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I. Lista i objasnienie stosowanych skrotow

CBCT - tomografia komputerowa wiazka stozkowa (ang. cone beam computed

tomography)
MSE - btad sredniokwadratowy (ang. mean squared error)

DICOM - obrazowanie cyfrowe i wymiana obrazoéw w medycynie (ang. Digital Imaging

and Communications in Medicine)



II.  Streszczenie w jezyku polskim:

Wstep

Tomografia komputerowa wigzka stozkowa (CBCT) jest popularng metoda oceny tkanki
kostnej wokot wszczepow stomatologicznych. Mimo jej niepodwazalnych zalet obecnos¢
metalowych struktur, jakimi sa wszczepy stomatologiczne, indukuje powstawanie
artefaktow zaburzajacych oceng otaczajacych struktur. Celem cyklu publikacji jest ocena
wplywu parametrow ekspozycji CBCT na powstawanie artefaktow wokot wszczepow

stomatologicznych oraz mozliwos$¢ oceny tkanki kostnej otaczajacej implant.
Metodologia

Wykonano przeglad piSmiennictwa z uzyciem elektronicznej bazy MEDLINE (PubMed)
wyszukujac publikacje opublikowane przed lipcem 2021 r. w jezyku angielskim, stosujac
zapytanie wyszukiwawcze ,,(dental OR dentistry) AND implant AND (artifact OR
artifacts)”. Przeglad pi$miennictwa uzupeilniono o reczne przeszukanie bazy danych.
Na podstawie przeszukiwania bazy MEDLINE do oceny zakwalifikowano 378
publikacji. 46 publikacji wlaczono do przegladu pisSmiennictwa po wczesniejszym
odrzuceniu prac na podstawie tytutu oraz ocenie prac pelnotekstowych oraz dodaniu prac

z recznego przeszukiwania bazy publikacji.

10 tytanowych wszczepdw stomatologicznych (InKone Primo, Global D, Paryz, Francja)
wprowadzono w przygotowane wczesniej dwa modele kostne wykonane z fragmentow
zeber wotowych. Wspomniane modele oraz model implantu polaczonego z transferem
wyciskowym zeskanowano za pomoca skanera laboratoryjnego 3shape E4 (3shape,
Kopenhaga, Dania). Nastgpnie dwa modele kostne poddano badaniu CBCT
z zastosowaniem réznych parametréw napigcia (60, 70, 80, 90 kV), natezenia (4, 10 mA)
oraz rozmiaru woksela (200, 300 um). Przy pomocy oprogramowania do planowania
implantologicznego BlueSkyPlan (BlueSkyBio, Libertyville, USA) natoZzono na siebie
obrazy badan radiologicznych oraz zeskanowanych modeli. Wykonano pomiary grubos$ci
przedsionkowej blaszki kostnej w dwoch wybranych okolicach zar6wno w badaniach
CBCT jak i przekrojach poprzecznych skanu modelu. Obliczono btad $redniokwadratowy
(MSE - Mean Squared Error), bedacy podniesiong do kwadratu réznica wykonanych

pomiarow, w celu oceny doktadnosci aparatu CBCT. Uzyskane wyniki poddano analizie



statystycznej przeprowadzajac  jednokierunkowa analize wariancji (ANOVA),

przyjmujac za poziom istotnosci statystycznej p < 0,05.
Wyniki

W pracy przegladowej, bazujac na 46 publikacjach, podsumowano dotychczasowa
wiedze na temat wpltywu parametrow ekspozycji na wystepowanie artefaktoéw wokot

wszczepOw stomatologicznych.

Wyniki badan wlasnych wykazaty istotne statystycznie rdznice pomigdzy napigciem
i MSE (p = 0,044), jak réwniez pomiedzy pozycja implantu a MSE (p = 0,005).
Zaburzenia pomiarowe okazaty si¢ zalezne od grubosci blaszki kostnej — im wigksza jest
mierzona odleglo$¢, tym wiekszy jest btad. Nie uzyskano istotnosci statystycznej dla

natezenia (test t-Studenta, p = 0,956) oraz rozmiaru woksela (test t-Studenta, p = 0,055).
Whioski

Jak wynika z piSmiennictwa, napigcie i nat¢zenie lampy rentgenowskiej oraz wielko$¢
pola obrazowania maja wplyw na wystepowanie artefaktoéw wokol wszczepow
stomatologicznych. Przeprowadzone badanie pokazuje, ze istnieje mozliwos¢
doktadnych pomiaréw przedsionkowej blaszki kostnej (MSE ponizej 0,25) przy
zastosowaniu napigcia o wartosciach 70, 80 i 90 kV. Zmniejszenie nat¢zenia lampy
rentgenowskiej oraz zwigkszenie rozmiaru woksela pozwala ograniczy¢ dawke
promieniowania  rentgenowskiego z zachowaniem mozliwo$ci  diagnostyki

przedsionkowej blaszki kostnej wokot wszczepdéw stomatologicznych.



III. Streszczenie w jezyku angielskim

Title: Influence of cone beam computed tomography exposure parameters on peri-

implant artifacts formation.
Introduction

Cone Beam Computed Tomography (CBCT) is a popular method to assess bone tissue
around dental implants. Despite its undeniable advantages, the presence of metal
structures, such as dental implants, causes the formation of artifacts that prevent proper

assessment of the surrounding structures.

The aim of this series of publications is to assess the impact of CBCT exposure parameters
on the formation of peri-implant artifacts and the possibility of peri-implant bone tissue

assessment.
Methods

A literature review was performed using MEDLINE electronic database (PubMed) to
search for English-language papers published before July 2021, using the search query
"(dental OR dentistry) AND implant AND (artifact OR artifacts).” The literature review
was supplemented by a manual search of the database. The MEDLINE database search
yielded 378 relevant publications. Finally, 46 papers were included in the literature
review after title-based rejection, evaluation of full text papers and inclusion of

publications from the manual search of the database.

A total of 10 titanium dental implants (InKone Primo, Global D, Paris, France) were
placed into two previously prepared bovine ribs. Two bone models and an implant-with-
transfer model were scanned with a 3Shape E4 laboratory scanner (3shape, Copenhagen,
Denmark). CBCT scans of the two bone models were taken with different values of
voltage (60, 70, 80, 90 kV), tube current (4, 10 mA) and voxel size (200, 300 um). An
implant planning software BlueSkyPlan (BlueSkyBio, Libertyville, USA) was used for
model superimposition. Measurements of the buccal bone thickness were performed in
two selected regions, using both CBCT and scan cross-sections of the model. The Mean
Squared Error (MSE), defined as the squared differences between measurements, was

used to assess the accuracy of the CBCT device. The obtained results were analysed



statistically by performing one-way analysis of variance (ANOVA), with statistical

significance set at p < 0.05.
Results

This review, which was based on 46 publications, summarised the current knowledge on
the impact of exposure parameters on the occurrence of peri-implant artifacts.
The original paper showed statistically significant differences between voltage and MSE
(p = 0.044), as well as between implant position and MSE (p = 0.005). Measurement
distortions depend on the thickness of the bone margin, and the higher the distance to
measure, the higher the error. No statistical significance was found for current (Student's

t-test, p = 0.956) or voxel size (Student's t-test, p = 0.055).
Conclusions

The literature review showed that the voltage and current of an X-ray tube as well as the
size of the imaging field influence peri-implant artifact formation. The study showed that
accurate measurements of buccal bone thickness (MSE below 0.25) can be achieved with
voltage values of 70, 80, and 90 kV. Reduced X-ray tube current and an increased voxel
size allow to reduce the dose of X-ray radiation while still being able to assess the

peri-implant buccal bone.



