objective analysis, the deviations between virtually planned and the

finally resulting implant position were analyzed as follows. Master

casts that had been routinely made for the fabrication of the final res-

toration were employed for this purpose. Individual trays and poly-

ether were used for the analogue impression of teeth and implants.

Impression posts were screwed on the implants before taking the

impression with an open impression tray. Lab-analogues were inserted

into the impression posts and then the master casts were made with

stone plaster class 4 (Resinrock, Whipmix, Louisville, Kentucky). After

fabrication of the master casts, implant scanbodies were fixed on the

lab-analogues and scanned with an optical structured-light scanner

(S900, Zirkonzahn, Gais, Italy). The digitalized master casts with

implant scan bodies were matched to exported STL-files representing

the virtual planning and deviations of implant positions were finally

measured by 3-matic (Materialise, Leuven, Belgium). In two cases, due

to a complete digital prosthetic workflow, no master cast were avail-

able. Therefore, the postoperative implant position was detected with

an intraoral scanning device (CEREC Omnicam, Dentsply Sirona, York).

Outcome variables were set according to Tahmaseb and colleagues

2018,2 evaluating the deviation at entry point and at apex location

(mm) as well as the angular deviation (degree) (Figure 4). These metri-

cally assessed deviations between virtually planned and the finally

resulting implant position were defined as primary outcome variables.

As secondary outcome variables, matching between occlusal sur-

faces of 3D scans of stone models and occlusal surface reconstruc-

tions derived from MRI data was assessed. For this purpose, the

practicability of aligning occlusal tooth surface data and MRI data in

the coronal, axial and sagittal planes was assessed first (Figure 1).

Therefore, cases were reviewed in the planning software and the

degree of two-dimensional matching between the scanned occlusal

data and MRI-derived volume data was rated on a five point Likert

TABLE 1 Specifications of MRI sequences

3D T1-weighted bone sequence

Acquisition time 03:08 min

FOV 180 mm

Matrix 420 × 419

Acq voxel 0.6 × 0.6 × 0.6 mm3

Number of signal averages 1

TR 10 ms

TE 1.75 ms

CS-SENSE yes

reduction 2.3

WFS (pix)/bandwidth (Hz) 1503/289

3D T2-weighted STIR sequence

Acquisition time 06:03 minutes

FOV 200 mm

Matrix 308 × 308

Acq voxel 0.65 × 0.65 × 1 mm3

Number of signal averages 1

TR 2300 ms

TE 184 ms

IR 250 ms

Slice oversample factor 1.5

CS-SENSE yes

reduction 5

WFS (pix)/bandwidth (Hz) 1766/246

Note: 3D T1-weighted bone sequence and 3D T2-weighted STIR

sequence.
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scale (1 = extremely poor matching, not clinically applicable, 2 = poor

matching, clinical use is not advised, 3 = average matching, borderline

clinical use, 4 = good matching, containing no substantial adverse

effect for clinical use, 5 = excellent matching, no restrictions for clini-

cal use). Ratings were made in agreement with a dental technician and

oral and maxillofacial surgeon each with approximately 10 years of

experience concerning computer-guided implant surgery. Then, for

metrical evaluation, tooth crowns and especially occlusal structures

represented in the MR images were segmented with Mimics

(Materialise, Leuven, Belgium) in analogy to an algorithm applied to

CBCT data reported by Sang and colleagues 2016,30 exported to an

STL-file (.stl) and matched with the corresponding surface scans using

the software 3-matic (Materialise, Leuven, Belgium). Unsigned geo-

metric deviations of occlusal surfaces between model scans and MRI-

derived occlusal reconstructions concerning complete or partial dental

arches were measured (Figure 5). In case of severe artifacts due to

metallic restorations, single teeth were excluded from matching.

