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Abstract

Purpose To comprehensively assess the existing literature regarding the rapidly evolving in vivo application of mag-
netic resonance imaging (MRI) for potential applications, benefits, and challenges in dental implant surgery.

Methods Electronic and manual searches were conducted in PubMed MEDLINE, EMBASE, Biosis, and Cochrane
databases by two reviewers following the PICOS search strategy. This involved using medical subject headings (MeSH)
terms, keywords, and their combinations.

Results Sixteen studies were included in this systematic review. Of the 16, nine studies focused on preoperative
planning and follow-up phases, four evaluated image-guided implant surgery, while three examined artifact reduc-
tion techniques. The current literature highlights several MRI protocols that have recently investigated and evaluated
the in vivo feasibility and accuracy, focusing on its potential to provide surgically relevant quantitative and qualita-
tive parameters in the assessment of osseointegration, peri-implant soft tissues, surrounding anatomical structures,
reduction of artifacts caused by dental implants, and geometric accuracy relevant to implant placement. Black Bone
and MSVAT-SPACE MR, acquired within a short time, demonstrate improved hard and soft tissue resolution and offer
high sensitivity in detecting pathological changes, making them a valuable alternative in targeted cases where CBCT
is insufficient. Given the data heterogeneity, a meta-analysis was not possible.

Conclusions The results of this systematic review highlight the potential of dental MRI, within its indications and limi-
tations, to provide perioperative surgically relevant parameters for accurate placement of dental implants.
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Magnetic Resonance Imaging in Dental Implant Surgery: A Systematic Review
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@ Background

The use of MRI in dental implant surgery is developing
rapidly; however, due to the heterogeneity of MR protocols,
its use in routine clinical practice has not been validated.

@ Methods

7 A systematic literature search was conducted

using the PICO search strategy.
OO

@ Results

A1

The 16 included studies, focused on providing relevant quantitative and qualitative parameters to assess
osseointegration, peri-implant soft tissues, surrounding anatomy, reducing dental implant artifacts, and ensure
geometric accuracy relevant to implant placement.

The results show heterogeneity in the MR protocols used and inconsistent results in terms of validity and reliability.

ﬂ -
Conclusions

" W

is insufficient.

o, Black Bone and MSVAT-SPACE MRI, acquired within a short period of time, demonstrate
W improved hard and soft tissue resolution and offer high sensitivity in the detection of
pathological changes, making them a valuable alternative in targeted cases where CBCT

— The results of this systematic review highlight the potential of dental MRI, within its
indications and limitations, to provide perioperative surgically relevant parameters for
" accurate placement of dental implants.

Background

In recent years, three-dimensional cross-sectional imag-
ing and navigation have made dental implant placement a
popular and well-established treatment modality in mod-
ern dentistry. Taking into account medical, economic,
psychological and social aspects, dental implants stand
out as the optimal long-term solution for the replace-
ment of one or more teeth with high survival rates [1].
Nonetheless, many local and systemic factors, such as
patient-specific, implant-related, surgical technique, and
environmental factors, are relevant and key to the long-
term success of dental implant surgery [2].

In the pursuit of a multidisciplinary, personalized,
and minimally invasive treatment approach, the com-
prehensive initial preoperative evaluation of the implant
site commonly includes both clinical and radiographic
assessments. Typically, a two-dimensional X-ray-based
panoramic radiograph (PAN) is performed initially and
is sufficient for many cases. In high-risk cases where it
is challenging to accurately visualize important surgi-
cal details such as the quality and quantity of osseous
structures, nearby vulnerable anatomical structures, or
other concomitant pathologies, three-dimensional imag-
ing such as cone-beam computed tomography (CBCT)
is recommended [3]. Widely recognized as the gold

standard for oral and maxillofacial solid tissue imaging,
CBCT has further consolidated its integral role in den-
tal implantology by becoming the imaging technique
of choice for virtual surgical planning and subsequent
CAD/CAM template fabrication for guided implant sur-
gery [4]. Although experienced surgeons can achieve
comparable results with freehand implant placement
techniques, the incorporation of advanced biomedical
imaging into the clinical workflow in combination with
surgical planning has led to better outcomes in terms of
positional accuracy while simultaneously improving the
protection of vulnerable adjacent anatomical structures
[5]. However, the use of CBCT in dental implantology
comes with certain drawbacks, including radiation expo-
sure, higher costs, potential overdiagnosis and overtreat-
ment, and susceptibility to image artifacts, mainly in
the presence of dense materials such as metals [4]. The
increasing use of 3D imaging with higher radiation doses
[4] may be associated with an elevated lifetime risk of
radiation-induced tumors, particularly among geneti-
cally predisposed adolescents [6, 7]. Even though the age
of the population undergoing dental implant surgery is
generally higher, this stochastic radiation effect should
always be taken into account, considering the continuous
striving towards reducing or even eliminating radiation
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exposure in biomedical imaging according to the As Low
As Reasonably Achievable (ALARA) principle and the
upcoming suggested paradigm shift towards the As Low
As Diagnostically Acceptable (ALADA) principle using
CBCT [8].

Recently, magnetic resonance imaging (MRI), a non-
invasive, non-ionizing radiation imaging modality, has
undergone significant advancements in a wide range of
technical improvements coupled with the development
of novel MRI sequences, positioning it as a leading imag-
ing modality for the head and neck region, especially for
the visualization of soft tissues [9]. Given the increasing
application of MRI in the dental field, it also represents
a valuable tool for indication-specific implementation in
perioperative dental implant diagnostics and treatment
planning [10]. The shift towards radiation-free imaging
techniques could potentially lead to more robust imaging
regarding artifact susceptibility when dealing with metal
or ceramic dental implants [11]. However, this transition
is associated with challenges, as the pursuit of diagnostic
accuracy must not be compromised. Challenges of MRI
in dental implantology include high cost, limited acces-
sibility, motion-induced distortions, accurate differentia-
tion of complex anatomy with various small-sized nerves
and blood vessels, and image distortion due to magnetic
field inhomogeneities caused by dental restorations [12].
However, dental MRI protocols developed in recent years
have made it possible to overcome limitations in imag-
ing bone structures, one of the most essential param-
eters in dental implant surgery, by using, e.g., black
bone MRI sequences [13] or ultrashort echo time (UTE)
sequences [14]. Furthermore, integrating innovations
such as intraoral [15] or mandibular coils [16] combined
with specialized dental MRI protocols has led to novel
high-resolution, high-contrast imaging of dentomaxillo-
facial structures within short acquisition times. The MRI
signals generated can be digitized and combined so that
variably mineralized hard and soft tissues can be simul-
taneously depicted, illustrating the potential emerging
for improving perioperative diagnostics in dental implant
surgery [17].

This systematic review aims to comprehensively assess
the existing literature regarding the rapidly evolving
in vivo application of MRI in dental implant surgery,
explicitly emphasizing newly developed dental MRI pro-
tocols and technical innovations. By systematically evalu-
ating the available evidence, this review aims to highlight
the potential benefits, indication-specific limitations, and
current evidence-based case-specific guidelines of MRI
in the context of dental implantology. Additionally, this
review aims to investigate the novel MRI protocols and
techniques that have been developed to enhance their
performance in assessing osseointegration, peri-implant
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soft tissues, and surrounding anatomical structures rel-
evant to implant placement by addressing the follow-
ing research question: Does the use of dental MRI and
newly introduced MR protocols and techniques, consid-
ering their potential advantages and limitations, provide
a comprehensive set of perioperative quantitative and
qualitative diagnostic information for dental implant sur-
gery in healthy subjects and patients?