IV. Wprowadzenie

Planowanie leczenia implantologicznego wymaga szczegdélowego badania klinicznego
1 radiologicznego pacjenta w celu zaplanowania przewidywalnego leczenia. Badanie
radiologiczne powinno umozliwia¢ oceng jakosci i ilosci tkanki kostnej potrzebnej do
wprowadzenia wszczepu stomatologicznego. Wyniki badan Monje i wsp. wskazuja,
ze obecno$¢ przedsionkowej blaszki kostnej o grubosci co najmniej 1,5 mm wokot
wszczepu stomatologicznego jest kluczowym czynnikiem dla uzyskania korzystnego
estetycznego 1 funkcjonalnego wyniku leczenia implantologicznego [1]. Zdjecia
pantomograficzne i zgbowe sa powszechnie stosowane w kontroli pozabiegowej ze
wzgledu na niskg dawke promieniowania oraz niski koszt wykonania badania. Mimo ich
niepodwazalnych zalet, te dwuwymiarowe badania sg niewystarczajace ze wzgledu na
brak mozliwosci oceny grubosci wyrostka zebodolowego oraz nakladanie sig
sasiadujacych struktur. Badanie CBCT umozliwia trojwymiarowa ocen¢ jakoSci
1 objetosci tkanki kostnej, co ustanowitlo je zlotym standardem diagnostyki
przedimplantacyjnej [2]. W nowoczesnych aparatach CBCT, odpowiednio ustawiajac
parametry ekspozycji dawka efektywna promieniowania rentgenowskiego jest relatywnie
niewielka i moze wynosi¢ 70 uSv przy zastosowaniu pola obrazowania o wymiarach 8x8

cm lub 121 pSv dla pola obrazowania o wymiarach 15x15 cm [3].

W zwiazku z obserwowang utratg kosci brzeznej wokot implantu, ktéra wynosi 0,24mm
+ 0,62mm po pierwszym roku od obcigzenia protetycznego, konieczne jest prowadzenie
kontroli klinicznej 1 radiologicznej tkanek okolowszczepowych pacjentow po
zakonczonym leczeniu implantoprotetycznym. Rekomendacje sugeruja badanie
periodontologiczne z oceng glebokosci sondowania, obecno$ci krwawienia i/lub tresci
ropnej oraz ocen¢ zdje¢ wewnatrzustnych [4-6]. Brak odpowiedniego monitorowania
statusu klinicznego i radiologicznego moze prowadzi¢ do powstania zaawansowanego
ubytku okolowszczepowej tkanki kostnej [7]. Pomimo zalet CBCT, autorzy przegladu
wskazuja, ze obecnos$¢ artefaktow moze maskowaé osseointegracje, ptytkie defekty
kostne oraz inne rodzaje przejasnien, co utrudnia wczesng diagnoze¢ ubytkow tkanki
kostnej. Artefakty sa czes$cig obrazu radiologicznego, ktory nie reprezentuje zadnej
struktury anatomicznej w obrgbie ocenianych struktur i najczesciej sg generowane przez
obiekty pochtaniajace promieniowanie rentgenowskie [2]. Mimo ich wystgpowania, kilka

badan rekomenduje stosowanie CBCT w ocenie tkanki kostnej wokot wszczepow
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stomatologicznych. Jednakze rekomendacje Jacobs i wsp. (2018) zalecaja kontrole
radiologiczng przy uzyciu zdje¢ zebowych [2, 8-13]. Obecne zalecenia rekomendujg
dalsze prace nad rozwojem technik trojwymiarowego obrazowania, takich jak CBCT,
co pozwoli na pomiary okolowszczepowej tkanki kostnej [2, 14]. Wczesna ocena
ubytkéw okotowszczepowej tkanki kostnej pozwala na wdrozenie odpowiedniego
leczenia, takiego jak oczyszczenie powierzchni implantu, augmentacja tkanek migkkich

i twardych oraz ewentualne usunigcie wszczepu stomatologicznego [2, 12, 15].

Najczgsciej wystepujacym artefaktem w badaniach radiologicznych obszaru szczgkowo-
twarzowego s3 bledy pomiarowe. S3 one obserwowane zaréwno w badaniach
pantomograficznych, z¢gbowych, jak i badaniach CBCT, uznawanych za najbardziej
doktadne badanie w radiologii stomatologicznej [16-19]. Powodem wystgpowania
btedow pomiarowych moze by¢ efekt utwardzenia wiazki, efekt czesciowej objgtosci
oraz algorytmy redukcji artefaktow [20]. Znieksztalcenia wymiarowe s3 najbardziej
powszechne wokol metalowych przedmiotow i intensywno$¢ ich wystepowania zalezy
od parametrow ekspozycji CBCT, takich jak napigcie i pole obrazowania. Istnieje
mozliwo$¢ ograniczenia wystgpowania obu wymienionych wyzej artefaktow przez
modyfikacj¢ parametrow ekspozycji tj. zwigkszenie napigcia lampy rentgenowskiej
1 ograniczenie pola obrazowania, co jednocze$nie zwigksza dawke promieniowania
rentgenowskiego. Zmniejszenie natezenia i rozmiaru woksela wplywa na ilo§¢ szumu w
otrzymanym obrazie oraz dawke¢ promieniowania rentgenowskiego. Podsumowanie
mozliwosci modyfikacji parametrow ekspozycji oraz ich wptywu na wystepowanie
artefaktow, jako$¢ obrazu oraz dawke promieniowania jest zawarte w pracy pogladowe;j

dotaczonej do cyklu publikacji niniejszej rozprawy doktorskiej [21].
Cykl przedstawia wyniki jednej pracy oryginalnej oraz jedna prace pogladowa:

e The Impact of Cone-Beam Computed Tomography Exposure Parameters on Peri-

Implant Artifacts: A Literature Review [21]

e Influence of Exposure Parameters and Implant Position in Peri-Implant Bone

Assessment in CBCT Images: An In Vitro Study [22]

Publikacja ,,The Impact of Cone-Beam Computed Tomography Exposure Parameters on
Peri-Implant Artifacts: A Literature Review” jest przegladem literatury dotyczacym

wspoOtczesnej] wiedzy na temat wystepowania artefaktow wokol  wszczepow
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stomatologicznych oraz wpltywu modyfikacji parametrow ekspozycji na ich

wystepowanie.

Celem pracy oryginalnej ,,Influence of Exposure Parameters and Implant Position in Peri-
Implant Bone Assessment in CBCT Images: An In Vitro Study” byta ocena wplywu
znieksztatcen wymiarowych i ich zmian wystepujacych wraz z modyfikacjg parametrow

ekspozycji na pomiary okotowszczepowej blaszki kostnej.
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V.  Zalozenia i cel pracy

Gléwnym zalozeniem prac sktadajacych si¢ na rozprawe doktorska bylo istnienie
zwigzku parametrow ekspozycji z wystgpowaniem artefaktow wokot wszczepow

stomatologicznych.

Cele pracy:

1. Podsumowanie dotychczasowych badan dotyczacych wplywu modyfikacji
parametrOw ekspozycji na wystgpowanie artefaktoéw wokot wszczepow
stomatologicznych.

2. Ocena wptywu zaburzen pomiarowych wynikajacych z wystepowania artefaktow
wokot wszczepow stomatologicznych na pomiary okolowszczepowej blaszki
kostne;j.

3. Ocena zmiany doktadnosci pomiaru okolowszczepowej blaszki kostnej przy
modyfikacji parametrow ekspozycji takich jak napigcie, natgzenie oraz rozmiar
woksela.

4. Okreslenie parametrow ekspozycji umozliwiajacych uzyskanie niskiego bledu
pomiarowego przy ocenie zachowujac mozliwie niska dawke promieniowania

rentgenowskiego.
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VI. Omowienie cyklu

Praca przegladowa podsumowuje wyniki dotychczasowych badan dotyczacych wplywu
napigcia oraz natgzenia lampy rentgenowskiej, rozmiaru woksela, wielkosci pola
obrazowania, zakresu obrotu lampy rentgenowskiej oraz algorytmow redukcji artefaktow
na jako$§¢ obrazu oraz nasilenie wystegpowania artefaktow wokot wszczepow

stomatologicznych.

