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1. Einleitung

Die Wissenschaft und die Medizin befinden sich durch das Aufkommen digitaler Technologien
und kiinstlicher Intelligenz im Wandel. Die Digitalisierung schafft neue diagnostische und
therapeutische Mdglichkeiten und erleichtert die Kommunikation sowie den Datenaustausch
im Gesundheitswesen. Neben der Standardisierung und der Erhohung der Prazision und
Effizienz von Prozessen strebt die datengetriebene Medizin auch eine Individualisierung der

Patientenversorgung an.

In der Kieferorthopadie haben insbesondere die Méoglichkeiten zur digitalen Erfassung von
Zihnen und Kiefern, sowie die Einfiihrung der CAD/CAM Technologie (computer-aided-
design/computer-aided-manufacturing) zu bedeutenden Veranderungen gefiihrt [1].

Behandlungen von Zahn- und Kieferfehlstellungen konnen virtuell simuliert, geplant und die
Behandlungsapparaturen individuell gestaltet und automatisiert hergestellt werden. Die
computergestiitzte Fertigung erlaubt dabei die Verarbeitung neuer Materialgruppen und die
Fertigung komplexer Geometrien [2]. Die Anwendungen digitaler Technologien im Bereich der
kieferorthopadischen Diagnostik und Therapie sind inzwischen vielfdltig und bringen teilweise

weitreichende Neuerungen in der Arbeitsweise mit sich [3].

Im Bereich der kieferorthopadischen Diagnostik und Behandlungsplanung erméglichen
digitale Technologien beispielsweise das Zusammenfiihren und die Verarbeitung von Daten
verschiedener diagnostischer Verfahren. So konnen Gesichtsscans und Intraoralscans mit
Daten dreidimensionaler Bildgebung virtuell in Computerprogrammen iiberlagert und
dargestellt werden [4]. Dies ermdglicht die gleichzeitige Visualisierung und Analyse der
oberflachlichen und tieferliegenden Gewebe von Gesicht, Zahnen und Kiefern. Neben
diagnostischen Analysen konnen sowohl kieferorthopadische Zahn- und Wurzelbewegungen
als auch Osteotomien der Kiefer im Rahmen kombiniert kieferorthopadisch-
kieferchirurgischer Therapien prazise simuliert werden. Messungen und Analysen an digitalen
Modellen bzw. Datensdtzen sind dabei nicht nur ausreichend prazise, sondern steigern die
Effizienz und Gbertreffen die Reliabilitdit manueller Messungen [5-8]. Durch den Einsatz von
Algorithmen und kiinstlicher Intelligenz (KI) kann dabei ein hoher Automatisierungsgrad und
damit eine Effizienzsteigerung erreicht werden. Dariiber hinaus konnen KI-Modelle Muster in

medizinischen Bildern oder Datensitzen erkennen, die fiir das menschliche Auge
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moglicherweise nicht offensichtlich sind und den diagnostischen Prozess und die
Entscheidungsfindung unterstiitzen [9-15]. Ein Beispiel ist die automatisierte Analyse von
Fernrontgenseitenbildern im Rahmen der kieferorthopadischen Kephalometrie, die eine
effizientere und reproduzierbarere Musteranalyse ermoglicht als die manuelle Beurteilung

durch einen erfahrenen Behandler oder eine erfahrene Behandlerin [11,12,14].

Im Bereich der kieferorthopadischen Therapie konnen Behandlungsapparaturen anhand
virtueller Daten digital gestaltet und computergestiitzt gefertigt werden [2,16,17]. Die digitale
Arbeitsweise ~ fithrt dabei zu  Verdnderungen im  Herstellungsprozess von
Behandlungsapparaturen sowie im klinischen Arbeitsablauf. Im Vergleich mit konventionellen
Verfahren konnen durch die Anwendung computergestiitzter Technologien mogliche
Fehlerquellen in der manuellen Fertigung und die Anzahl erforderlicher Laborprozessschritte
reduziert werden [18]. Des Weiteren zeichnet sich durch die verbesserte Planbarkeit und
Reproduzierbarkeit in der Apparaturherstellung ein moglicher Paradigmenwechsel ab. Bei
ausreichender Prazision wird ein optimierter klinischer Behandlungsablauf méglich, der mit
weniger Behandlungsschritten und einer reduzierten Gesamtbehandlungsdauer einhergehen
kann [19-23].

So konnen beispielsweise kieferorthopadische Brackets konnen anhand eines simulierten
Behandlungsziels virtuell positioniert und mit Hilfe additiv gefertigter Brackettransferschienen
entsprechend dieser Planung klinisch tbertragen werden (Backward Planning). Da das
Behandlungsergebnis mafdgeblich von der Prazision der Bracketplatzierung abhangt, konnte
mit Hilfe einer individuellen Bracketpositionierung die Anzahl der notwendigen
Ausgleichsbiegungen,  Bracket-Neupositionierungen = und damit der bendtigten
Behandlungstermine reduziert werden [23,24]. Auch andere Elemente der festsitzenden
Behandlung, die bisher konfektioniert waren und auf Mittelwertsystemen basierten, konnen
auf diese Weise individualisiert werden, wie beispielsweise kieferorthopadische Bogen,

Bracketbasen und Bracketgeometrien [25-27].

Neben der gestiegerten Effizienz ist ein weiteres Ziel Behandlungen durch Individualisierung
biologischer zu gestalten. In der kieferorthopadischen Therapie stellen Apparaturen die
Schnittstelle zwischen Biologie und Technologie durch die Applikation von Kraft- und
Momentsystemen auf die Zdhne und die umliegenden Gewebe dar [28]. Die Kenntnis der durch
die eingesetzten Mechaniken erzeugten Krafte und Drehmomente ist daher von wesentlicher
Bedeutung, jedoch klinisch in vielen Fillen nicht ermittelbar oder ausreichend prazise

abschatzbar [29]. In diesem Bereich tragen digitale Technologien, insbesondere
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robotergestiitzte biomechanische Simulationssysteme und computergestiitzte numerische
Verfahren wie die Finite-Elemente-Methode, dazu bei, klinische Prozesse in vitro bzw. in silico
zu simulieren [30-33]. Basierend auf den Ergebnissen dieser Untersuchungen koénnen
mechanische Behandlungsapparaturen hinsichtlich ihres physikalischen Verhaltens fiir die
Anwendung in verschiedenen klinischen Ausgangssituationen charakterisiert und fiir den

klinischen Einsatz zu individualisiert werden [34].

Im Sinne einer patientenorientierten Medizin miissen neue Ansdtze in der Diagnostik und
Therapie evidenzbasiert beurteilt werden und einen medizinischen Mehrwert schaffen.

Die vorliegende Habilitationsschrift umfasst experimentelle und klinische Forschungsarbeiten
zu digitalen Technologien in der kieferorthopadischen Diagnostik und Therapie mit dem Fokus
auf die vorgestellten Themenbereiche additive Fertigung, virtuelle Behandlungsplanung,
kiinstliche Intelligenz und biomechanische Simulationssysteme hinsichtlich Individualisierung

und klinischer Prozessoptimierung.



2. Forschungsarbeiten und deren Bedeutung fiir das
Fachgebiet

Im folgenden Abschnitt werden die dieser Habilitationschrift zugrundeliegenden
Originalarbeiten, die in englischsprachigen Peer-begutachteten Fachjournalen veroffentlicht

wurden, mit ihren tibersetzten Zusammenfassungen vorgestellt.

Vorangestellt ist jeweils eine Einfithrung in die spezifischen Themenbereiche.