Materials and methods

Search strategy

Following the guidelines of the preferred reporting items
for systematic reviews and meta-analysis (PRISMA), this
systematic review aimed to identify relevant studies by
systematically conducting a comprehensive search using
the following PICO (Population, Intervention, Com-
parison, Outcome) question: P-population: human stud-
ies in healthy volunteers or patients over 14 years of age
undergoing perioperative dental MRI for dental implant
surgery (endosteal implants, mini dental implants, ortho-
dontic implants); I-intervention: magnetic resonance
imaging; C-control: conventional radiological examina-
tion (e.g., PAN, CBCT, or computed tomography (CT)), if
available; O-outcome: ensure the feasibility and diagnos-
tic accuracy of perioperative radiographic evaluation in
dental implant surgery, taking into account the acquisi-
tion of detailed images of dental and peri-implant struc-
tures with minimal artifacts (Table 1). This systematic
review was not registered in the International Prospec-
tive Register of Systematic Reviews (PROSPERO) plat-
form (no protocol number available).

Information sources

A comprehensive data search of electronic databases for
articles within the scope of this systematic review was
conducted using Pubmed MEDLINE, EMBASE, BIO-
SIS, and Cochrane Library without imposing language
restrictions. The search strategy was designed to target
relevant articles published from 1993 until June 2023.
The search syntax was divided into population, interven-
tion, comparison, outcome, and study design, using pri-
mary keywords and Medical Subject Headings (MeSH)
Terms and their combinations, while Boolean operators
(AND, OR) were used to refine the search and identify
relevant articles.

Study selection and eligibility criteria

The studies included in this review were chosen based
on the following criteria: (1) human studies, specifi-
cally clinical trials, involving healthy participants or
patients undergoing MRI in mandibular or maxillary
dental implant surgery, as part of randomized or non-
randomized controlled trials and cohort studies; (2)
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Table 1 This systematic review aimed to identify relevant studies on the in vivo use of dental MRl in dental implantology by
systematically conducting a comprehensive search using the following PICO (Population, Intervention, Comparison, Outcome)

question

Focused Question

Does the use of dental MRI and newly introduced MR protocols and techniques, considering their potential

(PICO) advantages and limitations, provide a comprehensive set of perioperative quantitative and qualitative diagnostic
information for dental implant surgery in healthy subjects and patients?

Search strategy

Population Human studies (patients and/or healthy subjects), aged older than 12 years undergoing MRI prior to MTM surgery

#1— "dental implants”OR "dental implant” OR “dental implantology” OR “titanium implant” OR “peri-implant” OR bone
augmentation OR bone graft OR bone reconstruction OR sinus lift OR sinus lifting OR permanent dental restoration (inferior
alveolar nerve [MeSH]) OR (lingual nerve [MeSH]) OR (mandibular nerve [MeSH]) OR (trigeminal nerve [MeSH]))

Intervention Magnetic resonance imaging

#2— ((magnetic resonance imaging [MeSH]) OR (MRI) OR (nuclear magnetic resonance imaging [MeSH]) OR (NMR) OR (dif-
fusion tensor imaging [MeSH]) OR (DTI) OR (ultra-short echo-time [MeSH]) OR (UTE) OR (maxillofacial imaging))

#3— ((visualization) OR (neurography))
Comparison

Conventional preoperative radiological assessment

#4— ( (computed tomography [MeSH]) OR (cone-beam computed tomography [MeSH])

#5— (panoramic radiography [MeSH])
Outcome

Feasibility and accuracy of perioperative radiological assessment in dental implant surgery

#6— ( (accuracy) OR (feasibility) OR (signal-to-noise-ratio [MeSH]I))

Search combination (s)  (#1) AND ( (#2 or #3 or #4 or #5) OR (#6))

volunteers aged 14 years and older; (3) availability of
the full text. Exclusion criteria were: (1) animal stud-
ies, cadaver studies, in-vitro studies utilizing designs
employing non-biologic materials, commonly referred
to as "phantoms™, along with systematic reviews, nar-
rative reviews, and case reports; (2) patients with addi-
tional pathology at the surgical site; (3) if they focused
on regions outside the maxilla or mandible; (4) if precise
details of the use and timing of MRI imaging were not
reported or were unclear. All data sourced from various
databases were imported into EndNote 20 (Clarivate,
Sydney, Australia), and subsequently, duplicate records
were removed. Initially, the titles and abstracts were
screened according to the inclusion and exclusion crite-
ria, followed by a detailed full-text analysis. Two inde-
pendent reviewers (A.A.H. and M.Z.) conducted the
literature searches to minimize potential reviewer bias.
Both reviewers thoroughly discussed and understood
the specified inclusion and exclusion criteria. In addi-
tion, a training session was held between the reviewers
to ensure the consistency in the interpretation and appli-
cation of these criteria. If any discrepancies occurred
during the screening process, they were resolved by dis-
cussion between the authors (A.A.H, M.Z., and S.V.).

Data extraction and collection

For every study incorporated in this review, the subse-
quent data were recorded by two reviewers indepen-
dently (A.A.H and M.Z.): general data (author details,
year of publication, country, study design and objec-
tives, sample size, and mean age and age range of par-
ticipants), MRI-specific parameters (MR device utilized,

MRI sequence (s), field strength, type of MR coil, and
acquisition time), and outcome measures (feasibility and
diagnostic accuracy of perioperative radiographic evalu-
ation, taking into account the acquisition of detailed
images of dental and peri-implant structures with mini-
mal artifacts).

Risk-of-bias assessment and quality assessment of studies
The assessment of the risk of bias in the methodology
of the studies incorporated in this systematic review
was assessed based on a modified short version of the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE), as outlined by Edwards et al.
[18]. The evaluation compromised 18 criteria from the
STROBE statement. Studies with a total score of 15 or
more out of 18 were considered to have a low risk of bias,
while those scoring between 11 and 14 were considered
to have a medium risk of bias. Studies with a score of 10
or less were categorized as having a high risk of bias.

The Quality Assessment of Diagnostic Accuracy Stud-
ies (QUADAS-2) [19] tool, which compromises four
domains (patient selection, index test, reference stand-
ard, and flow and timing), was used to assess and ensure
a transparent evaluation of bias, methodological sound-
ness, diagnostic quality and applicability of primary diag-
nostic accuracy studies.

Results

Study selection

According to the aim of this comprehensive review, the
systematic literature search initially identified 1431 stud-
ies of potential relevance. After removing all duplicates,
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793 articles remained. In the first step of study selection,
the titles and abstracts were screened, which resulted
in the exclusion of 745 articles. This left 48 articles for a
thorough full-text evaluation in the subsequent analysis
step. Of these, 32 articles were excluded because they did
not meet the inclusion criteria. Finally, 16 articles dealing
with the in vivo use of MRI in dental implant surgery fell
within the scope of this systematic review and were eval-
uated (Fig. 1). The final selection of the studies included
in this analysis was thoroughly reviewed and approved by
the rest of the remaining authors.
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Study characteristics

From an initial pool of 1431 articles of potential rele-
vance, a total of 16 articles successfully met the inclusion
criteria after a comprehensive analysis of their full texts.
These articles, authored by Gray et al., 1998 [21]; Hassfeld
et al,, 2001 [22]; Imamura et al., 2004 [24]; Senel et al.,
2006 [34]; Pompa et al., 2010 [23]; Burger et al., 2015 [55];
Probst et al., 2017 [52]; Laurino et al., 2020 [32]; Arabi
et al., 2020 [54]; Probst et al., 2020 [13]; Hilgenfeld et al.,
2020 [42]; Flugge et al., 2021 [33]; Schwindling et al,,
2021 [44]; Grandoch et al.,, 2021 [31]; Schwindling et al.,