Celem pracy oryginalnej byta ocena wplywu znieksztalcen wymiarowych i ich zmian
wraz z modyfikacja parametrow ekspozycji badania CBCT na pomiary
okotowszczepowej tkanki kostnej. Wykonano dwa modele kostne z wotowego zebra
oczyszczonego z tkanek migkkich, do ktérych wprowadzono 5 tytanowych wszczepow
stomatologicznych (InKone Primo, Global D, Paryz, Francja). Wszczepy umieszczono
w modelu kostnym zachowujac rézne wartosci grubos$ci blaszki kostnej wynoszace od 0
do 1,2mm. Do powierzchni modeli kostnych przymocowano znaczniki radiologiczne,
a metalowe elementy pokryto preparatem Scan Spray (Renfert, Niemcy). Dwa modele
kostne oraz model implantu potaczonego z transferem wyciskowym zostaty zeskanowane
przy pomocg skanera 3shape E4 (3shape, Dania). Badanie CBCT przygotowanych modeli
kostnych wykonano przy uzyciu urzadzenia Vatech Pax-i 3D (Vatech, Hwaseong,
Korea). Przeprowadzono 16 ekspozycji CBCT kazdego wszczepionego implantu
z ponizszymi wartosciami napiecia: 60, 70, 80, 90 kV, natezenia: 4, 10 mA oraz rozmiaru
woksela: 200, 300 um. W programie BlueSkyPlan (BlueSkyBio, Libertyville, USA)
wykonano superimpozycje wyeksportowanych modeli cyfrowych z uzyskanymi z badan
CBCT plikami DICOM. Wylaczono algorytmy redukcji artefaktow. W uzyskanych
badaniach wykonano 160 przekrojéw poprzecznych przechodzacych przez oceniane

implanty, ktore poddano analizie.

Grubos¢ okolowszczepowej blaszki kostnej zostata zmierzona w programie BlueSkyPlan
(BlueSkyBio, Libertyville, USA) przy uzyciu cyfrowej linijki w plaszczyznie
horyzontalnej w dwoch miejscach: platformy implantu (L1) oraz 3,5 mm wierzchotkowo
od szyjki implantu (L2). Pomiary grubosci blaszki kostnej uzyskane z modeli cyfrowych
ustalono jako pomiary referencyjne. Pomiary w badaniach CBCT wykonano na tym
samym poziomie co pomiary referencyjne. Obliczono $redni btad kwadratowy (MSE)
bedacy podniesiong do kwadratu roznica wykonanych pomiaréw w celu oceny

doktadno$ci aparatu CBCT. Wszystkie pomiary zostaly wykonane dwukrotnie,
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z zachowaniem co najmniej 6-tygodniowego odstepu pomiedzy nimi, by upewnic sie, ze
sa powtarzalne oraz pierwszy pomiar nie ma wpltywu na kolejny. Wykonano ocene
wiarygodno$ci pomiaroéw za pomocg analizy wspotczynnika korelacji wewnatrzklasowe;.

Obliczono $rednig z wykonanych pomiarow, ktora uzyto w dalszej analizie statystyczne;.

Przeprowadzono jednokierunkowg analiz¢ wariancji (ANOVA) do oceny zalezno$ci
pomiedzy napigciem i MSE oraz pozycja implantu i MSE. Przeprowadzono testy
t-Studenta dla oceny zalezno$ci pomi¢dzy natezeniem, rozmiarem woksela oraz MSE.
Analiza regresji liniowej zostala uzyta w celu odnalezienia zalezno$ci pomig¢dzy
grubo$cig blaszki kostnej oraz MSE dla kazdego uzytego napigcia. Zgodnie z tym
réwnaniem, wybrano zakres grubos$ci kosci dla kazdego MSE, ktore byto mniejsze niz

0,25 mm?, co odpowiada btedowi pomiarowemu wynoszgcemu mniej niz 0,5 mm.
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VII. Podsumowanie i wnioski

Przeprowadzone badania potwierdzaja tezg, w ktorej blad pomiarowy w pomiarach
przedsionkowej blaszki kostnej wokot wszeczepoéw stomatologicznych zalezy od napigcia
1 pozycji implantu. MSE istotnie statystycznie zmniejsza si¢ wraz ze wzrostem napigcia
1 wzrostem grubosci blaszki kostnej. Nie stwierdzono statystycznie istotnych ro6znic dla

natezenia i rozmiaru woksela.

‘Whioski

1. Dostepne pismiennictwo wskazuje na to, ze odpowiednie ustawienie napigcia,
natezenia, rozmiaru woksela, pola obrazowania, zakresu rotacji aparatu CBCT
oraz mechanizmy redukcji artefaktow maja wpltyw na ilos¢ wystepujacych
artefaktow oraz jako$¢ obrazu w badaniu CBCT.

2. Zaburzenia pomiarowe wynikajace z wystepowania artefaktow wokot wszczepow
stomatologicznych majg istotny wplyw na pomiary okotowszczepowej blaszki
kostnej.

3. Wzrost napigcia lampy rentgenowskiej powoduje poprawe doktadno$ci pomiaru
okotowszczepowej blaszki kostnej; modyfikacja natezenia i rozmiaru woksela nie
ma wpltywu na doktadnos$¢ pomiaru okotowszczepowej blaszki kostne;j.

4. Grubo$¢ okotowszczepowej blaszki kostnej moze by¢ zmierzona z bledem
wynoszacym 0,5 mm dla napigcia wynoszacego 70, 80 i 90 kV. Zmniejszenie
natezenia oraz zwigkszenie rozmiaru woksela ogranicza dawke promieniowania
rentgenowskiego nie majac wptywu na doktadno$¢ pomiaru okotowszczepowe;j

blaszki kostne;.
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Abstract: The aim of this study was to assess the impact of dimensional distortion and its changes
with modification of exposure setting parameters on the measurements of peri-implant bone margin.
Ten titanium dental implants (InKone Primo, Global D, Paris, France) were placed in two prepared
bovine ribs. Two bone models and an implant-with-transfer model were scanned with 3shape E4
(3shape, Copenhagen, Denmark) laboratory scanner. Cone beam computed tomography (CBCT)
images of two bone models were taken with different values of voltage (60, 70, 80, 90 kV), tube current
(4,10 mA) and voxel size (200, 300 um). All the data were superimposed using planning software,
and the measurements of buccal bone thickness in two selected regions were performed both using
CBCT and scan cross-sections. The mean squared error (MSE) being the squared differences between
measurements was used in the accuracy assessment of the CBCT device. A one-way ANOVA revealed
significant differences between voltage and MSE (p = 0.044), as well as implant position and MSE
(p = 0.005). The distortions of measurements depend on bone margin thickness, and the higher
the distance to measure, the higher the error. Accurate measurements of buccal bone thickness
(MSE below 0.25) were achieved with voltage values of 70, 80, and 90 kV.

Keywords: CBCT; dental implants; buccal bone; peri-implant artifacts; dentistry

1. Introduction

A decrease in the horizontal and vertical dimensions of the alveolar ridge is observed
one year after tooth extraction due to bone resorption, which may be exacerbated by
inflammatory processes of endodontic or periodontal origin [1,2].

Bone remodelling following tooth extraction can be partially reduced by procedures,
such as alveolar ridge preservation, aiming to maintain the bone volume required for
implant-supported prosthetic restoration [3-5]. When planning such treatment, a minimum
of 1.5 mm of buccal bone width surrounding the implant should be provided, which
according to Monje et al. is a key factor for favourable long-term aesthetic and functional
outcome in dental implant treatment [6].

Due to the observed crestal bone loss subsequent to implant insertion, which averages
0.24mm =+ 0.62mm after one year, a follow-up is mandatory to monitor soft and hard
peri-implant tissues. Consensus reports recommend periodontal examination and charting
(the presence/absence of bleeding and suppuration on probing and probing depth), as well
as taking standardized intraoral radiographs [7-9].

Intraoral (IO) and panoramic radiographs are most commonly used during follow-up
due to their low radiation dose and cost-effectiveness. Despite the undeniable advantages
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of the aforementioned two-dimensional (2D) imaging modalities, they do not allow the
assessment of the buccal bone, which is crucial for successful implant treatment. It is
possible to evaluate the buccal bone level and its thickness by bone sounding using a
periodontal probe, which is an invasive procedure, as well as ultrasonography and cone
beam computed tomography (CBCT), which is a three-dimensional (3D), non-invasive
imaging modality [10-12].

Several studies recommend the use of CBCT for early evaluation of periodontal bone
defects. However, due to artifact formation around dental implants, few studies recommend
CBCT for bone assessment around dental implants [12-17]. Contemporary recommenda-
tions for the clinical use of CBCT in implant dentistry developed by Jacobs et al. (2018)
indicate that although intraoral radiographs are still considered to be the primary tool
for postoperative implant monitoring, we should realize that we need to evaluate three-
dimensional bone healing, including morphological, volumetric, and trabecular remod-
elling [18]. Current guidelines recommend further work on the development of 3D imaging
techniques, such as CBCT, which will allow for accurate measurements of peri-implant
bone tissue [18,19]. Screening for peri-implant defects at early stages would allow for
adequate treatment, such as debridement of the implant surface, bone, and/ or soft tissue
augmentation procedures or even removal of the dental implant [12,18,20].