2.1 Digitale Technologien in der Kieferorthopadischen Diagnostik und

Behandlungplanung

In der Kieferorthopddie basiert die Diagnosestellung auf einer Vielzahl spezifischer
Untersuchungsmethoden, wobei die einzelnen diagnostischen Befunde im Rahmen der
sogenannten Summationsdiagnostik zusammengefithrt und hinsichtlich ihrer Relevanz
gewichtet werden. Die Behandlungsplanung erfolgt auf Grundlage der Diagnosen mithilfe

technischer Analysen, Prognosemodellen und Simulationen.

Digitale Technologien finden bereits in den meisten Teilbereichen der kieferorthopadischen
Diagnostik Anwendung, unter anderem zur Anamnese und Befunderhebung [1,4,5,35],
Fotoanalyse [36-38], Modellanalyse [s5,7,8,39-41], Rontgenanalyse [42] und kephalometrischen
Analyse [12,13]. Desweiteren werden sie in der Behandlungsplanung, unter anderem zur
Wachstumsprognose [43-47], zur Simulation von Behandlungszielen und Abwagung von

Therapiealternativen [48] sowie zur klinischen Entscheidungsfindung eingesetzt [11,14,49].

Der Einsatz digitaler Technologien in der Diagnostik und Behandlungsplanung verfolgt
vielfiltige Ziele. Neben der Steigerung der Effizienz steht dabei hdufig auch eine Steigerung der
Reliabilitit und Reproduzierbarkeit im Fokus des Interesses. Insbesondere manuell
durchgefiihrte diagnostische Analysen sind zeitaufwendig und mit potentiellen Fehlerquellen

verbunden [8].

Eine hdufige Mafdnahme zur diagnostischen Visualisierung des Behandlungsziels und
Abwdgung verschiedener Therapiealternativen sowie zur Behandlungsplanung einer
herausnehmbaren oder festsitzenden Behandlung ist die Anfertigung kieferorthopadischer

Setups [25,48]. Dabei werden die Zdhnen am phyischen oder virtuellen Modell dreidimensional
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bewegt und indikationsabhdngig die Reduktion von Zahnmaterial im Sinne einer approximalen
Schmerzreduktion (ASR) oder die Entfernung von Zihnen im Sinne einer geplanten
Extraktionstherapie simuliert [50]. Bei der Planung festsitzender Behandlungen konnen Setups
verwendet werden um individuelle Bracketpositionen zu bestimmen und individuelle
Bracketbasen sowie individuelle orthodontische Bogen herzustellen [23,25,51]. Wahrend die
Anfertigung eines Setups zur Planung einer festsitzenden Behandlung nicht obligatorisch ist,
konnen herausnehmbare Behandlungen mit Alignern ausschlieflich auf Grundlage eines
Setups geplant werden [48]. Obwohl die Erstellung von Setups zunehmend virtuell
durchgefiihrt wird, erfolgt diese haufig noch manuell, nicht zuletzt weil die notwendige digitale
Infrastruktur (Intraoralscanner und 3D Drucker) nicht tiberall verfiigbar ist [39]. Insbesondere
in der Alignertherapie ist die Genauigkeit des Setups jedoch entscheidend, um einerseits den
Platzbedarf korrekt zu diagnostizieren und andererseits tiber geeignete Bewegungsgrofien im
Setup angemessene Krdfte und Drehmomente mit der Alignerschiene erzeugen zu koénnen.
Bereits Abweichungen im Bereich von 0. mm koénnen die Vorhersagbarkeit geplanter
Zahnbewegungen nachteilig beeinflussen [52]. Lediglich eine Studie verglich manuelle und
digitale Setups mit Hinblick auf die Erhebung eines Index zur Bewertung der Qualitidt von
kieferorthopddischer Behandlungsergebnisse (American Board of Orthodontics Objective
Grading System/ABO OGS) und stellte keine statistisch signifikanten Unterschiede zwischen
der Verwendung manueller und digitaler Setups fest [50]. Jedoch wurde die Genauigkeit der
einzelnen Zahnbewegungen im Setup nicht untersucht, was keine Riickschliisse hinsichtlich
der Diagnostik des Platzbedarfs, der Genauigkeit der Zahnumstellungen und der Eignung fiir
die Anwendung in der Alignertherapie zuldsst. Daher wurde eine experimentelle Studie zur

Prazision manueller Setups durchgefiihrt (Originalarbeit 2.1.1.).

Ein weiterer Bereich in dem digitale Technologien im Bereich der kieferorthopadischen
Diagnostik eingesetzt werden ist die kephalometrische Analyse. Diese beinhaltet die
Identifizierung von Referenzpunkten am Fernrontgenseitenbild und die Beschreibung der
kraniofazialen Morphologie anhand deren Beziehungen. Traditionell erfolgte die
kephalometrische Analyse anhand einer manuellen Durchzeichnung auf Acetatpapier und
einer nachfolgenden Vermessung [53]. Diese Methode ist jedoch zeitintensiv und weist
zahlreiche potentielle Fehlerquellen bei der Identifikation der Referenzpunkte und bei dem
Prozess des Durchzeichnens und Vermessens auf [53]. Die diagnostische Aussagekraft der
kephalometrischen Auswertungen ist dariiber hinaus durch eine eingeschrankte Intra-
Beobachter-Reliabilitat und Inter-Beobachter-Reliabilitat limitiert. Um die Effizienz, die
Genauigkeit und die Reproduzierbarkeit zu verbessern, wurden Computerprogramme

entwickelt, die eine digitale Lokalisation der Referenzpunkte am Fernrontgenseitenbild samt
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rechnerischer Auswertung ermoglichen [53]. Wahrend die Effizienz durch die digitale
Auswertung gestiegert werden konnte, blieben die Genauigkeit und Reproduzierbarkeit jedoch

vergleichbar mit der konventionellen Auswertungsmethode [54,55].

In jingster Zeit gab es daher Bestrebungen, den Prozess der Referenzpunkterkennung zu
automatisieren. Hierbei wurde der Einsatz von kiinstlicher Intelligenz (KI), speziell in Form
von Convolutional Neural Networks (CNNs) propagiert. CNNs sind eine Art von neuronalen
Netzwerken, die insbesondere fiir die Verarbeitung und Analyse von Bilddaten geeignet sind.
Ein zentrales Element dieser Automatisierung ist die Erkennung von Grauwerten im
Fernrontgenseitenbild, die eine entscheidende Rolle bei der Differenzierung und Identifikation
von anatomischen Strukturen spielen. Ein Hauptvorteil von CNNs gegeniiber herkdmmlichen
neuronalen Netzwerken besteht darin, dass sie weniger vortrainierte Merkmale benotigen, da
sie automatisch raumliche Hierarchien von Merkmalen erlernen konnen. Dies ermdglicht es,
durch die Verarbeitung grofler Datenmengen Muster prazise zu erkennen, die fiir das
menschliche Auge nicht wahrzunehmen sind. Erste Studien zeigten vielversprechende
Ergebnisse bei der automatisierten Identifikation von Referenzpunkten mithilfe von KI [56]. Die
Leistung der Systeme ist jedoch unter anderem abhdngig von der Qualitdt der verwendeten
Daten und der verwendeten Architektur der Algorithmen. In vorangegangenen
Untersuchungen wurden primar Rontgenaufnahmen von Patienten mit permanentem Gebiss
evaluiert [57,58], wahrend andere Studien diese spezifische Charakteristik der Datensatze nicht
explizit erwdahnten [59]. Trotz des erkennbaren Potenzials automatisierter Verfahren zur
Identifikation kephalometrischer Orientierungspunkte, fehlen Erkenntnisse hinsichtlich der
Reliabilitat KI-basierter Systeme bei verschiedene klinisch relevante Charakteristika der
verwendeten Datensdtze. Vor diesem Hintergrund wurde daher eine Untersuchung
durchgefiihrt (Originalarbeit 2.1.2), um den Einfluss von Wachstumsstrukturen, insbesondere
von Zahnkeimen im Wechselgebiss sowie von Bildartefakten durch festsitzende Apparaturen
und zahnarztlichen Restautrationen auf die automatische Erkennung kephalometrischer

Orientierungspunkte zu analysieren.