Further secondary outcome variables were introduced to evaluate the

ability of MRI to image important anatomical structures in the context of

guided implant surgery. In particular, cortical bone, spongious bone, teeth,

maxillary sinus, and the mandibular canal were assessed in the 3D

T1-weighted bone sequence, the inferior alveolar nerve was assessed in

the 3D T2-weighted STIR sequence. Additionally, image quality was judged

taking motion and susceptibility artifacts into account (Table 2). Rating was

performed on a five point Likert scale (1 = extremely poor, images are not

clinically useful, 2 = poor, clinical use is not advised, 3 = average, borderline

clinical use due to the image quality, 4 = good, containing no substantial

adverse effect for clinical use, 5 = excellent, no restrictions for clinical use).

Ratings were made in agreement with a senior radiologist with experience

in head and neck imaging and an oral and maxillofacial surgeon, both with

more than 10 years of professional experience.

Further study variables include demographic data, region of implant

placement, support of drilling guide (tooth-supported/mucosa-supported),

fitting of surgical guides, intra- and postoperative complications, and need

for revision surgery (yes/no). In addition, the average number of metallic

restorations per jaw and the average number of teeth excluded for the

metrical matching analysis (deviations from surface scans with MRI-based

tooth reconstructions) due to metallic artifacts were recorded.

F IGURE 1 Top and Bottom left: Digitalized occlusal surfaces derived from a model scan (beige lines) are superimposed with MRI DICOM
data in the planning software. The alignment is fine-tuned in the coronal, axial and sagittal planes using translation and rotation tools to achieve
an exact matching. Please note: In this case, the signal values of the T1-weighted images were previously inverted (black to white) to provide a
CBCT-like appearance. Bottom right: Resulting 3D “Hybrid Model” with the traced inferior alveolar nerve (displayed in red)
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Statistical analysis was carried out with SPSS 24 (SPSS Inc., Chi-

cago, Illinois). Descriptive statistics were performed for each study

variable. 95% confidence intervals (CI) were provided for metrically

assessed variables.

3 | RESULTS

The study sample included 12 subjects (7 female, 5 male), patients'

mean age at time of MR-imaging was 48.6 ± 16.6 years.

One patient showed pronounced susceptibility artifacts due to

multiple and large-dimensioned titanium plates after bimaxillary

orthognathic surgery (Likert rating 2 = poor, clinical use is not advised,

Table 2). In another patient, the overall image quality of the MRI was

compromised by motion artifacts (Likert rating 3 = average, borderline

clinical use due to the image quality, Table 2). In these two cases,

guided-surgery was finally performed on the basis of CBCT data

instead. Moreover, an additional implant treatment was postponed at

the patient's request and solely radiological data and matching

between MRI-derived and scan-derived tooth surfaces were evalu-

ated. In 9 out of 12 patients, a total of 12 implants were finally

inserted using MRI-based guided implant surgery, with a fully guided

drilling sequence in 8 cases (n = 11 implants) and a pilot-drill guided

implant placement in one single case (n = 1 implant). Twelve implants

were inserted in 10 partially edentulous jaws (in one patient implants

were placed on both maxilla and mandible) in the premolar (n = 6) or

molar (n = 6) region either of the maxilla (n = 6) or mandible (n = 6).

In each jaw, no more than two single prosthetic restorations were

intended, either in form of an implant-supported single crown or

bridge. No intra- and postoperative complications and no need for

revision surgery were recorded. Drilling guides were either completely

tooth-supported (n = 7) or mainly tooth-supported (n = 3, unilateral

free-end situations in the molar region). Intraoperatively, there was a

very good fitting of all surgical guides (n = 10/10; in one patient

implants were inserted in the maxilla and mandible). Orienting

intraoperative assessment of implant position with a depth gauge as

well as postoperative panoramic imaging showed satisfying angulation

in all cases (n = 12/12 inserted implants). In all patients, the prosthetic

restoration was successfully finished and inserted.