Dimensional distortion is a common artifact in dental-maxillofacial radiology. Its
presence has been confirmed on both periapical and panoramic radiographs [21-23]. Sur-
prisingly, dimensional changes were also observed in CBCT, which is considered one of
the most accurate techniques in dental radiology [24]. These distortions may be related to
beam hardening, partial volume effects, and metallic artifact reduction algorithms [25].

Shape distortions are most common with metal and high radiosensitivity materials
and depend on CBCT exposure parameters, such as voltage and field of view. Reduction of
both voltage and field-of-view diminishes the amount of beam hardening artifacts and, at
the same time, increases the radiation dose. Modification of other exposure parameters,
such as tube current or voxel size, affects the amount of noise and radiation dose [26]. Once
an appropriate field-of-view has been set up in accordance with the ALARA radiation safety
principle (As Low As Reasonably Achievable), it remains necessary to set the remaining
exposure parameters [27]. There is a need to find the optimal voltage, tube current, and
voxel size settings that allow for the smallest possible measurement error in peri-implant
bone assessment while maintaining a low radiation dose.

Reliance on dimensional distortion in the assessment of peri-implant tissues in CBCT
images may lead to misdiagnosis and clinically unjustified treatment, which may even
result in the deterioration of peri-implant tissues (i.e., peri-implant soft tissue dehiscence
and deterioration of aesthetics) [28].

Therefore, the aim of this study was to assess the impact of shape distortion on the
measurements of the bone margin surrounding dental implants. The effect of voltage,
current, and voxel size was taken into consideration. The null hypothesis was that there
was no significant difference between measurement error and voltage, current, implant
position, or voxel size.

2. Materials and Methods

Two blocks of bovine ribs, obtained from a local slaughterhouse, were prepared and
denuded from soft tissues. Bone materials were classified as medium dense (D2-D3) based
on the section of fresh bovine rib, drilling resistance during implant bed preparation, and
primary implant stability. In D2 type of bone, there is thick dense to porous cortical bone on
the crest and coarse trabecular bone within. In D3 type of bone, there is thin, porous cortical
bone on the crest and fine trabecular bone within. The D2 bone type is most suitable for
implant placement and postoperative healing [29,30]. Ten implant site osteotomies were
performed according to the manufacturer’s instructions with a final 3.4 mm drill. Five
dental implants (InKone Primo @& = 3.5 mm L = 8.5 mm, Global D, France) were placed
into each fresh bovine rib (10 implants in total). Dental titanium implants used in this
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study are designed with an internal 8-degree conical connection and internal hex. Implants
were placed with bone margin thickness: 0.0 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm,
0.6 mm, 0.7 mm, 0.9 mm, 1.1 mm, and 1.2 mm, respectively. X-ray markers made of dental
composite were attached to each side of the bone model for accurate superimposition.
Closed-tray impression transfers were attached to the implants (Figures 1 and 2).

Figure 1. Bone model containing five implants with attached closed tray impression transfers coated
with scan spray. Implants were placed with different bone margin thickness. X-ray markers made of
dental composite were attached to the bone model surfaces.

Figure 2. Implant model with an attached closed tray impression transfer prepared for scanning.
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An implant model consisting of the same dental implant with closed-tray impression
transfer was also prepared (Figure 2). All metallic materials were coated with scan spray
(Renfert, Germany) prior to scanning.

Two bone models and an implant-with-transfer model were scanned with 3shape
model E4 (3shape, Denmark). The STL files of the scanned models were exported. Cone
beam computed tomography images of two bone models were taken using Vatech Pax-i 3D
(Vatech, Hwaseong, Korea). Sixteen CBCTs were taken of each implant with the follow-
ing exposure parameters of voltage: 60, 70, 80, 90 kV; current: 4, 10 mA; and voxel size:
200, 300 pm. Metal artifact reduction was not used. In total, 160 separate images of dental
implants were obtained. DICOM data of CBCT images were exported. Projects contain-
ing each bone model (STL), implant-with-transfer model (STL), and bone CBCT images
(DICOM) were created using BlueSkyPlan planning software (Blue Sky Bio, Libertyville,
IL, USA). All the data were superimposed using planning software and adjusted manually
afterwards. A cross-section in the middle of each implant was obtained and CBCT scans
were assessed using bone window settings (Figure 3).

(@ (b)

Figure 3. Superimposed STL and DICOM files. (a) 3D reconstruction of superimposed DICOM FILES
(gray), bone model (green), and implant-with-transfer models (orange, blue, red, yellow, purple);
(b) Implant cross section, green outline—bone STL model, blue line—implant-with-transfer model.
Bone margin measurement levels are marked as L1 (implant neck) and L2 (3.5 mm apically from
implant neck).

Bone margin was measured in BlueSkyPlan planning software on cross sections using
a digital distance measure tool in a horizontal plane at two levels: implant neck (L1) and
3.5 mm apically to implant neck (L2). The measurements on the scans were treated as
ground truth. The measurements on CBCT images were performed at the same levels
as ground truth. The mean squared error (MSE) being the squared differences between
measurements was used in the accuracy assessment of CBCT. All measurements were
performed twice. The interval between the first and the second reading was at least
6 weeks. The interval between first and second reading was 6 weeks to ensure that the
measurements were repeatable and that there was no effect of the first reading on the second
one. The intrarater reliability was assessed with the intra-class correlation coefficient (ICC)
based on a 2-way mixed-effects mean-rating model. The mean from two measurements
was taken into consideration in further statistical analysis. Study design is presented on
the flowchart (Figure 4).
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Bone model preparation;
selection of two bovine ribs classified as medium dense (D2-D3)
1

( Placement of 5 titanium dental implants into two fresh bovine rib ]

(10 implants in total) with closed tray impression transfer attached C Preparation of implant-with-transfer model )

I I l
Coating transfers with scanspray and scanning CBCT exposition of bone models using different exposure parameters (n=16) Coating with scanspray and scanning
with laboratory scanner to STL model (voltage: 60, 70, 80, 90 kV, current: 4, 10 mA, and voxel size: 200, 300 um) with laboratory scanner to STL model
1 i i
Superimposition of two STL models and CBCT into one project in BlueSkyPlan planning software
for each setting; ining separate images of dental implants (n=160)
i 1
[ Bone margin measurement on scans (treated as a ground truth) ] [Bone margin measurement on CBCT images]
i 1
[ Calculation of mean squared error (MSE) based on differences between measurements on CBCT and scan. j
i

[ Statistical analysis using one-way analysis of variance (ANOVA) and student's t-tests j

Figure 4. Study design flowchart.

A one-way analysis of variance (ANOVA) was used to assess the relationship between
voltage and MSE, as well as implant position and MSE. Student’s t-tests were performed
for the assessment of current, voxel size, and MSE relationships. Linear regression was
used to find the linear equation of relationship between the bone thickness and MSE for
each voltage. According to this equation, the range of bone thicknesses was selected for
each the MSE was less than 0.25 mm?2, which corresponds to the error of measurements of
less than 0.5 mm.

3. Results

The mean values from ground truth measurements at both bone levels are presented
in Table 1. The intrarater reliability was excellent in terms of repeatability of measurements
(ICC = 94.1%).

Table 1. Measurements on the scans at two bone levels.

Mean of Two Measurements Mean of Two Measurements

Implant at Level 1 [mm] at Level 2 [mm]
1 0.00 0.17
2 0.27 121
3 0.77 1.83
4 1.09 231
5 1.20 254
6 0.25 1.26
7 0.55 155
8 0.61 1.68
5 043 171
10 0.95 219

A significant relationship between the voltage and MSE of bone thickness measure-
ment was observed (ANOVA, F = 2.75, p = 0.044), proving that the higher the voltage,
the lower the MSE. Therefore, a higher voltage is better to reduce the measurement error
caused by dental implant material (Table 2).
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Table 2. Relationship between voltage and MSE of bone thickness measurements.

kV MSE [mm?] SD of Error [mm?]
60 0.27 0.35
70 0.18 0.22
80 0.18 0.19
90 0.14 0.14
All 0.19 0.23

kV—kilovolts, MSE—mean squared error, SD—standard deviation.