[ Identification of studies via databases and registers ]
é Records identified through Records removed before
5 database (Pubmed, Biosis, screening;:
5:';. Embase, Cochrane) searching [ = | Duplicate records removed (n
§ (n=1431) =638)
| S
R Records excluded (n = 745)
- Non-human studies
- Case studies, case reports
Records screened (n = 793) —> and reviews
- Lack of access to the full
text of articles
(=]
£
c
(3
(9
7}
(7]
Reports excluded (n = 32)
Reports assessed for eligibility ,
(n=48) - Other additional
pathologies (n=11)
- Focus on other additional
surgical procedures (n=7)
L - Other miscellaneous
reasons (n = 14)
T o s .
= Studies included in review
é (n=16)

Fig. 1 Preferred reporting items for systematic reviews and meta-analysis (PRISMA) flow diagram showing the article selection in this review
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2021 [56]; Al-Haj Husain et al., 2023 [16], were consid-
ered directly relevant to the scope of this review. In these
16 selected studies (comparative study 75%; other 25%),
published between July 1998 and June 2023, a total of 269
patients underwent perioperative MRI. These scans were
performed using MRI field strengths of 0.2, 1.5, or 3 Tesla
and different MRI sequences. Patients ranged in age from
14 to 85 years, and scan acquisition times varied from
approximately 3 min to 21 min.

Nine of the included studies addressed bone-specific
features relevant to osseointegration in the preoperative
planning and follow-up phases, such as bone level assess-
ment in general or in specific anatomical conditions, e.g.,
maxillary and mandibular alveolar atrophy at the implant
site, perioperative assessment in sinus lift surgery or
onlay bone grafting, or assessment of buccal bone thick-
ness in planning of immediate implant placement in the
anterior region. Four studies evaluated fully or partially
image-guided implant surgery, three assessed artifact
reduction, one evaluated artifact reduction caused by
dental implants in specific dental MR protocols, and two
evaluated artifact reduction in hybrid PET/MRI imaging,
including deep learning-based approaches. The charac-
teristics of the studies included in this systematic review
are presented in Table 2.

Risk-of-bias assessment and quality assessment of studies
The risk of bias was assessed as low in 14, medium in one
study, and high in one study. An overview of the percent-
age responses for each topic is displayed in Table 3. The
assessment of diagnostic quality and applicability accord-
ing to the QUADAS-2 rules is visualized in Fig. 2.

Discussion

Numerous articles in the literature have investigated and
evaluated the feasibility and accuracy of MRI in dental
implantology, focusing on its potential to provide surgi-
cally relevant quantitative and qualitative parameters.
Subsequently, the analysis in this review has focused on
the impact of MR protocols and device-specific techni-
cal features in perioperative imaging, aiming to assess
their indications and limitations and provide recommen-
dations for the most appropriate decision-making. The
results of this review highlight the significant contribu-
tion of dental MRI to the comprehensive assessment of
surgically relevant clinical parameters of the implant
site, including details of the osseous tissue structure,
bone dimensions (height and width), proximity to the
mandibular canal, respectively nerves and foramina,
and delineation of the osseous boundaries of the maxil-
lary sinus. This is particularly important in cases where
conventional imaging techniques such as CBCT may be
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inadequate due to limitations in visualizing soft tissue
structures.

For more than three decades, MRI has been used
to image the pathoanatomy of the dentomaxillofacial
region, allowing simultaneous radiation-free visualiza-
tion of soft and hard tissues [20]. Several previously con-
ducted clinical studies have demonstrated that MRI has
the potential to be used for dental implant planning, even
though the aspect of template-guided implant position-
ing was not initially considered [12, 21-23]. Nonethe-
less, the long scan times of up to 30 min and suboptimal
image quality with insufficient resolution at slice thick-
nesses of up to 4 mm have, until recently, proved unsuit-
able for daily clinical routine. However, the data obtained
support that MRI using conventional MRI sequences
(T1-weighted gradient-echo (GE) and fast spin echo
(SE) sequences) has been shown to provide similar, non-
inferior information to CBCT or CT in the preoperative
planning of dental implants [23, 24]. It should be noted
that the conventional MRI protocols used in these studies
allowed the acquisition of signals from nonmineralized
soft tissues but could not directly visualize mineral-
ized crystalline tissues such as teeth or bone, presenting
them as dark voids or regions devoid of signal. In clini-
cal practice, X-ray-based three-dimensional sectional
imaging modalities, particularly CBCT, have established
themselves as the gold standard for patient-specific pre-
operative virtual surgical planning, and the subsequent
fabrication of CAD/CAM-generated drilling templates
for guided implant surgery [4, 25]. The use of planning
software enables the virtual positioning of implants,
taking into account prosthetic and anatomical consid-
erations and the available bone level so that the virtually
planned implant position can be transferred to the surgi-
cal site with appropriate clinical accuracy [25]. However,
with the increasing use of CBCT in medical imaging,
potential concerns have been raised due to cumulative
radiation exposure, resulting in an increased susceptibil-
ity to thyroid cancer and meningiomas [26, 27]. Ongoing
research is still being conducted to understand further
the exact relationship between radiation exposure and
the implementation of X-ray-based scans in routine clini-
cal dental procedures.

Recent developments advancing the field of dental
imaging towards innovative MRI protocols optimized
specifically for dental applications, along with the inte-
gration of dedicated novel coils, have enabled the acqui-
sition of high isotropic 3D resolution, with significant
improvement in resolution, signal-to-noise ratio, con-
trast-to-noise ratio, as well as significant reduction in
acquisition times and effective suppression of artifacts
[15, 28, 29]. As a result, MRI is emerging as a promis-
ing and reliable alternative to CBCT for dental implant



Page 7 of 19

:14

(2024) 10:

Al-Haj Husain et al. International Journal of Implant Dentistry

uoneluswbne

b1y 2U0q [ed11IaA K12bins Buibew!
anesadolsod pue (3S)oyda  WI| snuls Jaye syruow 9DUBUOS3)
Buiuued sanels uids payyblam 93141 pue a10§eq onsubew Aq Aoyin|
-doaud Joy ays 2> -11'3sd) }99Mm 2U0 suolbal uonelado )| '900¢
-161ns 243 Jo uonezie oy uids 1sey KJej|ixeu snojny (sieak SNUIS Y3 Jo ‘e
-NSIA UoIIN|0SaI-YbIH V/N U ol V/N 161 v/N'sauedul €1 pa1yblom-z]  -Uspasyl Jo uonenjer  G5-8¢€)y/N siuaned g 1USWISSISSY [ERE'S ¥
usw
-jeal] Jueidw)
|eiuaq o1 Joud
sisoubelq ul
Sealy [euo1das
-Ss01D) pue
sjeue?) Jejngip
U\ JO UoI}
Aupgerjsi Juswiean uedw ey -2919( aY1 1oJ
lapeal-enul pue -uap 01 Joud Y\ pue puibew|
-191Ul ybIy yum 1D Buisn says yuejdull 9DURUOSIY
'S9SeD 9U1JO Jley Ul ueder ‘010Ay Je|OW JeINgIpUBW JO onsubeyy pue
os op o1 pajiey  ‘uoieodiod Abojoydiow |ed1uoy Aydesbowo] ueder
1D 9|iym ‘sased nzpewiys -eue ay1 Jo Aljige (sleak -paindwio) Jo 700¢
|[e Ul [eued ay1 051 YA -12919p 9y3 Jo uostied 5/-5¢) Apmg aane.ed ‘e
paynuspl 4N XINOVIN V/N V/N 191 v/Nsiueidwl 61 -pa1ybrom-1]  -Wwod pue uonenend ‘sieh6g  swudned L L -WoD Yy einwew €
Ayenb abew ayy
padnpail sjelalew s
dljjeI2wW Ag pasned ‘PUBRASD s9ouanbas
SIDBJILY 'SnuIs Alg| PENPIRRUEN pa1ybram-| | uoljel
ew pue [eued Je|  -SAS Buibeuwl| [PUOIUSA Aydone -uedw [eusp
-NQIpUeW 3Y3 e yans 9OUBUOSIY -uod pue JB|ODAE DIDAIS YIM Buiuueidioy  Auewien
'S9IN1ONIIS JURAD|I onau s9duUaNnbas siusnedul buibew (s1paA 68 Aydeibowoy 1007
AJ[eo1Wioleue Jo -bey pRi4 passaiddns-1e) uejdwi-a1d oy 1) 9DUBUOS3)  “| 12 PoJs
uondidap pajielsg -ybiH 26p3 SUIW 6097 | V/N 151 /N ‘Pa1yblom-| | [YIA JO JUBWISSISSY ‘siesk o swuaned G| onaubepy -seH 4
S1DBJIE [BWIUIW YIIM
'S2IN1ONIIS [eDIUIO0)
-eue PaJeD0SSe pue
2U0Q SNOJ|9DULD pue
[BD11I0D U92MI2q Anspusp  wopbury
Buiysinbunsip Auewa Juswadeld uejdw 1oy pauun
‘211s uejdwi ay1 JO ‘usbuel3 wniuelni(eingipuew  anbiuysal (35) 1uejdwi [eaUSp JO) Buibew 9dueu  ‘puepods
UOIIeZI[BNSIA SAIRID DY SUSWAIS 10> peay XIS pue Asejjixew  oyda ulds isey |9A3] UOq 3|qe 0524 dl3aubew ‘3661
-doaid @1eind0y ‘eAIA URAO suuw9|:g  Ausnbaloipey 1¢0 €1) siuedu 6| -pa1yblam-1 | -jleAe 9y Jo uonen|ens V/N  siusiied || PlRY-MOT e 13 Aei L
(A>eandde
/kunqisesy) A1unop
si91owesed awn 10> syibuains sjuedwi (bueu) ‘leap  Jaquinu
awomnnQ ISP YN uonisinboy 1YW Jo adAL pieid  jo adA) puesaquny saduanbasiyw saAndafqo Apnis  ‘sbe ues|y ozis sjdwes Apnis qoyiny Apnis
M3IA3I u_umrcwpm\ﬂm SIY1 Ul S=1pnis papn|oul JO soiisiieloeley ) ¢ ajqelr



Page 8 of 19

:14

(2024) 10:

Al-Haj Husain et al. International Journal of Implant Dentistry

9ouanbag
2ouanbas uopeuIquoD
(DIYAVIN) uoneu sbew| adueu
-lquod abewl| -059Yy-3|qeleA
9OUBUOS3I 3|qR uopisinboen
-lIBA YUM -In e buisn
uonisinboennw uoleiauan
uonn|osal deyy uon
SeaJe |eDIiId Ul uol} VSN -ybiy e pue -enuany
-D3110D uollenuane ‘UISUODSIA U030 Buibew Y/13d paseg-uoxiq ul
paseq-abew Y bul ‘9NeM|IN uopenuane pugAy ui syuejdul syuedw|
-MOl|e ‘3zIs 10ejie ul ‘aledyijesy 13d paseq-bul [eIUSP WO} S1oejinie |eausg wouy
uodNPaI %0/ JUed ou129[3 -Bew Y 1oy [BI9W SZ|WIUIW O} S1ORJLY [EIDN pug
-y1ublis e pamojje pue [ISENED) pasn (uoxiq) Hujbew paseq-yin 9o3Npay O} -19ZUMS
syuaned eur  Jauueds bul 9ouanbas oyds uoxig sidepe 1eyy wyloby uy ‘sloz
1SNQoJ sem Wyiloble  -Bewl ‘05/YIN -jualpesb lenp wyiobje ue jo :buibewl| Yy "Bl
pasodoud ay | K19n0251Q SiUIW €9 V/N 1€ wniuell /N |euolsuswig-¢ 1uswdojensg V/N syuaned g /13d PUAAH 196Ing 9
saljepow bul
-Bew| y1oq usamiaq s9duUaNbas uone
puUNoJ SodUSIRYIP oyde-ulds -njeAs yueidwi
uedylubis ou yim paiybram -aid aya ul (1D)
‘syuejdwy [eIusp -|L pue Aydeibowo|
aAneladoaid 1oj paybram-z | YN pue paindwo) pue
9115 [ea16uns ayy ul ‘Pa1ybIam-(ad) 1D Aquonen|ead (YIA)) @dueu Kjey|
sjuswaINseaw Alsusp uoloid wuejdwi-a1d 10§ [9A9) -053Y dl}duU ‘0107
2uoq 3|qeljal pue len] (snosayueblewe) ‘@duanbas oyda 2u0q ay3 Jo uosiied -Bepy jo Apnis QERE]
UoI1eZI[eNSIA 31RINJDY v/N UlW 6 3D3U pue peaH 151 syueidwi Jold ‘v/N -Jualpesb-i1se4  -WOD pue uolen|eAl V/N  swaped s aAneledwod y edwod S
(A>eandde
/kunqiseay) Anunop
si9)9wesed 1100 syabuains sjuejdwi (abueu) ‘71e3\  Jaquinu
awonnQ DINBP YN 1YW Jo @dAL pidl4 jo adAy puessquiny sacuanbasiy saandafqo Apnys  ‘abe ueayy 9zis sjdwes Apms “loyany Apms
AUWDCECOUV gojqel



Page 9 of 19

:14

(2024) 10:

Al-Haj Husain et al. International Journal of Implant Dentistry

puibew

dW/13d ur uonesuniy
Apoq Jo/pue s1dejiie
|e1ow Ag pasiwoid
-W0d sabew YA

[dIN/13d Ul siodis uol
-edynuenb HupNpai Jo
wie ay1 yum ‘ssuejdudy
[PIUSP O} NP S1DBJLIE