The mean deviation at entry point and at apex location was

0.8 ± 0.3 mm (n = 11, range 0.4-1.2 mm, 95% CI 0.6-0.9 mm), and

1.2 ± 0.6 mm (n = 11, range 0.5-2.3 mm, 95% CI 0.8-1.6 mm) and the

mean angular deviation between virtual vs resulting implant position

was 4.9 ± 3.6� (n = 11, range 1.2-14.6�, 95% CI 2.5-7.3�) (Figure 4).

The practicability of alignment between surface scans and MRI-

based tooth reconstructions in the planning software was rated from

good (Likert rating 4, n = 8/11) to excellent (Likert rating 5, n = 3/11).

Mean deviation between occlusal surfaces of model scans and MRI-

derived occlusal reconstructions was 0.254 ± 0.026 mm (n = 12, range

F IGURE 2 Top: Virtual positioning of an implant in region 36 in
parasagittal section according to prosthetic requirements. Bottom: 3D
view of the virtually positioned implants in region 34 and 36 in
relation to the digital set-up of the planned dental restoration and to
the traced inferior alveolar nerve

F IGURE 3 Top: CAD construction of a rigid drilling guide.
Bottom: Surgery with fully guided implant drilling sequence in the left
mandible
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(A) (B) (C)

F IGURE 4 Difference between virtually planned and finally resulting implant position. A, Boxplots of mean deviation at entry point (left,

ERR_entry) and at apex location (right, ERR_apex) of 0.8 ± 0.3 mm and 1.2 ± 0.6 mm. B, Mean angular deviation between virtual vs resulting
implant position (DEV_angular) of 4.9 ± 3.6�. C, Exemplary image showing virtually planned (colored blue) and resulting (colored green) implant
position

F IGURE 5 Geometric deviations of occlusal surfaces between model scans and MRI-derived occlusal reconstructions. A, Boxplots of mean

value (left) 0.254 mm ± 0.026 mm and root mean square (RMS) value (right) 0.347 ± 0.034 mm. B, Color mapping showing distribution of
geometric deviations (limits set from −0.5 to +0.5 mm) of a MRI-derived occlusal reconstruction compared to occlusal surface of corresponding
model scan in a sample patient

TABLE 2 Radiological evaluation of MR images

MRI sequence Rating 1 and 2 Rating 3 Rating 4 Rating 5

Cortical bone T1 Bone — — — 12

Spongious bone T1 Bone — — 2 10

Teeth T1 Bone — — 2 10

Maxillary sinus T1 Bone — — 2 10

Mandibular canal T1 Bone — 3 3 6

Inferior alveolar nerve T2 STIR — — — 12

Image quality—Motion artifacts T1 Bone — 1 2 9

Image quality—Susceptibility artifacts T1 Bone 1 — 7 4

Note: Quality of visualization of anatomical structures and image quality taking motion and susceptibility artifacts into account. Rating on a five point Likert

scale (1 = extremely poor, images are not clinically useful, 2 = poor, clinical use is not advised, 3 = average, borderline clinical use due to the image quality,

4 = good, containing no substantial adverse effect for clinical use, 5 = excellent, no restrictions for clinical use). The numbers in the table reflect the number

of patients assigned to the respective rating. T1 Bone = 3D T1-weighted bone sequence, T2 STIR = 3D T2-weighted STIR sequence.
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0.213-0.300 mm, 95% CI 0.237-0.271 mm), root mean square (RMS)

was 0.347 mm ± 0.034 mm (n = 12, range 0.305-0.401 mm, 95% CI

0.325-0.369 mm) (Figure 5). The RMS values corresponded to 58% of

the voxel size (0.6 mm). The average number of metallic restorations

per jaw was 5.4 ± 2.5. With regard to the 3D metrical surface

matching, an average number of 1.1 ± 1.1 teeth were excluded and

averagely 11.6 ± 0.9 teeth remained for the metric occlusal matching

procedures.