The relationship between implant position and MSE was also significant (ANOVA,
F =274, p = 0.005). No statistically significant results were observed for current (-test,
p =0.956) or voxel size (t-test, p = 0.055) (Table 3).

Table 3. Voxel size and current assessment.

Current Voxel Size
4mA 10 mA p-Value 200 pm 300 pum p-Value
mean MSE [mm?] 0.18 0.18 0.969 0.20 0.15 0.055

The linear regression analysis revealed that accurate results for bone margin thickness
can be obtained for voltage of 70, 80, and 90 kV. The higher the distance to measure, the
higher the error. For 60 kV, the MSE is always above 0.25 in the measured range. The higher
the voltage, the higher the threshold value of accurate measured distance and the more
accurate measurements are feasible (Table 4).

Table 4. Linear regression results.

Bone Margin
Voltage Thickness p-Value Regression Equation
for MSE < 0.25

60 kV never

70 kV 0.00-0.72 0.161 017 x d +0.13

80 kv 0.00-1.08 0.004 0.21 x d +0.03

90 kV 0.00-1.12 <0.001 023 x d + —0.01
ALL 0.00-0.88 0.047 0.13 x d+0.13

d—bone margin thickness.

4. Discussion

This study confirms the thesis that dimensional error in the measurement of buccal
bone thickness around dental implant depends on the voltage and dental implant position.
The MSE decreases statistically significantly with increasing voltage and buccal bone width.
There were statistically significant differences between current and voxel size values.

These results could have significant clinical implications. During follow-up of patients
treated with dental implants, CBCT assessment raises concerns regarding the peri-implant
bone thickness and the number of dental artifacts. This study suggests the possibility of
decreasing the X-ray dose by setting parameters that do not affect the MSE, such as the
voxel size and the intensity of the X-ray tube, at a level that allows the maximal reduction
of the X-ray dose [26]. In addition, the awareness of limitations in peri-implant tissue
measurement using CBCT requires thorough clinical examination before any intervention
is undertaken.

We chose bovine ribs for this in vitro study to simulate alveolar bone. This type of
human bone simulation was used previously in the literature on peri-implant bone defects
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or X-ray artifacts surrounding dental implants [29,31-35]. Bovine rib bone has cortical and
cancellous bone of similar thickness and structure as a human mandible [36,37]. In their
study, Bredbenner et al. assessed insertion and pull-out torque for 1.0 mm and 2.4 mm
outer diameter screws for different substitutes for human cadaveric bone in maxillofacial
rigid-fixation research. Although no single material was ideal, it was found that bovine
rib could be the material of choice to simulate human cadaveric bone, but statistically
significant differences (p < 0.05) were found between bovine bone and cadaveric group
for pull-out strength [38]. The analysis of artifacts related to the different shape of the
human mandible requires further studies. However, the effect of artifacts from the opposite
side of the mandible is negligible compared to the beam hardening effect associated with
the implant [32].

To the best of our knowledge, there are no studies with comparable measuring methods
where the superimposition of the STL models and CBCT images were performed. In the
available literature, measurements of buccal bone were performed by bone sounding using
a blunt needle or measurement of buccal bone before implant placement or after implant
removal [39,40]. The applied methodology allows for measurements of the implant, osseous
tissue, and soft tissues in a selected area at any time that has passed since the scans and
CBCT were performed. In the methods used until now, these were possible for a limited
period of time due to the possibility of performing measurements only prior to implant
placement, and the possible damage to the material during storage or after freezing. The
main disadvantage of this approach using superimposition is the presence and intensity
of artifacts related to X-ray markers or titanium abutments. Image distortion prevents
automatic superimposition and requires manual adjustment, which extends the time of
project preparation and may decrease its accuracy.

There have been several studies evaluating the accuracy of measurements around
dental implants with similar methodologies involving measurements at the same level of
bone plate thickness on a model and using CBCT. Wang et al. (2013) used CBCT to perform
radiographic images of pigs’ jaws with placed implants. They were cut at every implant
site in the bucco-oral direction resulting in 40-pum sections that were stained with toluidine
blue, measured, and then compared to CBCT images. Accuracy of —0.22 + 0.77 mm for
measurements on CBCT was observed [41]. Vanderstuyft et al. showed that there is a
doubtful zone around a dental implant of about 0.45 mm. This means that buccal bone
width below 0.45 mm may not always be observed in CBCT. Implant blooming percentage
of up to 12-15% (increase of implant width in CBCT image) and an underestimation
of the peri-implant buccal bone thickness, depending on the CBCT device used, by an
average of 0.27 £ 0.19 mm (Accuitomo® 170, J. Morita, Kyoto, Japan) and 0.22 & 0.17 mm
(NewTom® VGi evo® (QR Verona, Verona, Italy) were found [39].

Gonzalez-Martin et al. performed a study with three different computed tomography
studies (1 CT and 2 CBCT devices) and reported that for sites with 0.5 mm buccal bone
thickness, the probability of being radiographically visible was less than 20% and the odds
of bone identification increased for a 1 mm increase in bone thickness. The mean distortion
error for all CBCT devices was 0.39 mm [40]. There were no significant differences among
the three devices [40]. Rezavi et al. observed an underestimation of buccal bone when it
was thinner than 0.8 mm for both selected CBCT devices [42].

Based on the literature, we set the mean squared error at 0.25 in an arbitrary way for
the statistical assessment of the dimensional distortion error under selected conditions. The
MSE of 0.25 mm? corresponds to the 0.5 mm error in buccal bone measurement between a
scan and the CBCT image.

Crestal bone loss following implant placement, as mentioned, is 0.24 + 0.62 mm after
one year. In the context of the results obtained, it is extremely important to properly set the
exposure parameters when performing CBCT to determine the thickness of the vestibular
bone plate. Despite high voltage value in a CBCT scan, in cases with thin buccal bone
plate associated with severe bone loss, the presence of dimensional distortion error may
suggest its complete resorption. However, in the case of thick buccal bone plate exposed
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with low value of voltage, the mean dimensional error may be greater than 0.5 mm, which
can significantly distort the measurement result. In any of these situations, a significant
measurement error of the buccal bone plate may lead the dentist to make an ill-informed
decision about the need for surgical intervention to improve the amount of peri-implant
tissue. Vanderstuyft et al. suggest measurements of the crestal peri-implant buccal bone
thickness during implant placement surgery. With the baseline buccal bone thickness,
implant diameter, and average implant blooming percentage or mean dimensional error as
a reference, the subsequent decision on possible intervention is facilitated [39].

This study has several limitations that should be taken into consideration. The present
study was conducted with a single CBCT device using several exposure parameters such
as voltage, tube current, and voxel size. A study with the use of more CBCT devices
might yield different results, especially when considered that the results of the relationship
between voxel size and MSE (p = 0.055) were close to achieving a level of statistical sig-
nificance. Secondly, no simulation of soft tissues was performed in this study. The novel
methodology used in this study could be refined with the addition of a thin layer of wax to
simulate soft tissues. This will require a digital scan of the model with and without a wax
layer to further evaluate the ability to measure the thickness of soft and hard tissues.

The superimposition in BlueSkyPlan planning software could be done automatically
or based on observer-defined landmarks (at least five). The best superimposition results
could be obtained when landmarks on scan and X-ray models are repeatable and selected
in three axes (transversal, antero-posterior, and vertical), keeping an appropriate distance
between them. At first, in a pilot study, a scanbody was selected as an abutment attached
to each implant instead of a closed-tray impression transfer. The main advantage of a
scanbody is its matte surface, which facilitated the digital scanning, but there were issues
with superimposition caused by its shape. The shape of a scanbody developed by the
manufacturer of the implants used in the present study lacked defined edges enough to
determine the same landmarks on a scan and X-ray model due to the artifacts caused by
beam hardening on the X-ray model, as the scanbody was also made from titanium. A
change from the scanbody to a closed-tray impression transfer and coating it with scanspray
partially solved this problem, but it needed manual adjustment due to the presence of
artifacts. Superimposition could be improved by selecting different abutment material,
which should generate less artifacts in the CBCT image. For instance, it could be made
individually using CAD/CAM from radiolucent material, such as polyetheretherketone
(PEEK), with radiopaque x-ray markers [43].