2.1.1 Originalarbeit: Accuracy of 3D Tooth Movements in the Fabrication of Manual

Setup Models for Aligner Therapy

Sabbagh, H.; Heger, S.M.; Stocker, T.; Baumert, U.; Wichelhaus, A.; Hoffmann, L.

Accuracy of 3D Tooth Movements in the Fabrication of Manual Setup Models for Aligner
Therapy.

Materials 2022, 15, 3853.

Zusammenfassung:

Zielsetzung: Das klinische Ergebnis einer Aligner-Therapie hangt eng mit der Prazision des
Setups zusammen, das manuell oder digital hergestellt werden kann. Ziel der Studie ist es, die
Eignung manueller Setups fiir die Aligner-Therapie im Hinblick auf die Prazision der
Zahnbewegungen zu untersuchen.

Methoden: Sechs Zahntechniker wurden angewiesen, jedes der elf Gipsduplikate eines
Patientenmodells wie folgt umzustellen: eine reine vestibuldre Translation von 1 mm an Zahn
11 und eine reine mesiale Rotation von 15° an Zahn 23. Die bearbeiteten Aufstellungsmodelle
wurden 3D-gescannt und mit dem Referenzmodell abgeglichen. Zur Auswertung wurde der
Wilcoxon-Signed-Rank-Test (p < 0,05) mit einer Stichprobe verwendet.

Ergebnisse: Die Gesamtprdzision der translatorischen Bewegung umfasste einen weiten
Wertebereich von 0,25 bis 2,26 mm (Median: 1,09 mm). Der Zielwert fiir die Rotation von Zahn
23 wurde mit einer medianen Rotation von 9,76° in apikal-okklusaler Richtung erreicht.
Unerwiinschte Bewegungen in den anderen Ebenen begleiteten die Rotation ebenfalls.
Schlussfolgerungen: Ein manuelles Setup kann nur mit begrenzter Prazision hergestellt
werden. Neben der sehr hohen Variabilitit zwischen den Technikern traten zusatzliche
unerwiinschte Bewegungen in anderen raumlichen Ebenen auf. Manuell hergestellte Setups

sollten aufgrund der begrenzten Prazision nicht fiir die Aligner-Therapie bevorzugt werden.



2.1.2 Originalarbeit: Influence of growth structures and fixed appliances on
automated cephalometric landmark recognition with a customized

convolutional neural network

Popova, T.; Stocker, T.; Khazaei, Y.; Malenova, Y.; Wichelhaus, A.; Sabbagh, H.
Influence of growth structures and fixed appliances on automated cephalometric landmark
recognition with a customized convolutional neural network.

BMC Oral Health 2023, 23, 274, d0i:10.1186/512903-023-02984-2.

Zusammenfassung:

Zielsetzung: Eine der wichtigsten Anwendungen der kiinstlichen Intelligenz im Bereich der
Kieferorthopddie ist die automatische kephalometrische Analyse. Ziel der vorliegenden Studie
war es, zu untersuchen, ob verschiedene Entwicklungsstadien des Gebisses oder festsitzende
kieferorthopadische Apparaturen die Erkennung kephalometrischer Landmarken beeinflussen.
Methoden: Fiir diese Studie wurde ein neuronales Netzwerk (Convolutional Neural Network,
CNN) zur automatischen Erkennung von kephalometrischen Landmarken entwickelt. Das
Modell wurde an 430 kephalometrischen Rontgenbildern trainiert und seine Leistung
anschlieffend an 460 neuen Rontgenbildern getestet. Die Genauigkeit der Erkennung von
Orientierungspunkten bei Patienten mit bleibendem Gebiss wurde mit der bei Patienten mit
Wechselgebiss  verglichen. Auflerdem wurde der Einfluss von festsitzenden
kieferorthopadischen Apparaturen und kieferorthopadischen Brackets und/oder Bandern nur
bei Patienten mit bleibendem Gebiss untersucht. Es wurde ein t-Test durchgefiihrt, um die
mittleren radialen Fehler (MREs) gegen die entsprechenden SDs fiir jede Landmarke in den
beiden Kategorien zu bewerten, wobei die Signifikanz auf p < 0,05 festgelegt wurde.
Ergebnisse: Die Studie zeigte signifikante Unterschiede in der Erkennungsgenauigkeit des Ap-
Inferior-Punktes und des Is-Superior-Punktes zwischen Patienten mit bleibendem Gebiss und
Wechselgebiss und keine signifikanten Unterschiede im Erkennungsprozess zwischen
Patienten ohne festsitzende kieferorthopdadische Apparaturen und Patienten mit
kieferorthopadischen = Brackets und/oder Bandern wund anderen festsitzenden
kieferorthopadischen Apparaturen.

Schlussfolgerungen: Die Ergebnisse deuten darauf hin, dass Wachstumsstrukturen und
Entwicklungsstadien eines Gebisses einen Einfluss auf die Leistung des individuellen CNN-
Modells anhand von kephalometrischen Orientierungspunkten haben. Festsitzende
kieferorthopadische Apparaturen wie Brackets, Bander und andere festsitzende
kieferorthopddische Elemente hatten keine signifikanten Auswirkungen auf die Leistung des

CNN-Modells.



2.2 Digitale Technologien in der Kieferorthopadischen Therapie

In der kieferorthopadischen Therapie konnen digitale Technologien zur individuellen
Gestaltung und computergestiitzten Herstellung von Apparaturen auf der Grundlage virtueller
Daten und Behandlungsplanungen eingesetzt werden.

Um computergestiitzte Systeme zu diesem Zweck einsetzen zu konnen, miissen relevante
Strukturen wie Zahne, Kiefer und Weichgewebe digital erfasst werden. Die Erfassung von
Oberflaichen von Zdhnen und Kiefern sowie der fazialen Weichgewebe kann mithilfe von
optischen Scansystemen erfolgen. Bei intraoralen Oberflichen kénnen Intraoralscanner zur
direkten Erfassung oder Modellscanner zur indirekten Erfassung iiber eine Abformung und ein
konventionelles Modell eingesetzt werden [60]. Solche Scansysteme arbeiten nach
verschiedenen optischen Prinzipien unter anderem Triangulation, konfokale Mikroskopie,
Streifenlichttopometrie oder optischer Koharenztomographie (OTC) [61]. Bei der Erfassung
fazialer Oberflachen wird vorwiegend das Verfahren der Stereophotogrammetrie eingesetzt.
Dabei zeichnen mehrere Digitalkameras Bilder aus verschiedenen Winkel auf, die sekundar zu
einer dreidimensionalen Datei zusammengefiigt werden [62]. Die digitale Beschreibung der
Oberflichen erfolgt in standardisierten Datenformaten wie STL (Standard Tesselation
Language), DICOM (Digital Imaging and Communications in Medicine), PLY (Polygon File
Format) oder OB] (Object File Format), wobei STL zu den geldufigsten verwendeten
Dateiformat zahlt [63,64]. Im STL Format werden die dreidimensionalen Oberflachen durch
dreieckige, verkniipfte Facetten reprdsentiert, wobei jeder Facette ein Normalvektor zur
Determinierung der Ausrichtung im dreidimensionalen kartesischen Koordinatensystem
zugeordnet ist [65]. Die digitale Darstellung von Knochengewebe sowie von Zahnwurzeln
erfolgt hingegen mithilfe dreidimensionaler rontgenologischer Verfahren wie der digitalen
Volumentomographie (DVT) oder Computertomographie (CT), wobei die Datenverarbeitung
tiblicherweise im DICOM Format erfolgt. Die digitalen Datensdtze konnen anschliefdend in
Softwareprogrammen weiterverarbeitet und konvertiert werden, um sie fiir virtuelle
Behandlungsplanungen zu verwenwenden. Indikationsabhdngig erfolgt dabei eine
Verkniipfung verschiedener Datensdtze, um beispielsweise Daten aus Oberflaichenscans von
Zahnen, Kiefern und Gesicht mit Datensatzen radiologischer Untersuchungen zur Darstellung

von Knochengewebe und Zahnwurzeln zu kombinieren (Abb. 1) [66,67].