Using the 3D T1-weighted bone sequence, cortical and spongious

bone as well as teeth were clearly visible (Table 2 and Figure 6). This

sequence dedicated for visualizing bone is comparable to CBCT imag-

ing. However, the visibility of the mandibular canal was limited,

whereas 3D T2-weighted STIR provides direct nerve imaging and

offers a diagnostic added value compared to CBCT (Table 2 and

Figure 6). Moreover, the maxillary sinus and the border between the

sinus and the maxillary alveolar process were well displayed (Table 2).

In all cases that were finally selected for guided implant surgery, no

adverse effects for clinical use was observed with regard to motion

and susceptibility artifacts (Table 2). Susceptibility artifacts due to

metallic restorations were limited to the area of the occlusal surfaces

and dental crowns and did not affect bony structures, the inferior

alveolar nerve, or the maxillary sinus.

4 | DISCUSSION

The goal of this study was to show if computer-assisted 3D implant

planning with template-guided placement of dental implants based on

MRI data is a feasible procedure. In all cases where guided implant

surgery was performed, MRI-based virtual planning and transfer by

static guides with subsequent prosthetic treatment was successfully

performed. The deviations between virtually planned implant position

and the finally resulting implant position, the deviations of occlusal

surfaces between digitalized stone models and MRI-derived occlusal

data, and the visualization of important anatomical structures were

acceptable for clinical application. Consequently, the MRI-based

guided surgery approach was feasible.

MR images displayed all anatomical structures that are relevant

for dental implant planning. As has already been demonstrated in

other investigations, bone tissue, teeth, and maxillary sinus could be

clearly depicted in this study.13,16,23,25 As the occasional term “black

bone MRI” suggests, cortical bone and other tissues with short T2*

relaxation times including mineralized structures such as teeth initially

appear black in T1-weighted bone sequences and results in an unusual

imaging impression compared to the one derived from CBCT or

CT. However, the dark signal values of the MR-image data sets can be

inverted optionally to provide a bright or white impression of tooth

structures and cortical bone (Figures 1 and 2), providing the clinical

practitioner with a more familiar image impression.31 It is important to

keep in mind that any tissues with short T2* and regions filled with air

will also appear bright after the inversion of the signal of the

T1-weighted sequence.

In our study, we did not use any dedicated surface coils as

described in earlier studies32 because a good signal-to-noise ratio and a

short acquisition time could be achieved without any additional coils.

This is mainly due to the good gradient hardware performance of the

employed 3 T scanner (Elition, Philips Healthcare) used and the acquisi-

tion time reduction made possible by the combination of compressed

sensing with sensitivity encoding (SENSE) parallel imaging.33,34

Sequence parameters were optimized taking into consideration spatial

resolution and total image acquisition time requirements. The longer

the image acquisition time, the higher the occurrence of motion arti-

facts. 3D isotropic -voxel size of 0.6 mm3 resulted in an acquisition time

of a little more than 3:08 minutes, what appears reasonable in terms of

clinical applicability (Table 1). Intraoral surface coils as described by

Fluegge and colleagues13 can generate a very high spatial resolution

but they may be not yet approved for clinical use.

Based on the 3D T1-weighted sequence, delineation of the man-

dibular canal, which is important for implant planning in the posterior

mandibular region, succeeded from acceptable to excellent. It is well

known that the detection of the mandibular canal and the indirect

tracing of the inferior alveolar nerve can be difficult in the absence of

a well-corticated mandibular canal or in the presence of motion

and metallic artifacts. This applies to both T1-weighted sequences

and CBCT imaging.8 However, MR imaging offers a unique advantage

and added value through the application of soft tissue contrasting

sequences such as T2-weighted STIR sequences. While the

F IGURE 6 Top: Parasagittal reconstruction of a 3D T1-weighted
bone sequence. This is practically a sequence specialized for bone

imaging comparable to CBCT. Cortical and spongious bone as well as
teeth are clearly visible. However, the visibility of the mandibular
canal is limited. Bottom: 3D T2-weighted STIR sequence functions as
a “nerve sequence” during implant planning, which enables direct
nerve imaging (yellow arrows are indicating the course of the inferior
alveolar nerve) and thus provides a diagnostic added value compared
to CBCT
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T1-weighted sequence is practically a “bone sequence” and thus com-