Further studies are needed to verify these findings in a larger group of implants using
different CBCT machines, exposure parameters (i.e., field of view), and considering the
application of fresh human cadaver heads.

5. Conclusions

The voltage has an important impact on the accuracy of CBCT measurements. The
higher the voltage, the lower the mean squared error of the measurements. The distortions
of measurements depend on the thickness of the bone margin, and the higher the distance
to measure, the higher the error. Bone margin thickness can be measured accurately (with
an MSE of less than 0.25) for 70, 80, and 90 kV.
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Abstract

Cone-beam computed tomography (CBCT) amounts to an excellent diagnostic tool to evaluate the peri-
implant bone thickness in all dimensions. Despite the unquestionable advantages of CBCT, potential
artifacts around dental implants might disturb the proper assessment of the surrounding structures. The
artifacts may mask osseointegration, shallow bone defects, and other types of radiolucency, which make it
difficult to establish an early diagnosis of bone loss. Proper diagnosis of bone defect is necessary to decide
about surgical intervention. The aim of this literature review is to assess the CBCT exposure causing
artifacts on the peri-implant structures. An electronic search of MEDLINE (PubMed) database

includes studies published before July 2021 and supplemented by manual research. Clinical, ex vivo, in vitro,
and animal studies evaluating the relationship between exposition parameters and occurrence of artifacts
around the dental implant in CBCT studies were included. A literature review revealed that kilovoltage, tube
current, and field of view may affect the occurrence of artifacts around dental implants, all of which would
compromise radiological evaluation. Therefore, it is feasible to reduce the incidence of artifacts and
improve the image quality by appropriate modification of the exposure parameters. However, the reduction
of artifacts is often associated with a significant increase in radiation exposure; hence, an effort should be
made to minimize the radiation dose in line with the ALARA (as low as reasonably achievable) principle.

Categories: Radiology, Dentistry
Keywords: radiation protection, dental implants, radiation, metal artifacts, cbet

Introduction And Background

Nowadays, dental implants are the best and increasingly popular method for replacing missing teeth.
Planning implant treatment requires detailed di i pecially in terms of bone quantity and quality.
Panoramic and periapical radiography is used as a preoperative diagnostic radiological method. Its
constraints, such as overlapping structures and the lack of possibility to assess bone volume, limit the
preimplantation treatment planning. Nowadays, cone-beam computed tomography (CBCT) allows for a
three-dimensional assessment of the quality and volume of bone tissue at reasonable cost and dose and
remains the gold standard [1]. In modern CBCT devices, with an appropriate setting of exposure parameters,
the effective dose is relatively small and expected to be 70 pSv for a field of view of 8 cm x 8 cm and 121 pSv
for a field of view of 15 cm x 15 cm [2].

Patients after implant placement are at the risk of peri-implantitis, which might, in turn, lead to the loss of
the dental implant. A systematic literature review among patients with fixed partial dentures showed that
the prevalence of peri-implantitis was 9.6% in the general population and 14.3% among patients with
periodontal disease [3]. Peri-implantitis is usually a chronic condition, which might lead to advanced bone
loss, especially in the absence of regular, postoperative follow-ups. Effective diagnosis is of great importance
when considering surgical intervention. Despite the advantages of CBCT, the authors point to the masking of
the osseointegration, shallow bone defects, and other types of radiolucency, which makes it difficult to
establish an early diagnosis of bone loss. This is caused by the presence of artifacts, i.e., parts of the image
that do not represent any anatomical structure within the subject being evaluated and might be most
commonly generated around the radiodense elements in a radiographic image [1].

CBCT images might contain various types of artifacts such as beam hardening phenomenon, photon
starvation, scatter, partial volume effect, undersampling, exomass, detector miscalibration, and patient
motion [4]. Exposure of objects containing metals from which dental implants are made is associated with
the formation of artifacts that reduce image quality. They might disturb proper assessment of the
surrounding structures [5].

Beam hardening phenomenon and photon starvation are the main causes of peri-implant artifacts. Beam
hardening occurs when a polychromatic x-ray beam passes through an object, resulting in selective
absorption of lower energy (lower wavelength) photons and thus increased beam energy [6]. The higher the
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density and the atomic number of an object, the higher the number of absorbed photons [7]. The mechanism
underlying CBCT artifacts is the same as the one in computed tomography (CT). However, artifacts are more
prominent in CBCT compared to CT due to the lower tube voltage [5]. Two types of artifacts are generated as
aresult of beam hardening: cupping artifacts, caused by a non-linear x-ray beam attenuation and dark bands
or streaks between highly dense objects (Figures 1, 2) [8].

FIGURE 1: Beam hardening artifacts adjacent to metal post and core in
anterior maxillary tooth

Image credit: The authors of the current study.
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FIGURE 2: Dark streaks between dental implants in cone-beam
computed tomography (type of beam hardening artifacts)

Image credit: The authors of the current study.

Photon starvation in CBCT often occurs around prosthetic crowns and implants. When the x-ray beam is
traveling horizontally, the attenuation is greatest, e.g., when it passes through very dense objects. This
generates a large amount of noise and streak artifacts around highly saturated objects (Figure 3) [9]. Effects
similar to the ones seen for beam hardening and photon starvation are caused by scattering.

FIGURE 3: Photon starvation effect generates a large amount of noise
and streaks around metal post and core in the anterior maxillary tooth

Image credit: The authors of the current study.

The main objective of this article is to provide an in-depth discussion on the impact of CBCT exposure
parameters on peri-implant assessment feasibility taking into consideration the available literature. In the
vast majority of CBCT machines, all exposure parameters can be set manually within a given range. This not
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only allows to change the dose of absorbed radiation but also influences the incidence of artifacts in the field
of view (FOV). In clinical practice, the quality of CBCT images depends on multiple factors, such as machine
model, FOV, type of object scanned, exposure time, x-ray tube voltage, and tube current as well as spatial
resolution defined by the size of the imaging voxels [10]. Furthermore, manufacturers offer a metal artifact
reduction tool (MAR) based on a reconstruction algorithm [11]. MAR software activation reduces the
interference caused by metals and may improve the image quality [12].

Review
Search strategy and selection criteria

The main objective of this article is to analyze the impact of designated CBCT exposure parameters on the
inherent peri-implant artifacts taking into consideration the available literature. The MEDLINE (PubMed)
bibliographic database was searched for studies published before July 2021 and supplemented by manual
research. The search strategy was restricted to English language publications using the following combined
terms: (dental OR dentistry) AND implant AND (artifacts OR artifacts).

Studies and reviews evaluating the relationship between exposition parameters and occurrence of artifacts
around the dental implant in CBCT studies were included. Titles and abstracts were screened based on the
inclusion criteria. Case reports were not included. Publications not fulfilling the eligibility criteria were not
included in this analysis. During the procedure, studies for which full texts could not be obtained were
excluded. The full text of the selected papers was reviewed, and the relevant data on the impact of
exposure parameters on peri-implant artifacts were extracted.

After removing duplicates, references were screened, and 378 titles were found and considered eligible for
further consideration. A total of 284 titles were excluded based on title evaluation. Initial review of the
abstracts resulted in 72 articles that were considered for full-text review. A total of 35 papers had to be
excluded at this stage because they did not fulfill the inclusion criteria. Nine additional records identified
through the manual search were included. Forty-six articles were included in the present review. Figure 4
shows a detailed flowchart of the literature review search and selection process according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement.
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FIGURE 4: PRISMA diagram of the included studies

The image shows the selection process for the studies included according to the PRISMA statement.

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-analyses.