Abb. 1 (links): Kombination von dreidimensionalen Rontgendatensitzen (DVT) mit einem
Intraoralscan zur gleichzeitigen Darstellung von Zahnoberflichen und Zahnwurzeln zur virtuellen
Bracketplatzierung und Behandlungsplanung (eigene Aufnahme aus dem Softwareprogramm
OnyxCeph3TM, Image Instruments GmbH, Chemnitz, Deutschland).

Abb. 1 (rechts): Kombination von dreidimensionalen Réntgendatensdtzen (DVT) mit einem
Gesichtsscan zur gleichzeitigen Darstellung von Zdhnen und Kiefern sowie der fazialen Weichgewebe
zur Planung einer kombiniert kieferorthopadisch-kieferchirurgischen Therapie (eigene Aufnahme aus
dem Softwareprogramm OnyxCeph®™™, Image Instruments GmbH, Chemnitz, Deutschland).

Die Fusion verschiedener Datensdtze erfolgt anhand einem Registrierungsprozess, bei dem die
Datensdtze in einem gemeinsamen Koordinatensystem ausgerichtet und anschlief3end
zusammengefiigt werden. Haufig erfolgt die initale Vorausrichtung anhand manuell
festgelegter anatomischer Landmarken, bevor die Oberflichen computergestiitzt
beispielsweise mithilfe von Iterative Closest Point (ICP) Algorithmen iiberlagert werden [68].
Neuerdings wurden auch Ansdtze fiir auf kiinstlicher Intelligenz basierende Systeme zur
automatischen Uberlagerung beschrieben [69].

Je nach klinischer Indikation konnen auf der Grundlage dieser registrierten Daten verschiedene
therapeutische Hilfsmittel, zum Beispiel Apparaturen fiir die festsitzende oder

herausnehmbare kieferorthopadische Therapie, hergestellt werden.

In der festsitzenden Behandlung mit Multibracketapparaturen ist die Positionierung
kieferorthopdadischer Brackets mafdgeblich fiir das Ergebnis der Behandlung [70,71]. Eine
Fehlpositionierung von Brackets kann die Gesamtbehandlungsdauer und die Anzahl
notwendiger Biegungen in orthodontischen Bogen sowie das Repositionieren von Brackets
erforderlich machen [71-77]. Bereits geringfiigige Abweichungen der Bracketpositionen kénnen
zu klinisch signifikanten Abweichungen von der angestrebten Zahnstellung fiihren [70,78].

Die Bracketplatzierung kann klinisch entweder direkt mithilfe von Bracketsetzpinzetten oder
indirekt mithilfe von Brackettransferschienen erfolgen. Jedoch wurden fiir keine direkte oder
konventionell indirekte Bracketplatzierungsmethode ideale klinische Ergebnisse beschrieben,
sodass kompensatorische Biegungen und Bracketrepositionierungen erforderlich bleiben [79].

Dies ist vorwiegend auf die Verwendung konfektionierter, auf Populationsmittelwerten
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basierenden Bracketsystemen bei einer interindividuell hohen Variabilitit der
Zahnmorphologien zuriickzufithren [80]. Desweiteren ist eine Beriicksichtigung der
Waurzelmorphologie und -achse mit konventionellen Methoden nicht moglich, obgleich die
Erreichung einer Wurzelparallellitit eines der vorrangigen Ziele der kieferorthopadischen
Behandlung ist [42,75]. Behandlungsplanungssoftwares hingegen ermoglichen eine individuelle
Bracketpositionierung anhand einer Behandlungszielsimulation durchzufiihren. Dabei kénnen
dreidimensionale Daten zur Darstellung der Zahnwurzeln integriert und die Auswirkungen
verschiedener Bracketpostionen auf die erwartete Zahnstellung verglichen und entsprechend
angepasst werden, um individuelle anatomische Gegebenheiten zu beriicksichtigen [75]. Um
diese virtuell geplanten, individuellen Bracketpositionen klinisch zu tbertragen miissen
Brackettransferschienen fiir die Bracketplatzierung hergestellt werden. Dabei stehen
verschiedene Prozesse zur sogenannten digitalen indirekten Bracketplatzierung zur Verfiigung
[81,82]. Einerseits konnen Modelle mit Hilfsstrukturen zur Platzierung der klinisch verwendeten
Brackets additiv im 3D Druckverfahren erstellt werden [82]. Andererseits ist es auch moglich,
Modelle mit Kunststoffbrackets als Platzhalter fiir die spatere Integration der klinisch zu
verwendenden Brackets in die Tranfersschiene herzustellen. Bei beiden Methoden werden
anschlieflend Brackettransferschienen aus Silikon oder Tiefziehfolien labortechnisch
konventionell hergestellt [80,81]. Alternativ ist auch die virtuelle Gestaltung der
Brackettransferschiene und direkte additive Fertigung im 3D Druckverfahren maglich [81]. Die
additive Fertigung von Brackettransferschienen kann im Digital Light Processing Verfahren
(DLP), Sterolithographie Verfahren (SLA) oder im Poly-Jet Modeling Verfahren (PJM) erfolgen
[81,83]. Haufig basieren die dafiir verwendeten Materialien auf einer Mischung aus

Methacrylaten und Acrylaten, sowie Photoinitiatoren und weiteren Additiven [83].

Das Erreichen des virtuell geplanten Behandlungsziels ist abhdngig von der Genauigkeit der
Brackettransferschienen und der Genauigkeit der indirekten Bracketplatzierung. In der
Literatur lagen jedoch teilweise widerspriichliche Daten zur Genauigkeit der verschiedenen
Verfahren vor, sodass eine evidenzbasierte Beurteilung der am geeignetsten Methoden nicht
moglich war. Um die relevantesten Methoden hinsichtlich ihrer zu erwartenden Genauigkeit
zu bewerten wurde eine Systematische Ubersichtsarbeit einschliefflich Meta-Analyse
durchgefithrt  (Originalarbeit 2.2.1). Ziel war es dabei neben der allgemeinen
Ubertragunsgenauigkeit auch Untergruppenanalysen zu zahnbezogenen und kieferbezogenen
Faktoren zu bewerten. Darliber hinaus wurde in einer experimentellen Studie die
Umsetzungsgenauigkeit verschiedener additiv gefertigter Bracketiibertragungsschienen im

DLP-Verfahren und einer Silikon-Bracketiibertragungsschiene auf der Basis eines im SLA-
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Verfahren hergestellten Modells mit Hilfsstrukturen fiir die digitale indirekte

Bracketplatzierung verglichen (Originalarbeit 2.2.2).