DljjeIoW Ag pasiw

uon

-9|dwod 103[qo
paseg-buiules|
daap buisn
Uo1103110
uonenusye

Bunajdwod ul s1oey VSN ‘01yo -01dwod sabewl] 14AI/13d ul uon
-11Je JO UOIIDNPaJ pue ‘PUBRAS|D 9ouUanbas YA Ul UOIBULIOJUI -dNpai 10ejaLIe pue|
yoeoidde pasod IO =ETN] paybram-| | Bussiw 2yl 11p uedu |eyusp -19ZUMS
-oid sy joaduew  sdijiyd ‘wel paiejodisiul -a1d 01 1UBSWSSasSe (s1eak e1aW pue '0z0T
-Joyad buisiwoid  -sAs |4 N/13d S|ela1ew dljje1aw SL12WN|OA paseq-buiules) //-06) syjuaned  uopesuadwod “le19
moys synsaiayl 41 Aunusbul /N V/N 1€ /N gguoxig  dasp e jo uonediddy 's1eak 69 (o4 uolnedUNI| 1qelry 6
trdap
Jousisodosaiue pue 1UDWISSaSSe
"yipim [enbuijod 1elb snuis
-ong ‘1ybrey 1eib Ale||ixeu 1oy
SNuIs 1oy ] gD pue YN pue Aydeibowoy
|4 U99M19q suone) Auewiian 2ouanbas | HgD buisn A1abins 1| paindwod
-91102 JUBdYIUBIS YUm ‘uabuei3 oyd9 -ulds SNUIS [R191€|IUN ISR weag-auod pue
'PIAIDSCO SPM CIRIN=ET pa1ybram-z | SUOISUSWIP dUOq Buibew |1zeig
eale payelb ayy ul HUEIWETIS ‘9ouanbas  aanesadoisod jo usw 9DURUOS3I D11aU '020T
aNssl duoq Jo {IEW, oyoa-ulds  -ssasse aallellfenb pue (¥/N) -bew usamiaq “e1d
oouasaid ayl  WOLINOVIN V/N 10> peay 151 V/N pa1ybrom-1 | aAlRIIUBND 'sieak 65 syuaneds | Uol1e|2110) oulneT 8
s2ousanbas
dYWvM 1seluod
7LYBiy e yum
(SSID) =1815
SRENIE] Apeais Ul 9oua
Burn|g e yim paier BEENIEN)]
-0sse sem 1nq ‘Alllenb -dNJISUOD) pue
abew panroidull ‘uoyssaiddns
Jayung sanbjuyay Aueuwlao 185 YIM (3GIA)
(DOVINIS) uonoal ‘usbueiz uoneujuexs
-10D 10ej11Je [P1auWl CIRINE ploY-y1eaiq
Buipodus-a2I|s pue SUaWIAIS pa1ejodiaqul
(1vA) @nbruyday ‘O1UeAY JLIBWN|OA s1oejoue uon
9)bue Malnjoasn  WOLINDVIN pawyblom-1]  [exdw buipiebal Ajjen -dNpal 10ejie
3y "s1oejiue dj| -AuewiIsD ‘soouanbas  -adsa ‘A1abuns Juejduwil [eI9W 0 piebHai
-[e1aW ul uononpal ‘uabuei] |10d (349) oyoo U |erusp ul (NVI) 9AIsu |erads yim
JuedyIubIs e pamoys CIIRIUM=ETH] 928}NSs [eUOI} -lpeib pue (3G1)  JRJOAJe JOLDUI DU JO 9AIDU JejOdAlR  AuBWIRD
Juswiredwi Ny A10s NYEIENS -Ippe ue yum oyds uids oginy 1YW 2Anesadolsod Jo Jolajul 8yl Jo ‘7102
-Uas0Inau aAielado ‘OLIDA 10D peay (Qg) |euols suoneywl| pue [en Buibew adueu QERE]
-150d yum $103(gns  INOLINOVIN SIUIW 8507 |ouueYd-7 | 1 €J0G|  S[eUaeW lj|e1auly/N -UsWip-aa1y]  -uai0d ayy Ajnuspl o V/N syuaned /  -0sa1 dpaubely 15q0ld /
(A>eandde
/kunqiseay) Anunod
si9)9wesed awn 1100 syabuains sjuejdwi (abueu) ‘71e3\  Jaquinu
awonnQ DINBP YN uonisinboy 1YW Jo @dAL pidl4 jo adAy puessquiny sacuanbasiy saandafqo Apnys  ‘abe ueayy 9zis sjdwes Apms “loyany Apms

(panunuod) g ajqey



Page 10 of 19

:14

(2024) 10:

Al-Haj Husain et al. International Journal of Implant Dentistry

SUOIeINSD
1UBWINSEaW D1IBW (@8]} Apnis
-N|OA pasned aney 10> pajdnod [eaUSWILIRAXD
s1oeji1e abewl| sased Auewao AjeAnonpul anbiuysay Aydoure suogq e ue—buiesy
2WOS Ul INq ‘A|[eulp ‘usbueli3 |eioRIIUI UB pUR (1VA) Bun  -oaaje yum syuaned uj Allea buunp
-nybuo| syelb suoq  ‘sissulyljesH ‘(O7) 102 o|bue MaIA yim Buieay Ajes buunp syeibauoq  Auewssn
Kejuo snobojoine SUSWIRIS doo| anle2al saouanbas syelb auoq Aejuo (s1e9h 9 Kejuo snob 1202
Buibew A|a1eindde Jo eUISIg suiu wo {7 e ’|lod (3SL) oydau  snobHojoine Jo SWN|OA -90) syuaned  -ojoine jo Aejd "1
ajgeded I YA WOLINOVIN €0:5-8€:7  Mwsuen Apog 1€ v/N -dsoqun| az 1elb JO JUsWISSaSSY  's1eak §7§ 0L -SIp 3yl o} YN 26604 4!
2ousnbas
adAiol0ud syuejdwi ayy Jo
(3DVdS-LVAS) suonisod papinb
35N [eD1Ul[D J0J uonnjoas s|bue Ajjea1bans pue
9|geaNs bulsqg sspinb -diyusssyip  pauueld syl usamiag
||e 1SOW e YUM 9/ 18 Buisn sisesuod sapuedainsip
sixe Juejdwi pue paziwndo-uolr  Jeinbue a1en|eAs pue Aujigers) pue
90¢ 1e uonisod -ed||dde yum 13151631-02 0} pasn Adeindde jo
1ue(dwi 4oy paiinbal uonoaylad 9I9M S195€1eD | DFD Apn1s OAIA Ul
alam sueld |y 01 Buidwes e uo ‘uonippe u| ‘A1abins ‘aAnadsoid e
syuswisnipe paseq Auewie paseq 1uedwi [eausp bul :Bujuued
-10gD buluueid ‘usbueli3 ‘pasn sem  -oblapun syuaped ul uejdwi [pIUSp
JusWIeal} paseq CIRIUp=ETH] 1uaipesb bunn uonesuqey apinb [ed papinb 23l Auewssn
-4\l 4O} JUD|[9IXD SeM SUSWAIS -161ns pue buiuueld -uoneipes Joj ‘0702
1uswaaibe Aljepow ‘ol Wil |10D |eIUSP V/N 1151 juejdull Joj pasn (V/N) siuaned [dIN [e) “lele
-I9ul pueJaielsul INOLINDVIN Siulw Gt/ [ouUeYd-G| 1€ ‘syuejdul Gy Gels-nniN 2I9M $195B1eP [YIN ‘s1eak /G 0€ -uspJoasn  plRyuabiiH Ll
o|geideadde
Ajjeaiud buisqg
uonisod jueidwi
|enide ay1 pue Apnis
pauued Ajjen 100d [eo1ulp
-IIA 94} U99M1Sq 1Y Buisn v—A19bIns
suoleinap bul spug| (MI1S) 9|qlseay st buluued uejdwi (eIUSP
SNSaI YL YUM  -ISUISN Sy} JSEVYREIRIeI uejdwi [eausp Q€ papinb
'S95PD A1 JO 045G/ Ul ‘1599 ‘a1ed -J9AUI NeY oYs papinb-a1ejdwa) -endwod  Auewsn
9|qIseay sem AIabins -U3jesH Keuse auids pawyblem-z] g€ paisisse-1aandwod Jo paseq buibew ‘0207
ue|dw [eIUSP 329N pue pesH v/N ‘92usnbss suoq Aujigisesy sy Jo (¥/N) syuaned 9DURUOSA) QERE]
papInb paseq-|y SUulw 16 [puueys-9| 1€ ‘syueidwi gL paaybrem-1 ] ge uonenieny ‘s1eah 6 4 onzubely 15q0ld 0l
(A>eandde
/kunqiseay) Anunod
si9)9wesed awn 1100 syabuains sjuejdwi (abueu) ‘71e3\  Jaquinu
awonnQ DINBP YN uonisinboy 1YW Jo @dAL pidl4 jo adAy puessquiny sacuanbasiy saandafqo Apnys  ‘abe ueayy 9zis sjdwes Apms “loyany Apms
AUWDCEcOuv gojqel