X-ray tube voltage and tube current

Low x-ray beam energy, high density of materials, and a high atomic number of the scanned object
contribute to beam hardening [7,13]. Increasing the x-ray tube voltage increases the beam energy and
improves x-ray penetration, resulting in image contrast and noise reduction as well as in the irradiation dose
increment [5,13,14]. This leads to the reduction of the overall number of beam hardening artifacts (increased
contrast-to-noise ratio [CNR]) [11,13]. However, the number of scatter artifacts caused by the photons with
different energies increases in the low-voltage images [15]. Therefore, it is advisable to set the exposure

p in a comp ing manner to get an optimal reduction of both beam hardening and

scatter. Beam hardening artifacts and scatter are present in each CBCT image but with a different intensity
depending on x-ray voltage. A high x-ray value (e.g., 90 kV) allows to reduce the following artifacts but
increases the radiation dose. Therefore, it is difficult to determine the ideal value of x-ray tube voltage. The
authors of this article conducted studies aiming to determine the ideal x-ray tube voltage for postoperative
implant therapy follow-up. Panjnoush et al. showed that a change in the tube voltage from 70 kVp to 84 kVp
had no effect on the presence of artifacts in the spaces between metallic objects in dental applications [16].
It was shown that the incidence of artifacts for zirconium implants is higher compared to that of titanium
implants. The reason for higher artifacts occurrence with zirconium implants is the difference in the atomic
number of zirconium (Zr, atomic number = 40) and titanium (Ti, atomic number = 22), as shown in the
previous part of the article [11].

The difference in the number of artifacts generated as a result of changes in the tube voltage is shown in
Figure 5. A bone model with a dental implant was exposed to tube voltages of 60 kV and 90 kV with constant
other exposure parameters. Exposure to 60 kV significantly limited the diagnosis of peri-implant buccal
plate defects.
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FIGURE 5: Bone model with a dental implant with impression transfer
attached exposed to a tube voltage of 60 kV (left) and 90 kV (right)

The remaining exposure parameters are constant. Lower voltage limits the diagnosis of peri-implant buccal plate
defects.

Image credit: The authors of the current study.

The cathode tube current has a significant influence on the radiation dose during CBCT exposure. An
increase in mAs (the product of the lamp tube current and the exposure time) reduces the noise but
increases the radiation dose [14]. Studies showed no effect of changes in the tube current (within the range
available in the CBCT) on the formation of peri-implant artifacts [16-18]. In another study, Fontenele et al.
found that a change in the tube current and metal artifact reduction algorithms (MAR) did not affect the
diagnostic efficacy for vertical root fractures in endodontically treated teeth adjacent to zirconium
implants [19].

Field of view

Increasing the FOV exposes more tissues to x-rays, increases scattered radiation to the surrounding tissues,
decreases contrast, and increases noise and radiation dose [14,20,21]. Scatter might be reduced by reducing
FOV as well as the use of an anti-scatter grid and algorithms to correct the x-ray scatter [22]. Pauwels et al.,
who investigated the relationship between FOV and the range of rotation and an effective dose of radiation,
showed that the effective dose ranged from 54 uSv for 4 cm x 4 cm to 303 pSv for 17 cm x 12 cm when using
Accuitomo 170 3D CBCT system (J. Morita Corporation, Japan) [20]. It was shown that artifacts are less
prominent in a small FOV, which might be due to the fact that by an increase in FOV, the irradiated area
increases in size, and consequently, scattered radiation, noise, and image artifact increase. Similar results
were provided by Parsa et al. [17,23]. Nikbin et al. assessed the effect of an object position in the FOV and the
use of the MAR algorithm on CBCT diagnostic efficacy in vertical root fractures. Diagnostic accuracy was
higher with central positioning compared to peripheral positioning, irrespective of MAR [24].

It is recommended in clinical practice to limit the FOV, if possible, to avoid scanning areas susceptible to
beam hardening (such as metal restorations and implants). If the target volume is too large, it might limit
the diagnostic possibilities in the region of interest (ROI) due to the overlapping of artifacts outside this
region. This can be achieved by collimating the beam, changing the patient’s position, and separating the
dental arches during CBCT scanning [25

CBCT rotation range

The range of tube-detector axis rotation varies depending on the CBCT system and can be changed from 180
to 360 degrees in some systems [20]. CBCT scanning with 360-degree rotation compared to the standard
180-degree scan enhances the image quality by creating more basis images. Enhancement of rotation range
increases the CNR, but despite the larger amount of data, changing the device rotation range does not affect
the number of artifacts (e.g., beam hardening, scatter, and ring artifacts) that occur both in 180- and 360-
degree scans [7,21,26].

Increasing the range of rotation extends the exposure time, which largely determines the effective dose of x-
rays. The recommendations of radiological protection in CBCT, International Commission on Radiological
Protection (ICRP) Publication 129, suggest a rotation of 180° plus beam angle rotation as sufficient for
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tomographic reconstruction. Radiosensitive organs should be on the detector side to reduce the risk of
overexposure. A full, 360-degree rotation makes it impossible to avoid exposure to these structures [27].

Voxel size

A voxel is the smallest isotropic element of a CBCT image. CBCT devices allow for setting a voxel size from a
minimum of 70 to 300 microns. The voxel size determines how small objects can be differentiated and how
detailed diagnosis of maxillofacial anatomical structures can be performed [28]. The partial volume effect is
an artifact associated with the voxel size. It occurs when two structures are projected on the same voxel
producing an intensity value being an average value of both structures [29]. In consequence, these structures
cannot be differentiated and the signal-to-noise ratio (SNR) for each voxel is reduced.

Research findings on the effect of voxel size on implant assessment are contradictory. Vasconcelos et al.
assessed the differences in generating artifacts using zirconium and titanium implants placed in human
mandibles (ex vivo) and different tube voltage and voxel size (high resolution, 0.16 mm; low resolution, 0.32
mm) [11]. It was shown that a reduced voxel size did not affect beam hardening and scatter artifact
generation [13]. In the in vitro study using an I-CAT 3D Imaging System (Imaging Sciences International,
Hatfield, PA), Kursun-Cakmak et al. assessed the image quality with different voxel sizes (0.2, 0.25, 0.3, and
0.4 mm) and recommended follow-up CBCT using low-resolution settings (0.3 and 0.4 mm) due to the
highest CNR. The author also found that among the implant materials tested (zirconium (Zr), titanium Grade
4 [Ti], and titanium-zirconium [Ti-ZrO,] alloy), titanium Grade 5 (titanium-aluminum-vanadium alloy) had
the lowest impact on artifact creation, while Zr had the highest impact [30]. Bechara et al. found that the
CNR value does not depend only on the voxel size but might vary for different CBCT systems. They found
that a smaller voxel size does not guarantee an improved quality [26]. To summarize the following research
results, it can be concluded that although reducing the size of the voxel increases spatial resolution, it also
causes a deterioration of the image quality around dental implants and an unjustified increase in the
radiation dose [1,14,18,26,30-32].

Software methods used to reduce artifacts

There are some software solutions that allow for the reduction of artifacts present in the acquired image,
which improves its quality. Activation of the MAR algorithm, i.e., iterative reconstruction methods that
allow reducing image interference is caused by metals or high-density objects by increasing the

CNR [11,31,33]. The efficacy of MAR depends on the manufacturer of the radiographic machine [34]. In one
study, cylinders made of titanium (Ti) and chromocobalt alloy (CrCo) were exposed to two CBCT devices:
Picasso Trio (Vatech, South Korea) and ProMax (Planmeca, Helsinki, Finland). It was shown that the use of
MAR for Ti cylinders significantly reduced the voxel’s mean (p < .05) in the Picasso Trio CBCT machine and
significantly increased the voxel’s mean (p < .05) in the ProMax CBCT machine. No efficacy of MAR was
demonstrated for CrCo cylinders using both machines [35]. Statistically significant (p < 0.0001) efficacy of
MAR in reducing amalgam, copper-aluminum alloy, and titanium artifacts was found for various CBCT
machines. The relationship between the atomic number of the metal and the increased number of artifacts
was confirmed. It was found that a higher metal atomic number caused greater artifact expression [36].

Nascimento et al. investigated differences in the efficacy of MAR in three tested conditions: "without

MAR," with "MAR activated after the acquisition,” and with "MAR activated before the acquisition.” For this
purpose, a zirconium oxide implant was placed in the human mandibular bone at the position of the missing
lower right first molar, and exposition was performed with the OP300 Maxio system (Instrumentarium
Dental Inc., Tuusula, Finland). It was shown that the cortical lingual plate had lower CNR and voxel value in
the control and the implant group (p < 0.05). It was demonstrated that MAR efficacy increased with an
increasing number of artifacts. No relationship was found between MAR efficacy and its activation mode [4].
It was shown that the availability of more data (images from different projections also called basis images)
increases the effectiveness of MAR. The relationship between the higher number of basis images and reduced
generation of artifacts in the absence of activated MAR algorithms was not shown [37,38].