Neben der Determinierung und Ubertragung individueller Bracketpositionen erméglicht die
virtuelle Behandlungsplanung auch die Fertigung individueller Bracketbasen und individueller
orthodontischer Bogen [23,84]. Abhdngig davon ob lediglich die Bracketpositionen oder
zusdtzlich auch andere Komponenten individualisiert sind, werden solche Systeme als
teilindividuelle oder vollindividuelle CAD-CAM Bracketsysteme bezeichnet [25,84-86]. Klinisch
relevante Fragestellung bei der Bewertung der Effektivitit dieser Systeme sind die
Gesamtbehandlungsdauer, die Anzahl notwendiger Termine, die Anzahl notwendiger
Bracketrepositionierungen,  die = Bracketverlustraten @ und  die  Qualitit  des
Behandlungsergebnisses. Nur wenige Autorengruppen haben konventionelle Bracketsysteme
mit teilindividuellen und vollindividuellen CAD-CAM Bracketsystemen hinsichtlich dieser
Aspekte klinisch verglichen. Brown et al. stellten eine verkiirzte Behandlungsdauer von fiinf
Monaten fiir teilindividuelle Systeme sowie eine verkiirzte Behandlungsdauer von acht
Monaten fiir vollindividuelle Systeme gegeniiber konventionellen Systemen fest [23]. Die
digitale indirekte Bracketplatzierung hatte somit einen starkeren Einfluss auf die Effizienz der
Behandlung als die Individualisierung der Bracketbasen. Desweiteren konnte auch die Anzahl
der notwendigen Termine reduziert werden, bei gleichem Behandlungsergebnis gemafd dem
ABO-OGS. Diese Ergebnisse wurden im Allgemeinen durch andere klinische Studien bestitigt,
obwohl aufgrund der verwendeten Methodiken ein hohes Verzerrungsrisiko besteht [87-89].
Zusatzlich zu den genannten klinischen Fragestellungen ist auch von Interesse, inwiefern die
virtuell geplanten Zahnbewegungen erreicht werden, beziehungsweise inwiefern das erreichte
klinische Ergebnis der Planung entspricht. Zu diesem Ziel wurde eine randomisierte, klinische
Studie durchgefiihrt, bei der ein vollindividuelles Bracketsystem mit einem konventionellen

Bracketsystem verglichen wurde (Originalarbeit 2.2.3).

Im Bereich der kombiniert kieferorthopadisch-kieferchirurgischen Therapie basierte die
Operationsplanung iiber mehrere Jahrzehnte hinweg auf konventionellen Methoden unter
Verwendung von Fotografien, Gipsmodellen, einer Gesichtsbogeniibertragung, einem

Zenrikregistrat und einem Fernrontgenseitenbild [90,91].

Initial erfolgte bei dieser Methode die kephalometrische Operationsplanung am seitlichen
Fernrontgenseitenbil, um die chirurgisch notwendigen Bewegungen zur Harmonisierung der
Kieferbasen und kraniofazialen Morphologie zu bestimmen, wobei individuelle sagittale und

vertikale Befunde beriicksichtigt werden konnten [go]. Anschliefdend wurden die Ergebnisse
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der kephalometrischen Planung im Rahmen einer Modelloperation im Artikulator tibertragen
und zur Einstellung der Okklusion modifiziert. Auf Grundlage der Modelloperation erfolgte die
Herstellung eines Operationssplintes, der intraoperativ zur Umsetzung der festgelegten

Kieferrelation eingesetzt wurde [9o].

Die konventionelle Planungsmethode weist zahlreiche Einschrankungen auf. Zunachst ist die
kephalometrische  Planung am  seitlichen = Fernrontgenseitenbild lediglich  im
zweidimensionalen Raum moéglich, sodass die Transversalebene nicht bertiicksichtigt werden
kann. Im Prinzip kann bei Vorliegen von Laterognathien beziehungsweise Anomalien in der
Transversalebene auch ein frontales Fernrontgenseitenbild zur -chirurgischen Planung
verwendet werden. Jedoch existieren keine Bewertungsschemata fiir eine individualisierte
Kephalometrie, sodass die synoptische Berticksichtigung der Ergebnisse der beiden Aufnahmen
(laterales und frontales Fernrontgenseitenbild) nur eingeschrankt moglich ist. Desweiteren
stellt auch die Modelloperation eine starke Vereinfachung dar, da knocherne Strukturen des
Ober- und Unterkiefers nicht dargestellt sind. Ebenso ist eine reliable Vorhersage der fiir die
Asthetik relevanten Weichgewebestrukturen und der Lachlinie nicht moglich. Zudem bestehen
zahlreiche potentielle Quellen fiir Ungenauigkeiten im labortechnischen Prozess der
Modellerstellung, Zentrikregistrierung und Gesichtsbogeniibertragung [91-94]. Letztlich kann
ein Operationssplint lediglich die Umsetzung der geplanten Relation der Kiefer zueinander
tiber die interokklusale Referenz gewdhrleisten. Jedoch bietet er keine Kontrollmdglichkeit
tiber das Ausmafs und die Richtung der durchgefiihrten chirurgischen Bewegungen und die

erreichte Positionierung in Bezug auf die kraniofaziale Morphologie.

Im letzten Jahrzehnt wurden daher zunehmend digitale Planungsysteme eingesetzt, um die
Limitationen konventioneller Verfahren zu iiberwinden. Behandlungsplanungssoftwares
ermoglichen die virtuelle Okklusionseinstellung sowie eine Planung der chirurgischen
Osteotomien am dreidimensionalen Modell. Dabei werden Daten aus dreidimensionaler
Bildgebung (Digitale Volumentomographie/DVT oder Computertomographie/CT) mit Daten
eines Modellscans oder Intraoralscans kombiniert [67]. Dieses Verfahren ermoglicht die
Beurteilung der Dysgnathie in allen drei Raumebenen und die simultane Darstellung der Hart-
und Weichgewebe im Rahmen der virtuellen Operationsplanung. So koénnen auch
Risikosituationen berticksichtigt werden, zum Beispiel die Nahe zu Zahnwurzeln oder Nerven,
insbesondere zum Nervus alveolaris inferior bei geplanten Umstellungsosteotomien im

Unterkiefer (Abb. 2).
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Abb. 2 (links): Darstellung von Zdhnen einschlief3lich der Zahnwurzeln, des Nervus alveolaris inferior
(orange) und Uberlappungsbereichen (rot) bei einer geplanten Umstellungsosteotomie des
Unterkiefers (eigene Aufnahme aus dem Softwareprogramm ProPlan CMF™, Materialise, Neuven,
Belgien)

Abb. 2 (rechts): Virtuell gestaltete Schablone zur navigierten Osteotomie und navigierten
Vorbohrung fiir die Verwendung eines patientenspezifischen Implantats zur Positionierung des
Oberkiefer bei einer geplanten Umstellungsosteotomie (Screenshot aus einem CaseReport des
Softwareprogramms ProPlan CMF™ Materialise, Neuven, Belgien)

Klinische Studien und systematische Ubersichtsarbeiten belegen die vergleichsweise hohe
Umsetzungsgenauigkeit 3D geplanter Operationen [95-100]. Desweiteren ist es moglich anhand
der dreidimensionalen Planungen Schablonen fiir die navigierte Durchfithrung von
Osteotomien und patientenspezifische Implantate im Sinne von individuellen
Ostesyntheseplatten vorzufertigen [101]. Bei Verwendung von Navigationsschablonen kann
auch die Vorbohrung fiir individuelle Osteosyntheplattensysteme, sogenannte
patientenspezifische Implantate (PSI), integriert werden, so dass die Positionierung der
Kieferbasen auch ohne Operationssplinte erfolgen kann (Abb. 2) [101]. Insbesondere bei
Umstellungsosteotomien des Oberkiefers konnte dieses Verfahren signifikante Vorteile
aufweisen. Die Positionierung kann dadurch iiber unbeweglichen Mittelgesichtstrukturen
erfolgen und ist somit nicht von der interokklusalen Referenz sowie der Mobilitit des
Unterkiefers bei einem andsthesierten Patienten abhangig [101]. Zu diesem Verfahren liegen nur
wenige, jedoch hinsichtlich der Erreichten Positionierung vielversprechende Ergebnisse vor
[102]. Daher wurde eine Studie durchgefithrt, um die Genauigkeit von 3D geplanten

splintbasierten und splintfreien Umstellungsosteotomien zu untersuchen (Originalarbeit

2.2.4).
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2.2.1 Originalarbeit: Bracket Transfer Accuracy with the Indirect Bonding

Technique: A Systematic Review and Meta-Analysis

Sabbagh, H.; Khazaei, Y.; Baumert, U.; Hoffmann, L.; Wichelhaus, A.; Janjic Rankovic, M.
Bracket Transfer Accuracy with the Indirect Bonding Technique: A Systematic Review and
Meta-Analysis.