parable with CBCT imaging, the T2-weighted STIR sequence can func-

tion as a “soft tissue & nerve sequence” during implant planning,

which enables direct nerve imaging (Figure 6). In the present study,

only T1-weighted sequences were integrated into the implant plan-

ning software and T2-weighted STIR sequences were examined sepa-

rately. In future work, the fusion of T1-weighted and T2-weighted

sequences and the subsequent import of these merged data into a

planning software should be considered.

Motion artifacts can compromise the overall image quality and

play a role in MR-imaging as the examination times are significantly

increased compared to CT or CBCT.23 In our study, in one patient,

CBCT was preferred for implant planning due to pronounced motion

artifacts. In all other patients, no adverse effect for clinical use could

be observed, which is possibly due to the relatively short recording

time of just over 3 minutes for the 3D T1-weighted sequence.

Approaches to reduce motion artifacts may include the use of shorter

measurement times, stable positioning of the patient's head and the

use and further development of motion correction tools.35

Susceptibility artifacts, caused by dental materials, may significantly

affect the local assessment of structures when the causative materials

are in close proximity. In this study, one patient showed severe suscep-

tibility artifacts through multiple titanium plates in the midface and

mandible after orthognathic surgery. In all other patients, more or less

pronounced artifacts were seen in metallic dental restorations, although

these were essentially limited to the area of the occlusal surfaces and

dental crowns. Other anatomical structures such as bone, maxillary

sinus, and soft tissues were basically unaffected and implant planning

was not impaired. Though artifacts caused by dental materials may be a

limiting factor in MRI, this also applies to radiation-based techniques

like CT or CBCT and MRI might even be superior to CBCT in terms of

these artifacts.36 Special applications for artifact suppression caused by

ferromagnetic materials were not applied in the cases investigated here,

but the implementation of artifact reducing applications such as view

angle tilting17,18 is basically possible. However, while some materials

such as stainless steel and cobalt-chromium samples are responsible for

pronounced artifacts that may no longer allow reasonable diagnostics,

the large majority of dental materials such as zirconium dioxide, amal-

gam, gold alloy, gold-ceramic crowns, titanium alloys, some composites,

and nickel-titanium cause only low to moderate artifacts.37

In all cases where MRI-based guided implant surgery was per-

formed, a good clinical outcome was evident with regard to occur-

rence of complications, fitting of surgical guides and indicative

intraoperative assessment of implant position with a depth gauge as

well as postoperative panoramic imaging. The metric analysis of the

planned vs the actual implant position showed clinically acceptable to

very good results as well. The mean values for the deviations at entry

point (0.8 ± 0.3 mm) and at apex location (1.2 ± 0.6 mm) are lower or

fairly accurate to the ranges given in recent reviews and meta-analy-

sis.2,38 The measured angular deviation (4.9 ± 3.6�) was rather in the

upper range of deviations reported. This is due to a single outlier likely

caused by eccentric drilling at limited mouth opening and deformation

of the drilling guide in a free-end situation.