Page 11 of 19

:14

(2024) 10:

Al-Haj Husain et al. International Journal of Implant Dentistry

$9INPad0I
Bujuueld
(344 MLLYH wedw
@ag) dusnbas |e2161nsald Ul
OY>9 p|ay 1se} 128> 0}
108D 01 paledwlod pa1ybrom -1 | 128D Yyim SNjeUIRY
SSDURIBYIP JUBDYIU uopnjosal 1 aledwod 01 pue || 92./4-Uolje|pey
-Bis ou pamoys pue spue| ybiy gs ‘3sL uoneoyldwe [eubis ‘SAISPA
Jouadnssem3g] -J9YIaN dY) MLLYH Q€) |e1USp paledIpap e -UJUON Se [10D
ML YH g€ Agaiaym 1599 ‘a1ed 9ouanbas oyss puisn uolned
‘sjox0304d |4\l -YijeaH ulds -oquny Hujuueld Jueidwi -ylldwy-jeubls  Aueulan
||e Aq 3|q1seay Ajjed sdijiyd pa1ybrom-| | |eIUSP JOJ SAIRUII[R |ewag ‘lzoz
-luyoa1 sem bujuueld ‘eAIYDY 102 [9u v/N uonN[OSal  93lj-UOIIeIpel B SE [Y|A (s1eak g/ swuaned pa1edipag QERE]
uejdwy [eruag sdijiud SUlW¢Geig  -ueyd-y [eNgio 191 ‘syuejdwi 7z -yby ge [BIUSP JO UOHENjeAY —61)'V/N 9L BUYUMYN LS Yd0puels 1
2ouanbas
adAfoyoid
(3DVAS-LVASN)
uonn|oAS a|bue
Bujuued -diyj uaseyip
pJeMYDEQ 931§ Buisn sisenuod
-uoelpes 4o} bulsi paziwndo-uon
-wolid ale sanjeA ayy -edjjdde yum
'ssa|oyLaAN ‘papInb uondayad puibew puibew
-1DgD Joj ueyy Bujiduwes e uo  2dURUOSAI dNBULRW 9OUBUOSI D1IDU
sixe pue xade ‘Jujod Aueuwlao paseq |BIUSP UO paseq -Bew eyuap uo
KI1US 10§ J9MO| SBM ‘usbuel3 ‘pasn sem ‘Buiuue|d piemyoeq paseq A1ebins  Auewien
A12bins yueidu ‘3JedU3|eaH uaipesb bun - Buisn A1abuns Jueidwiy juejdwi papinb 1202
papinb Ajjened SUSWIIS 9|bue-maln yum papinb Ajjenued jo (sleak G/ Ajjened jo “le1s
papINB-|YA JO ‘Ol Wil 102 [e3Udp V/N uonisinboe  Adeindde [euoisuswip -67) syuaned  Adeindde jeuols Bulp
Aeinddegeayl  WOLINOVYW ulw | |auUeYd-G| 1€ ‘syuejdwil |4 qe|s-N - -92141 ay1 buikynuend 'sieak /G PE  -UBWIP-93Jyl  -umyds €l
(A>eandde
/kunqiseay) Anunop
si9)9wesed 1100 syabuains sjuejdwi (abueu) ‘71e3\  Jaquinu
awonnQ DINBP YN 1YW Jo @dAL pidl4 jo adAy puessquiny sacuanbasiy saandafqo Apnys  ‘abe ueayy 9zis sjdwes Apms “loyany Apms
AUWDCECOUV gojqel



Page 12 of 19

:14

(2024) 10:

Al-Haj Husain et al. International Journal of Implant Dentistry

salijepow bul
-Bew yioq usamiaq
JUDUISSASSe SSaU
521y} 2Uoq [ed

-DNQ Ul S9DUIRYIP

YA 21815
-Apea1s oyda
-9|9nop ge pue
Aydeibowioy
paindwod
weag-auod bul
-ledwod Apnis

JuRDYIUBIS OU Y1M jo1d v :Bulu
‘uoleyaidisiul Auewiian -ue(d juejdw pug|
Jnsoubelp Juspyuod ‘usbueli3 [PIUSP JOLSIUE  -ISZUMS
pamojje pue  ‘siaaulyljesH 14 (SS3Q) Hujuueld yueidwiy 1eIpaulwl 1oj Y44
S10Bj11Je OU 01 UEIETS 110> 91815-Apea1S  JOLISIUE JOJ SSAUNDIYY (sleak S 1UBWISSISSe ‘e
33| pamoys A1l ‘OLLIA 329U-pue-peay oy29-3|gnop 2U0q [DNQ JO UOIY —61) SSaUDIY} ulesny
-lenb abew|  aseajal) e1AyS SIUIW 77 L |aUUeYd 9 1€ V/N  [PUOISUSUIIP-€  -BN[AS |4\ 'SA 1 DFD 'sieakze  suusned Q| 2uo(q [e2dNg feH-Iv 91
3ousnbas
adf010id
(3DVdS-LVAS)
uonn|oAd 3|bue
-diyy uasayip Aydeibowo|
Buisn sisesuod paindwod
paziwndo-uon Aujigerai uleag-auod pue
-ed|dde yyum  Ia3el-esul pue -1a1ul Jo puibew| aoueu
[YW Yum ueyy uonoaylad 1USWISSaSSe pue -0$9Y dl1au
129D Yyum Burdwes e uo yoeoidde bujuueld -Beyy uo paseg
19yb1y sem Aujigel|a) Auewiian) paseq plemydeq e buisn Buluueld
J31eJ-ejul pue ‘usbueli] ‘Pasn sem 129D PUe YA\ uo uejdw [elO Auewl
-J91Ul pUB YA UBYL  !SI98UlYleaH uaipesb bunn paseq buiuueld |euoIsUsWIg  -499 ‘170
3|qinpoidal SUSWAIS 9|BUB-MIIA LIIM juejdwi g 4o Aujql -9214] Jo Aiq! “le1e
2I0w sem bujuueld ‘ol Wi 10D |e1USp /N uolsinboe -onpoudal duisw -onpoiday bulp
Juedwi paseq-104>  WOLINDYW ulw ol [puUeYd-G| 1€ ‘syuejdwl Ly QeIS-BININ -03b jo uonenjery V/N  swuened /g SUIBWORH  -UIMYDS Sl
(A>eandde
/kunqisesy) Anunod
sivowesed J100 syibuans sjuejdwi (9bueu) ‘l1edp  Jaquinu
awomnnQ DINIP YN 1YW Jo adAL pield  jo adA) puesaquny saduanbasgiyw saAndafqo Apnis  ‘abe uealy azis sjdwes Apms “Joyiny Apms

(panunuod) Z 3jqey



Page 13 of 19

(2024) 10:14

Al-Haj Husain et al. International Journal of Implant Dentistry

+

paqL2sap
S)UDdIP1IDY
e1ep 1o}
21eldoidde
‘paqLdsap
spoyiap
[D2NSIDIS
a1enbape
'UO[IRALIDP JO
uoneue|dxa
:az1s 3jduwips

paqLdSap
Selq Jo
$92IN0S
[ennusiod
SsaIppe 01
SCIE]
Aue :spig

paqIsap
Uo[129)3s Jo
spoyiawl pue
‘2112112
Aupqibie
:S)UDdIP1IDY

salep
1UBAS|3) pUR
‘uonedoj Jo
sulla) Ul
paquIsap
sbuimas
[leisp ul
paquIssp
:ubysap Apns
paneuwloy
Ajes)d
SaA22190