Journal of Clinical Medicine 2022, 11, 2568. DOI: 10.3390/jcm11092568

Zusammenfassung:

Zielsetzung: Untersuchung der Bracketiibertragungsgenauigkeit bei der indirekten
Klebetechnik (IDB).

Methoden: Bis November 2021 wurde eine systematische Literatursuche in PubMed
MEDLINE, Web of Science, Embase und Scopus durchgefiihrt.

Auswahlkriterien: Beriicksichtigt wurden In-vivo- und Ex-vivo-Studien, in denen die
Genauigkeit der Bracketiibertragung durch Vergleich der geplanten und der erreichten
Bracketpositionen mit der IDB-Technik untersucht wurde. Es wurden Informationen zu
Patienten, Proben und angewandter Methodik gesammelt. Gemessene mittlere
Ubertragungsfehler (MTE) fiir angulire und lineare Richtungen wurden extrahiert. Das Risiko
fir systematische Verzerrungen (RoB) in den Studien wurde mithilfe eines RoB-Tools bewertet.
Eine Meta-Analyse der Ex-vivo-Studien wurde fiir die gesamte lineare und anguldre Bracket-
Ubertragungsgenauigkeit sowie fiir Untergruppenanalysen nach Art der Bracketiibertragung,
Zahngruppen, Kiefern und nach Bewertungsmethode durchgefiihrt.

Ergebnisse: Insgesamt 16 Studien erfiillten die Einschlusskriterien fiir diese systematische
Uberpriifung. Die linearen mittleren Ubertragungsfehler (MTE) in mesiodistaler, vertikaler und
bukkolingualer Richtung betrugen 0,08 mm (95 % CI 0,05; 0,10), 0,09 mm (0,06; 0,11) bzw. 0,14
mm (0,10; 0,17). Die mittleren anguliren Ubertragungsfehler (MTE) fiir Angulation, Rotation
und Drehmoment betrugen 1,13° (0,75; 1,52), 0,93° (0,49; 1,37) bzw. 1,11° (0,68; 1,53). Silikontrays
zeigten die hochste Genauigkeit, gefolgt von vakuumgeformten Trays und 3D-gedruckten
Trays. Untergruppenanalysen zwischen Zahngruppen, rechter und linker Seite sowie Ober- und
Unterkiefer zeigten geringe Unterschiede.

Schlussfolgerungen und Implikationen: Die Gesamtgenauigkeit der indirekten
Klebetechnik kann als klinisch akzeptabel angesehen werden. Zukiinftige Studien sollten sich

mit der Validierung der verwendeten Methoden zur Beurteilung der Genauigkeit befassen.
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2.2.2 Originalarbeit: Bracket transfer accuracy with two different three-

dimensional printed transfer trays vs silicone transfer trays

Hoffmann, L.; Sabbagh, H.; Wichelhaus, A.; Kessler, A.
Bracket transfer accuracy with two different three-dimensional printed transfer trays vs silicone
transfer trays.

The Angle Orthodontist 2022, 92, 364-371, d0i:10.2319/040821-283.1.

Zusammenfassung:

Zielsetzung: Vergleich der Ubertragungsgenauigkeit von zwei verschiedenen additiv
gefertigten  Bracketiibertragungsschienen =~ mit  Bracketiibertragungsschienen  aus
Polyvinylsiloxan (PVS) fiir die indirekte Bracketplatzierung.

Material und Methoden: Fiir jedes untersuchte Material wurden insgesamt 10 Zahnmodelle
angefertigt. Die virtuelle Bracketplatzierung wurde auf einem gescannten Zahnmodell mit
OnyxCeph (OnyxCeph 3D Lab, Chemnitz, Deutschland) durchgefithrt. Es wurden
dreidimensional gedruckte Transferschienen und Silikon-Transferschienen hergestellt. Die
Bracketpositionen wurden nach dem indirekten Klebeverfahren gescannt. Es wurden lineare
und angulire Ubertragungsfehler gemessen. Signifikante Unterschiede zwischen den mittleren
Ubertragungsfehlern und der Hiufigkeit der klinisch akzeptablen Fehler (<0,25 mm/1°) wurden
mit dem Kruskal-Wallis- bzw. dem x2-Test analysiert.

Ergebnisse: Alle Bracketiibertragungsschienen zeigten eine vergleichbare Genauigkeit bei der
Platzierung der Brackets. NextDent wies eine signifikant hohere Haufigkeit von
Rotationsfehlern innerhalb der 1°-Grenze auf (P = 0.01) als das PVS-Tray. Wahrend PVS in allen
linearen Dimensionen signifikante Unterschiede zwischen den Zahngruppen zeigte, wies Dreve
nur in bukkolingualer Richtung einen signifikanten Unterschied auf. Alle Gruppen zeigten eine
dhnliche Verteilung der Richtungsabweichung.

Schlussfolgerungen: Dreidimensional gedruckte Bracketiibertragungsschienen erzielten
vergleichbare Ergebnisse mit den PVS-Bracketiibertragungsschienen in Bezug auf die
Genauigkeit der Bracketpositionierung. NextDent scheint im Vergleich zu PVS hinsichtlich der
Haufigkeit von klinisch akzeptablen Fehlern unterlegen zu sein, wahrend Dreve als
gleichwertig eingestuft wurde. Der Einfluss von Zahngruppen auf die Genauigkeit der
Bracketpositionierung kann durch die Verwendung einer geeigneten dreidimensionalen

gedruckten Bracketiibertragungsschienen (Dreve) reduziert werden.
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2.2.3 Originalarbeit: Clinical effects with customized brackets and CAD/CAM

technology: a prospective controlled study

Hegele, ].; Seitz, L.; Claussen, C.; Baumert, U.; Sabbagh, H.; Wichelhaus, A.
Clinical effects with customized brackets and CAD/CAM technology: a prospective controlled
study.

Progress in Orthodontics 2021, 22, 40, d0i:10.1186/540510-021-00386-0.

Zusammenfassung:

Zielsetzung: Ziel dieser prospektiven, kontrollierten Studie war es, die klinische Effizienz eines
vollindividualisierten CAD-CAM Bracketsystems im Vergleich mit einem konventionellen
Bracketsystem zu untersuchen.