Kamburoglu et al. assessed the efficacy of MAR algorithms in the di is of buccal peri-implant defects.
To this end, buccal peri-implant defects were performed in implants placed into human cadaver mandibles
and then investigated with CBCT in artifact reduction mode at four different levels of intensity, including the
non-activated mode. It was shown that there is a statistically significant influence of MAR (regardless of its
mode) on the diagnosis of simulated bone loss in the applied methodology. There was a higher interobserver
agreement for periodontal defects (kappa value from 0.189 to 1.000) vs. peri-implant defects (kappa value
from 0.140 to 0.792). It was also found that buccal peri-implant defects are more diagnostically challenging
than buccal periodontal ones. The main cause of these is the presence of artifacts related to the metal
around titanium dental implants, which does not occur in periodontal assessment because of the lack of
metal in tooth structures despite the teeth being after endodontic treatment and treatment with metallic
post and core restorations [39]. A similar study by de-Azevedo-Vaz et al. showed no improvement in the
efficacy of diagnostic assessment of peri-implant fenestration and dehiscence using MAR [40]. In their

study, Bechara et al. used ProMax and Master 3D (Vatech, H 1g, Republic of Korea) sy to assess
the efficacy of artifact reduction algorithms in the diagnosis of root fractures in endodontically treated

teeth. Both machines showed higher diagnostic sensitivity and specificity for vertical root fractures when
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using no AR [41].

Discussion

The foregoing article sums up for the first time the influence of all the variable parameters of CBCT device
exposition in the presence of artifacts around dental implants. To date, the influence of the changing
exposure parameters on the possibility of evaluation of the buccal bone around dental implants has not been
determined. The authors of this document are conducting studies aiming to clarify this dependency, which
will have a significant impact on the possibility of regular inspection for the implant and prosthetic
treatment patients. The goal of the research is the discovery of the optimal image quality settings for the
exposure parameters while maintaining the lowest dose of radiation possible.

Peri-implantitis and its predictable diagnostics in CBCT images are the main areas of interest in
implantology. Peri-implantitis causes gradual destruction of osseous tissue around dental implants, which
can lead to loss of implants. Appropriate postoperative care and diagnostics, both clinical as well as
radiological, allow for assessment of peri-implant tissues and possible implementation of treatment during
the early stages of the disease. Based on the results presented above, modifications to the exposure

of CBCT inations performed during postoperative follow-up are recommended, which will
allow for reduction of artifacts (mainly beam hardening effects) that prevent the assessment of osseous
tissue around dental implants.

The x-ray tube voltage has a major influence on the occurrence of artifacts around dental implants and
metal objects in CBCT images. Increasing x-ray tube voltage decreases the occurrence of artifacts such as
beam hardening and noise and increases the CNR. Increasing the tube current decreases noise but does not
affect the formation of artifacts around dental implants (peri-implant artifacts). Increasing the CBCT
rotation range from 180 to 360 degrees does not affect the number of artifacts, and decreasing the voxel size
does not improve the image quality around dental implants. To reduce scatter artifacts, the FOV should be
reduced, if possible, which will both improve the image quality and reduce radiation dose. Following
modifications of exposure parameters and their impact on CBCT image and radiation dose are detailed in
Table 1.

Voltage t

mAs 1

Voxel size 1

Field of view 1
Rotation arc 1

Metal artifact
reduction

Artifacts (beam Noise Contrast-to-noise ratio Spatial Radiation

hardening) (CNR) resolution dose

1[11,13] 1[14] 1[11,13] - 1[14]

= 1014] - - 1[14]

- . 1128] 101.32]
[14,18,26,30,31]

1[17,23] 1[14,21] 1[14,21] 1[42] 1[14,21]

- S 1126] - 11271

- 1[22,42,43] 1111,31,33] » .

TABLE 1: Influence of exposure parameters modification on the incidence of artifacts and cone-
beam computed tomography (CBCT) image quality

12 1: Di

; mAs: Tube

t-exposure time product; kV: Tube voltage; MAR: Metal artifact reduction.

Taking into account the fact that modification of all above-mentioned parameters influences the radiation
dose, only x-ray tube voltage and FOV should be modified, which are the only ones listed to influence the
formation of peri-implant artifacts, leaving the other exposure parameters at settings that allow obtaining
the lowest possible radiation dose. It is related to the ALARA (as low as reasonably achievable) principle
proposed by the ICRP [44]. Although the principle seems commonly known, studies conducted in Turkey by
Atci et al. indicate that 96% of the surveyed emergency medicine doctors and neurosurgeons of the local
hospital in Istanbul did not know the meaning of the acronym ALARA, and 92% did not know the radiation
doses received by their patients during brain CT [45]. As it is commonly known, the effective dose of x-ray
radiation increases with increasing tube voltage. Vasconcelos et al. showed that increasing the tube voltage
from 70 kVp to 90 kVp in CBCT increased the effective dose more than five-fold (4.08 pSv and 20.91 pSv at
low resolution and 18.4 pSv and 93.41 pSv at high resolution, respectively) [11]. Given the significant
increase in the effective dose, it should be verified before each exposure whether the benefits of better
image quality outweigh the potential risks of higher radiation. The consequences of irradiation might be
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classified into two groups. Stochastic or linear-dose effects include cancer and hereditary changes in the
offspring. The risk increases with an increase in the radiation dose. Deterministic effects involve transient or
permanent tissue damage and acute radiation syndrome, which occur when cells are killed by a high dose of
radiation. They are observed when doses exceeding 0.5 Gy are received, although this value might be lower
for individual organs; therefore, it does not have to be taken into account in diagnostic tests such as

CBCT where the absorbed dose is much lower [46].

Conclusions

CBCT is the gold standard in the pre- and postoperative diagnosis as well as treatment of peri-implantitis.
Due to the growing interest in the treatment with dental implants, many studies are currently conducted to
achieve the lowest possible number of metal artifacts in CBCT. From the literature review, it might be
drawn that dental artifacts are a significant limitation in the diagnosis of peri-implant tissues, and it is
possible to reduce the incidence of artifacts and improve the image quality by appropriately modifying the
exposure parameters. The reduction of artifacts is often associated with a significant increase in radiation;
therefore, effort should be taken to minimize the radiation dose in accordance with the ALARA

principle. Undoubtedly, there is a need to conduct further studies to improve the CBCT exposure protocol to
improve the image quality and increase the diagnostic efficacy in peri-implant pathologies, which would
allow for their early diagnosis and treatment.
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Wkiad Pawta Sawickiego w powstawanie publikacji okreslam jako 90 %,

(imi¢ i nazwisko kandydata do stopnia)

obejmowal on:
e Opracowanie koncepcji i metodologii
e Przygotowanie przegladu pismiennictwa
o Interpretacja wynikow
e Przygotowanie manuskryptu

e Ostateczna ocena artykutu przed oddaniem do recenzji
(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej

lek. dent. Pawla Sawickiego

(imig i nazwisko kandydata do stopnia)

(podpis o$wiadczajacego)
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Warszawa, 7 wrzesnia 2022r.
(miejscowosé, data)

Pawel Zawadzki
(imig i nazwisko)

OSWIADCZENIE

Jako wspoétautor pracy pt. ,,The Impact of Cone-Beam Computed Tomography
Exposure Parameters on Peri-Implant Artifacts: A Literature Review” o$wiadczam, iz moj
wiasny wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:

* Ostateczna ocena artykutu przed oddaniem do recenzji

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 2 %.

Wkiad Pawla Sawickiego w powstawanie publikacji okreslam jako 90 %,

(imig i nazwisko kandydata do stopnia)

obejmowat on:
* Opracowanie koncepcji i metodologii
* Przygotowanie przegladu pisSmiennictwa
* Interpretacja wynikow
* Przygotowanie manuskryptu

» Ostateczna ocena artykutu przed oddaniem do recenz;ji
(merytoryczny opis wktadu kandydata do stopnia w powstanie publikacji)

Jednoczednie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej

lek. dent. Pawta Sawickiego

(imig i nazwisko kandydata do stopnia)

(podpis oswiadczajacego)
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