[£1]
€202
“le1e

ulesny
feq-|v

[rv]
‘Lzoz “e1e
Bulpuimyds

[L€] L2ZoT
“le3d

yoopuein

[9¢]
‘Lz0T “1e 19
Buipuimyds

[e€]
L20T [yl
“le3d 0zOT “|e3d
a66n|3  pI3yuab|IH

[€l]
0co0c
“le1d
15qoid

[rs] [zgl
0coc 0zcoc
“le1d “le1d
Iqely  ouuneq

[zs]
£10¢
“le3d

15qoid

[ss] [ez]
sLoz  oloc
“lel@  “el

196ing edwod

[vel
‘900C
“le3d
|ouas

[zl ¥00T
“le1d
einwew|

(o)
L00Z
“lels
PI3jsseH

(12)
8661
“leid
Aein

IsIP3YD

(ou= —'s9k=+) (3g0Y.LS) ABojoIwapPId] Ul S3IPNIS [BUORAISSTQ JO Bulioday ayi buiuayibuans

343 JO UOISISA 1JOYS PayIpOW B UO PISE] PISSISSE SBM M3IASI DIIBWSISAS SIU} Ul paieiodiodul salpnis ay3 Jo ABOjopoyIaw syl Ul Seig JO st 8y} JO Juswssasse AljenD € ajqeL



Page 14 of 19

(2024) 10:14

(EERIETe)}
(%689) (%68 (%68) %v6) (%€  (%€8)  (%8L) 8140 1IN0
(%68) 9L (9v6) L1 96v6) L1 (%668) 91 9l (©6v6) L1 9l 9l (%W6) L1 Ll Sl Sl vl (%€ SL (%€8) SL (%09) 6 [eloL

passnsip

S)NsaJ 3yl Jo

Ajiqezijess

-uab Aypion

+ + + + + + + + + + + + + + + + [puIRIXT

papiroid

S}NsaJ Jo uon

-p12idI1Ul

||BIDAO :UOs]

+ + + + + + + + + + + + + + + + -p12idialuj

passnosIp

seiq |ennualod

Aue pue

‘Apnis ay3 Jo

suoneywl|

+i4 +i4 +i4 +i4 +i4 +i+ +i4 +i4 +i+ +i4 +i4 +i4 +i= +i= +i4 +i=  suonoywi]
pariodal

pa1oNpUOd

sasAjeue

19430 Aue :sis

- + + - - + - - - + - - - - + - -Ajpupiay10

panodal

SIENE]

9WO02IN0 JO

lagqwinu :p1op

+ + + + + + + + + + + + + + + + awo2INO

[£1]
€20T [e€] [€1] sl [cel [zs] [ss] [ez] [vel (t44)] (12)
“leld [b¥] [L€]LToT [9s] Lzoc [ev] 0zoc 0zoc 0zoc £10¢ SLoc oLoc ‘000z [Tl ¥00T L00T 8661L
ulesny  ‘Lzoz “|e1e “lel®  ‘Lzoz“|e1®  “|e1d@ 0ZOZ“[RI®  “|e1®  “|eld  “e1d@  “le1@  “el@  “el@  “|e1d “ley “le®  “[ew
feH-ly Buypuimyds yoopuein bBulpuimyds a66n|{ pRJuabliH 3Isqoid Iqesy ouune] 3sqold Jabing edwod  [9udS  einwew| plRJsseH Kein ISIPPRYD

Al-Haj Husain et al. International Journal of Implant Dentistry

(panunUOd) € 3jqey



Al-Haj Husain et al. International Journal of Implant Dentistry

(2024) 10:14

Page 15 0of 19

Patient Selection
Index Test

Reference Standard

Flow and Timing

|

I

[

|

\
0% 50%

Risk of Bias

I 1
100% 0% 50% 100%

Applicability Concerns

m-

Unclear

H-

Fig. 2 Study risk of bias and applicability concerns assessment using the Quadas-2 (Quality Assessment of Diagnostic Accuracy Studies 2) tool

surgery, both for accurate diagnosis and perioperative
treatment planning, when indicated. Previous stud-
ies have shown that CT, CBCT, and MRI have excellent
intermodal agreement for dimensional and positional
measurements, including parameters such as bone height
and width and bone dimensional volume [23, 29-31].
Especially in the perioperative assessment of sinus lift
surgery [32] or onlay bone grafting [33], excellent results
seem to be obtained with a significant correlation
between MRI and CBCT. Sinus floor elevation proce-
dures showed the best intermodality agreement for sinus
graft height, buccolingual width, and anteroposterior
depth [32, 34], whereas onlay bone grafts allowed accu-
rate longitudinal visualization, with image artifacts in
some cases causing volumetric measurement deviations
[33]. Thus, it can be concluded that MRI allows accurate
assessment of the outcome of sinus floor elevation with
high image quality and little or no artifacts. Mineralized
dental tissue is challenging to depict using conventional
MRI sequences due to its low proton density and biologi-
cal composition, which limit the molecular motion of
hydrogen nuclei within water molecules, coupled with
rapid signal decay after radiofrequency excitation [35,
36]. For effective visualization of teeth and critical bony
structures, such as the osseous boundaries of the maxil-
lary sinus and mandibular canal, along with the inferior
alveolar nerve, specialized sequences are required. These
sequences should be capable of acquiring rapidly decay-
ing signals, a feat achieved by implementing ultra-short
echo time (UTE) and zero echo time (ZTE) techniques.
These techniques offer the advantage of generating CT-
like contrast while simultaneously enabling the visualiz-
ing soft tissue signals [37, 38]. Thereby, ultrashort hard