Material und Methoden: Insgesamt wurden 38 Patienten in zwei Gruppen aufgeteilt, die
entweder mit einem direkt geklebten konventionellen Bracketsystem (Damon, Ormco, USA)
oder mit einem indirekt geklebten vollindividuellem CAD-CAM Bracketsystem (Insignia™,
Ormco, USA) behandelt wurden. Verglichen wurden die Gesamtbehandlungszeit, die Anzahl
der Behandlungstermine, die Anzahl der verlorenen oder neu positionierten Brackets, die
Anzahl der Bogen und Biegungen, der Little Irregularity Index, kephalometrische Analysen und
ABO-Scores. Um die klinische Umsetzung der Behandlungsplanung zu bewerten, wurden
Uberlagerungen der virtuellen Aufstellungen und der Behandlungsergebnisse der CAD/CAM-
Gruppe durchgefiihrt.

Ergebnisse: Es wurden keine Unterschiede zwischen den beiden Behandlungsgruppen in
Bezug auf die Gesamtbehandlungszeit, die Anzahl der Termine und die Anzahl der Biegungen
festgestellt. Mit dem CAD/CAM-System traten haufiger Bracketverluste auf. Indirekt geklebte
Brackets mussten nicht so oft neu positioniert werden wie direkt geklebte Brackets. Die
Behandlungsergebnisse mit beiden Systemen waren hinsichtlich ihrer Auswirkungen auf die
Verringerung der ABO-Scores vergleichbar. Beim Vergleich der Behandlungsergebnisse mit
den virtuellen Aufstellungen wurden die mesio-distalen Positionen am besten erreicht, gefolgt
von den vertikalen Positionen. Transversale Positionen wiesen die grofdten Diskrepanzen auf.
Bei den Winkeln stimmten die Angulationswerte am besten mit dem virtuellen Set-up tiberein,
wahrend bei den Inklinationswerten die grofdten Diskrepanzen auftraten.

Schlussfolgerung: Im Vergleich zu einem direkt geklebten selbstligierenden Bracketsystem
hatte die Verwendung von indirekt geklebten individuellen CAD/CAM-Brackets nur einen

geringen Einfluss auf die Behandlungseffizienz und die Behandlungsergebnisse.
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2.2.4 Originalarbeit: Accuracy of maxillary positioning using computer-designed

and manufactured occlusal splints or patient-specific implants in

orthognathic surgery.

Malenova, Y.; Ortner, F.; Liokatis, P.; Haidari, S.; Troltzsch, M.; Fegg, F.; Obermeier, K.T.;
Hartung, J.T.; Kakoschke, T.K.; Burian, E.; Otto, S.; Sabbagh, H.; Probst, F.

Accuracy of maxillary positioning using computer-designed and manufactured occlusal splints
or patient-specific implants in orthognathic surgery.

Clin Oral Investig 2023, doi:10.1007/500784-023-05125-9.

Zusammenfassung:

Zielsetzung: Bestimmung der Genauigkeit der Oberkieferpositionierung unter Verwendung
von am Computer entworfenen und hergestellten Positionierungsschablonen oder
patientenspezifischen Implantaten in der orthognathen Chirurgie.

Material und Methoden: Es wurde eine retrospektive Analyse von 28 Patienten durchgefiihrt,
die sich einer virtuell geplanten orthognathen Operation mit Le-Fort-I-Osteotomie des
Oberkiefers unterzogen, wobei entweder VSP-generierte Schablonen (n = 13) oder
patientenspezifische Implantate (PSI) (n = 15) verwendet wurden. Die Genauigkeit und das
chirurgische Ergebnis beider Techniken wurden durch Uberlagerung der prioperativen
chirurgischen Planung mit postoperativen CT-Scans und Messung der Translations- und
Rotationsabweichung fiir jeden Patienten verglichen.

Ergebnisse: Die globale geometrische 3D-Abweichung zwischen der geplanten Position und
dem postoperativen Ergebnis betrug 0,60 mm (95%-CI 0,46-0,74, Bereich 0,32-1,11 mm) fir
Patienten mit PSI und 0,86 mm (95%-CI 0,44-1,28, Bereich 0,09-2,60 mm) fiir Patienten mit
chirurgischen Schablonen. Die postoperativen Unterschiede bei den einzelnen linearen
Abweichungen zwischen der geplanten und der postoperativen Position waren bei der PSI im
Vergleich zu den chirurgischen Schablonen etwas grofder in Bezug auf die x-Achse und die
Neigung, aber geringer in Bezug auf die y- und z-Achse. Hinsichtlich der globalen
geometrischen Abweichung, den linearen Abweichungen in der x-, y- und z-Achse sowie der
Rotationen gab es keine signifikanten Unterschiede zwischen beiden Gruppen.
Schlussfolgerungen: Hinsichtlich der Genauigkeit bei der Positionierung von
Oberkiefersegmenten nach Le Fort I Osteotomie in der orthognathen Chirurgie bieten

patientenspezifische Implantate und chirurgische Schablonen eine gleich hohe Genauigkeit.
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2.3 Digitale Technologien und biomechanische Simulationssysteme

Die kieferorthopadische Zahnbewegung ist ein komplexer biologischer Prozess, der durch die
therapeutische Applikation von Kriften und Drehmomenten auf die Zdhne und damit auf das
Parodontale Ligament (PDL) und den Alveolarfortsatzknochen induziert wird [103,104]. Dabei
fiihren mehrere zellulire und molekulare Signalwege in Folge der mechanischen Belastung zu
einem Knochenremodeling tiber Knochenresorption durch Osteoklasten und Knochenapposition

durch Osteoblasten (Mechanotransduktion) [105].

Die Grofle und Richtung der kieferorthopadisch verwendeten Krafte ist von entscheidender
Bedeutung, um einerseits eine effiziente Zahnbewegung zu erreichen und andererseits
unerwilinschte Nebenwirkungen wie Schmerzen, ausgepriagte Hyalinisation und apikale

Wourzelresorptionen zu vermeiden [28,106].

Wahrend die Kraftgrofien fiir einige Komponenten, die bei festsitzenden Apparaturen verwendet
werden, wie z.B. elastische Ketten, Nickel-Titan-Federn, Kragarme und intermaxillire Gummiziige,
relativ genau bestimmt werden konnen, sind die resultierenden Krafte komplexerer
Bogenaktivierungen oder -biegungen klinisch nicht zu bestimmen [29]. Daher sind in der
Kieferorthopddie biomechanische Untersuchungen zur Bestimmung dieser Kenngrofen und des
Materialverhaltens etabliert [107]. Digitale Technologien ermoglichen heutzutage eine detaillierte
Modellierung und Quantifizierung des biomechanischen Verhaltens kieferorthopadischer
Apparaturen. Durch den Einsatz von computergesetiitzten Finite-Elemente-Simulationen (FES)
und robotergestiitzten biomechanischen Versuchsstanden konnen spezifische Kraftvektoren und

Stressverteilungen innerhalb der kieferorthopéddischen Systeme prézise analysiert werden [107].

Die Finite-Elemente-Methode ist ein rechnerisches Verfahren, das komplexe biologische Systeme
und deren Reaktionen auf mechanische Belastungen in silico simulieren kann [30,108,109]. Ein
signifikanter Vorteil dieser Methode, insbesondere im Kontext kieferorthopadischer
biomechanischer Untersuchungen, besteht in der Mdglichkeit, das Verhalten des
Alveolarknochens und des Parodontalligaments zu beriicksichtigen. Die Ubertragbarkeit dieser
Simulationsmodelle ist jedoch abhdngig von der Qualitit und Richtigkeit der verwendeten
Versuchsbedingungen [108,109]. Insbesondere die Darstellung der Morphologie der Gewebe und die
Determinierung deren Eigenschaften sowie der mechanischen Interaktionen der
Behandlungsapparaturen sind komplex [110]. Aus diesem Grund korrelieren die Ergebnisse solcher
Untersuchungen nur eingeschrankt mit dem tatsachlichen Materialverhalten und der biologischen
Reaktion. Die Ergebnisse von FES sollten daher unabhdngig von der Art des verwendeten Modells

mit experimentellen Daten verglichen werden um ihre Giiltigkeit zu priifen [1u].