Imaging data alone do not represent tooth/occlusal surfaces accu-

rately enough to provide a tooth-supported guide.39 As a basic require-

ment for template assisted guided implant surgery, however, tooth

surfaces should be displayed at least accurately enough to allow super-

imposition with high-precision scan-based virtual models.23,40 This pilot

series showed that by employing a common planning program, the sur-

face scan models could be registered without practical restrictions with

the MRI-based reconstructed tooth surfaces. This was possible under

practical conditions with an average of 5 to 6 metallic restorations per

jaw. Individual local inaccuracies were well compensated for by super-

imposing complete or partial dental arches in the sense of a global regis-

tration method. 3D comparisons of the deviations between MRI-

reconstructed and scan-derived tooth surfaces, carried out for further

evaluation of the methodology, showed values (mean deviation 0.254

± 0.026 mm, RMS value 0.347 ± 0.034 mm) acceptable for clinical

application. With regard to tooth surface matching, on average one

tooth was excluded and 11 to 12 teeth remained per jaw for the metric

occlusal matching procedures, which can be considered a valid repre-

sentation of the whole dental arch. Based on linear measurements,

Flügge et al reported mean deviations between CBCT derived tooth

surfaces and model scan derived surfaces of about 0.4 mm after manual

CBCT segmentation.40 A recent study showed that MRI is able to visu-

alize tooth surfaces in-vivo with acceptable accuracy for guided implant

surgery planning.23 Yet, the accuracy was considerably lower compared

to CBCT (overall RMS values 0.102 ± 0.042 mm for CBCT and 0.261

± 0.08 mm for MRI). In comparison, the RMS value of the registration

accuracy was higher in our study. This can be explained by the fact that

geometric deviations seem to correlate with the resolution of the imag-

ing procedure. RMS values of about 60% of the voxel size were

reported for CBCT and MRI.23,30 This is in accordance with the present

study, in which RMS values corresponded to 58% (0.347/

0.600 × 100%) of the voxel size. In contrast to the study of Hilgenfeld

and colleagues23 and to better reflect the practicability for guided

implant surgery, three-dimensional geometric deviations of complete

dental arches were determined.

MRI has an obvious advantage compared to CBCT in the context

of guided implant surgery because it sufficiently depicts tooth and

bone tissue while avoiding any exposure to ionizing radiation. Further-

more, MRI may provide added diagnostic value by the excellent con-

trast of soft tissues, which allows for example a direct imaging of

peripheral nerve tissue such as the inferior alveolar nerve as demon-

strated in this study. Such direct nerve visualization may be beneficial

for presurgical planning prior to implant dentistry but also prior to

other procedures such as wisdom tooth removal or orthognathic sur-

gery.8,28 Within the context of implant surgery, MRI enables the mea-

surement of mucosal thickness and may help planning of palatal tissue

harvesting.41 MRI may also enable postoperative evaluation of

implants18,19,42 and may offer the opportunity for detecting peri-

implant bone defects 3-dimensionally.36 Further promising innovative

application of MRI in dentistry include the differential diagnosis

between cystic jaw lesions,43,44 the evaluation and monitoring of

tooth vitality via the signal of the dental pulp13,15,26 and three-

dimensional orthodontic diagnostics.20,45
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The advantages offered by MRI must ultimately be compared

with the corresponding limitations in order to assess the actual poten-

tial in computer guided implant surgery. First, difficulties may arise,

for example, from motion and susceptibility artifacts, which have

already been discussed in the text above. Second, there are some con-

traindications such as the presence of pacemakers, cochlear implants,

or neurostimulators. Third, the MRI-based approach is subject to cost

and availability limitations. For instance, some specific sequences for

optimized presentation of dental structures are not yet freely avail-

able. The acquisition and maintenance costs of MRI devices are con-

siderably higher than for CBCT devices. Therefore, in contrast to

CBCT, the possibility of on-site use in dental practice is significantly

reduced and dental practitioners would have to cooperate with radiol-

ogy departments that offer dental MRI applications. Finally, limitations

regarding the study design merit mentioning. The study has the

known disadvantages associated with a retrospective work and/or a

pilot series. This includes for example some minor differences in the

clinical workflow and the analysis of the resulting implant positions. In

order to better assess the actual accuracy of a MRI-based approach

and to be able to compare it with the established CBCT-based

planning, a randomized controlled trial is required, building on the

promising results of this feasibility study.

5 | CONCLUSIONS

In conclusion, MRI-based computer-assisted implant surgery is a feasi-

ble and accurate procedure, eliminating radiation exposure. In addi-

tion, MRI provides added diagnostic value through direct visualization

of soft tissues such as the alveolar inferior nerve, which is important

in the context of dental implant surgery.
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