pulse excitations and three-dimensional center-out radial
sampling are utilized, resulting in high-quality imaging.
Due to its ultra-short echo time, the UTE protocol is also
particularly well suited for reducing metal or field inho-
mogeneity artifacts, highlighting its enormous potential
in dental implant imaging [14]. Regarding the visualiza-
tion of neural tissues, especially the continuous depiction
of the trigeminal nerve and its peripheral branches, such
as the inferior alveolar or lingual nerve, the combination
of black bone MRI sequences, such as 3D-double echo
steady state (DESS) sequences with novel mandibular
coils provides excellent perioperative imaging of the sur-
gical site [9], [39]. For high-risk procedures near vulnera-
ble soft tissue anatomy, such as vessels, nerves, gingiva,
and adjacent periodontal ligaments, DESS MRI could
enhance the procedure’s safety and improve patient out-
comes. However, both CBCT and MRI can have limita-
tions in terms of accurate visualization of the occlusal
surfaces, which is required for precise tooth-guided
implant positioning. Both in vitro and in vivo studies are
currently demonstrating the feasibility and accuracy of
the MRI-based approach regarding the accuracy of par-
tially and fully guided dental implant surgery for the res-
toration of single-tooth gaps and for partially edentulous
and edentulous mandibles [40, 41]. Probst et al. con-
ducted a study to demonstrate the feasibility of 3D
T1-weighted bone sequence and 3D T2-weighted short
tau inversion recovery (STIR) MRI for computer-assisted
template-guided 3D dental implant planning, which was
achieved in three-quarters of cases, with the resulting
deviation between the virtual planned and the actual
implant position being clinically acceptable [13]. Another
study supported the feasibility by effectively visualizing
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all anatomical structures relevant to implant placement
comparing various MRI protocols, with 3D HR T1w TSE
being superior and showed no significant differences
compared to CBCT [31]. Hilgenfeld and colleagues con-
ducted a study in 2020 to demonstrate the usefulness of a
multi-slab acquisition with view-angle tilting gradient
was used, based on a sampling perfection with applica-
tion-optimized contrasts using different flip-angle evolu-
tion (MSVAT-SPACE) prototype sequence for implant
planning and surgical guide fabrication. The MRI data-
sets were co-registered with the CBCT datasets to evalu-
ate angular discrepancies between planned and surgically
guided implant positions. For implant planning, inter-
rater and inter-modality agreement for MRI-based treat-
ment planning was excellent, but CBCT-based
adjustments to MRI plans were required for implant
position in 30% and implant axis in 7%, with almost all
guides being suitable for clinical use [42]. Thereby, the
mean three-dimensional deviations between MRI- and
CBCT-based implant position were 1.1 mm at the entry
point and 1.3 mm at the apex, with a mean angular devia-
tion of 2.4°. Furthermore, another study integrating
intraoral surface scanning and 3D printing into guided
implant surgery has demonstrated the need for an imag-
ing modality that can effectively and accurately visualize
mucosal details [43]. However, another evaluation of
MSVAT-SPACE-MRI compared to CBCT in assessing
the geometric reproducibility of 3D implant planning
using a backward planning approach showed higher
reproducibility and inter- and intra-rater reliability for
CBCT [44]. Obviously, MRI of the oral cavity is chal-
lenged by artifacts that may compromise the accuracy
and quality of the acquired images due to the presence of
dental restorations, depending on their composition and
physical properties, field inhomogeneity, breathing, or
tongue and deglutition movements [12]. Addressing and
minimizing these artifacts is critical to the reliability and
interpretability of dental MRI scans in the comprehensive
assessment of dental implant therapy. Efforts are there-
fore being made to optimize MRI protocols, patient prep-
aration, and technical software and hardware. However,
in clinical practice, the presence of artifacts in all imaging
modalities, including CT and CBCT, needs to be consid-
ered as dental restorations causing image artifacts are
more prevalent in patients undergoing dental implant
surgery due to their tendency to be older, which may
affect the accuracy of transferring the surgical plan to the
surgical site [45]. In CBCT imaging, metallic artifacts
appear as black-and-white streaks, predominantly arising
due to X-ray diffraction and photon starvation [46]. In
the context of dental implant surgery, the challenge of
metallic artifacts extends beyond implant materials
themselves. Even the drilling procedures performed
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during surgery that result in metal debris can cause
severe degradation of image quality, as they can become
embedded in surrounding tissues [47]. Although artifacts
in MRI may originate from similar sources, their underly-
ing physical mechanisms, mainly due to magnetic field
distortions, and their visual manifestation vastly differs
from X-ray based imaging modalities. While the streak
artifacts induced by CBCT are usually less severe in MRI,
the presence of these artifacts can still compromise the
diagnostic utility of images the images [48]. However, in
contrast to titanium implants, zirconia implants showed
minimal artifacts and were visualized together with the
surrounding tissue with an accurate signal-to-noise ratio
[30, 49]. Initial efforts have included the implementation
of specific dental MRI protocols, including view angle
tilting (VAT) and slice-encoding metal artifact correction
(SEMAC) techniques, already successfully established in
orthopedics [50] and neurosurgery [51], which have
resulted in a reduction in metal artifacts and further
improved image quality, but have been associated with a
blurring effect [52, 53]. Similarly, in oncological imaging
such as PET/MRI in the head and neck region, several
studies have aimed to reduce metal artifacts from dental
implants by applying deep learning-based assessment to
predict the missing information [54]. The results showed
promising performance of the proposed approach and
reduction of artifacts in the completion of MR images
affected by metal artifacts and/or body truncation in
PET/MR imaging. Burger et al. developed another algo-
rithm to reduce metal artifacts from dental implants in
Dixon-based attenuation map generation using a multi-
acquisition variable-resonance image combination
sequence, showing robust results in all patients with a
70% reduction in artifact size, allowing MR image-based
attenuation correction in critical areas, leading to
improved diagnostics [55]. In addition, the use of lower
magnetic field strengths in combination with dedicated
intraoral or mandibular coils is a promising diagnostic
approach that allows fixation of the patient’s head and
jaw, faster imaging and thus shorter examination times
(up to three minutes), which plays a key role in reducing
artifacts and making MRI a viable option for clinical
applications [16]. However, further research and techno-
logical advancements, particularly in light of the ongoing
shift toward the use of ultra-low field MRI are still needed
to establish standardized approaches aiming at minimiz-
ing implant-related artifacts and enhancing the diagnos-
tic potential of dental MRI.

While radiation-free dental MRI offers several advan-
tages and new possibilities in implant dentistry, the
results of this systematic review highlight the potential of
several MRI protocols for planning, placement, and fol-
low-up of dental implant rehabilitation, with comparable
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results to CBCT-based surgical planning. The ongoing
transition to radiation-free dentomaxillofacial imaging
should always consider well-defined case-specific indi-
cations and limitations. This approach aims to achieve
the best possible patient outcome in a comprehensive,
multidisciplinary coordinated, personalized and mini-
mally invasive therapeutic approach. Given the existing
heterogeneity in the literature regarding scan parameters
and coils used, additional studies, including randomized
control trials, are needed to evaluate comparisons
between MRI and conventional radiography. Some stud-
ies in this systematic review focused on feasibility assess-
ments using MRI alone, highlighting the need for further
research. At the same time, adherence to radiation safety
guidelines is essential to contribute to an evidence-based
understanding of the effectiveness and impact of MR
protocols on clinical outcomes. For future meta-analyses,
standardization of study designs, outcomes, and methods
across studies is essential to ensure a more homogeneous
and comparable database. From today’s perspective, den-
tal MRI can be used on an indication- and patient-specific
basis to replace or complement established X-ray-based
imaging modalities such as CBCT or CT. The additional
insights derived from soft-tissue information may have a
positive impact on surgical planning. This, in turn, might
allow better prediction of postoperative outcomes, lead-
ing to potentially safer surgical approach and minimiz-
ing postoperative discomfort or complications. However,
with increased accessibility, improved cost-effectiveness
and considering the improved benefit-risk ratio, the
use of UTE or ZTE protocols with clinically acceptable
acquisition times represents a promising alternative that
can be used for oral rehabilitation planning, enabling
advanced treatment options such as guided implantation.

Conclusions

In conclusion, this systematic review investigates the
existing literature on the feasibility and accuracy of
MRI in dental implantology. The analysis focuses on the
impact of MR protocols and technical features and pro-
vides insight into their indications and limitations for
perioperative imaging. The results emphasize the sig-
nificant contribution of dental MRI in the assessment
of critical clinical parameters, including osseous tissue
structure, bone dimensions, and proximity to vital struc-
tures. While conventional X-ray-based imaging tech-
niques remain the gold standard, Black Bone MRI and
MSVAT-SPACE MRI protocols, which offer improved
hard and soft tissue resolution and higher sensitivity
in detecting pathologic changes compared to conven-
tional X-ray-based modalities, may establish themselves
as a valuable alternative in targeted cases where CBCT
is insufficient. The results of this review indicate that
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further studies, including randomized control trials, are
needed to evaluate the efficacy and impact of MRI pro-
tocols on clinical outcomes. Therefore, standardization
of study designs is essential for future meta-analyses to
ensure a homogeneous and comparable database. While
the benefits of MRI in implant dentistry are currently
being demonstrated, further research is needed to evalu-
ate its long-term efficacy, cost-effectiveness, and broader
applicability. However, implementing dental MRI into
the perioperative workflow has the potential to redefine
treatment strategies, increase precision, and improve
patient outcomes while minimizing radiation exposure.
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