Biomechanische  Versuchsstinde  hingegen  ermdglichen die  Untersuchung von
Behandlungsmechaniken, die in der untersuchten Form auch klinisch eingesetzt werden.
Insbesondere die mechanische Interaktion der verschiedenen eingesetzten Komponenten
entsprechen dabei weitestgehend dem zu erwartenden Verhalten in der therapeutischen
Anwendung. Eine Schwierigkeit bei der Durchfiihrung solcher Untersuchungen sind die
dynamischen  Kraft-Drehmoment-Systeme, die sich aufgrund der fortlaufenden

19



kieferorthopadischen Zahnbewegungen kontinuierlich dndern. Trotz des Einsatzes von computer-
und robotergestiitzten Systemen zur Uberwindung dieser Limitation existieren bislang nur eine
begrenzte Anzahl an biomechanischen Priifstainden, die spezifisch fiir die Untersuchung
dynamischer kieferorthopadischer Zahnbewegungen konzipiert und validiert wurden [33,12]. Im
Jahr 1992 wurde mit dem "Orthodontic Measurement und Simulation System, OMSS" erstmals ein
computergesteuerter Versuchsstand vorgestellt, der Kriafte und Momente anhand eines
simplifizierten Zwei-Zahn-Systems untersuchen kann [u3]. Die Bewegung des Versuchsstands
erfolgte dabei statisch iiber einen 6-Achs-Positionierungstisch. Im Jahr 2006 wurde mit dem
"Robotic Measurement System, RMS" ein Versuchsstand vorgestellt, der einen Roboter zur
Bewegungskontrolle des Versuchsstands einsetzt [114]. Obwohl dieses System einen grofderen
Steuerungsspielraum und damit die Simulation umfangreicherer und komplexerer

Zahnbewegungen erméglicht, erfolgte die Steuerung weiterhin statisch.

In den dieser Habilitationsschrift zugrundeliegenden biomechanischen Untersuchungen
(Originalarbeit 2.3.1 und 2.3.2) wurde zur automatisierten Bewegungssteuerung ein Feedback-
Mechanismus zwischen den gemessenen Krédften und Drehmomenten und den von den Systemen
ausgefithrten Bewegungen entwickelt (Kraftsteuerung). Die Kraftsteuerung basiert auf
computerberechnungen und ibersetzt die gemessenen Krifte und Drehmomente am Ort des
Sensors tiber eine Transformationsmatrix in den Kraftansatzpunkt (center of force, CoF) und das
Widerstandszentrum (center of resistance, CoR). Diese Punkte und deren Beziehung
determinieren auch klinisch das Rotationszentrum (center of rotation, CRot) und die Art und die

Richtung der Zahnbewegung (Abb. 3)

Abb. 3 links: Grafik eines Zahns mit im Bracket/CoF eingeblendeten Koordinatensystem der Messungen.

Abb. 3 rechts: Schematische Darstellung eines Zahns mit den determinierenden Parametern der kieferorthopadischen
Zahnbewegung (CoF, CoR, CoRot) in abhdngigkeit einer Intrusiven Beispielkraft.

20



Das entwickelte Kontrollprogramm steuert basierend auf diesen Berechnungen den Roboter, der
automatisiert in die Richtung der sich ergebenden Zahnbewegung verfihrt, wobei sich die
anliegenden Krafte und Drehmomente abbauen. Die Erfassung dieser Grofden erfolgt simultan und
wird iterativ fortgesetzt, bis beide Parameter gegen null konvergieren. Das Prinzip der
Kraftsteuerung wurde im Rahmen der zugrundeliegenden Originalarbeiten (2.3.1 und 2.3.2) fiir die
Untersuchung verschiedener Zahnbewegungsszenarien in unterschiedliche Versuchsstande
implementiert.

Der Versuchsstand ROSS (Robotic Orthodontic Measurement & Simulation System) verwendet zur
Steuerung einen Industrieroboter (KUKA KR 5-sixx R650, KUKA Roboter GmbH, Deutschland) und
wurde zur Simulation von Einzelzahnbewegungen konzipiert, wobei der Sensor direkt mit dem zu
bewegenden Zahn verbunden ist (Abb. A)

Der Versuchsstand HOSEA (Hexpod for Orthodontic Simulation Evaluation and Analysis)
verwendet zur Steuerung eine Stewart-Plattform (HP-550, PPI GmbH, Karlsruhe, Deutschland)
und wurde zur Simulation von Bewegungen von Zahngruppen konzipiert, wobei der Sensor und

die Zahngruppe am Gehduse befestigt sind und die Plattform den statischen Teil bewegt (Abb. B).

Abb. 4 links: Kraftgesteuerter biomechanischer Versuchsstand ROSS. Der 6-Achs-Roboter mit Kraft-
Moment-Sensor und Priifzahn verfahrt zum statisch fixiertem experimentellen Modell.

Abb. 4 rechts: Kraftgesteuerter biomechanischer Versuchsstand HOSEA. Die 6-Achs Stewart Plattform
verfahrt das Versuchsmodell zum statisch fixierten Kraft-Moment-Sensor.

Ziel der Studien war es, Einzelzahnbewegungen der kieferorthopadischen Nivellierungsphase
(Originalarbeit 2.3.1), und Bewegungen von Zahngruppen in der kieferorthopddischen
Kontraktions- und Justierungsphase (Originalarbeit 2.3.2) kraftgesteuert zu simulieren. Dabei
wurden kieferorthopdadische Mechaniken anhand von Literaturempfehlungen ausgewdhlt und
verwendet um die resultierenden Kraft- und Drehmomentwerte dynamisch zu quantifizieren und

die Literaturempfehlungen hinsichtlich der Mechaniken fiir die klinische Anwendung zu bewerten.
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2.3.1 Originalarbeit: Biomechanical simulation of forces and moments of initial

orthodontic tooth movement in dependence on the used archwire system

by ROSS (Robot Orthodontic Measurement & Simulation System)

Dotzer, B.; Stocker, T.; Wichelhaus, A.; Janjic Rankovic, M.; Sabbagh, H.

Biomechanical simulation of forces and moments of initial orthodontic tooth movement in
dependence on the used archwire system by ROSS (Robot Orthodontic Measurement &
Simulation System).

J Mech Behav Biomed Mater 2023, 144, 105960, doi:10.1016/j.jmbbm.2023.105960.

Zusammenfassung:

Zielsetzung: Ziel dieser Studie war es, die Kriafte und Momente wahrend simulierter initialer
kieferorthopadischer Zahnbewegungen mit Hilfe eines neuartigen biomechanischen
Versuchsstands zu bestimmen.

Material und Methoden: Der Versuchsaufbau bestand aus einem industriellen
Prazisionsroboter mit einem Kraft-Drehmoment-Sensor, einem Oberkiefermodell und einem
Steuercomputer mit Software. Krafte und Drehmomente, die wdhrend der
Bewegungssimulationen auf den entsprechenden Versuchszahn wirkten, wurden fiir zwei
0,016" NiTi-Rundbégen (Sentalloy Light/Sentalloy Medium) dynamisch gemessen. Intrusive
(#1), rotatorische (#2) und angulare (#3) Zahnbewegungen wurden durch ein Steuerprogramm
simuliert, das auf dem Prinzip der Kraftkontrolle basiert und vom Roboter ausgefiihrt wurde.
Die Ergebnisse wurden mittels K-S-Test und Mann-Whitney-U-Test mit einem
Signifikanzniveau von o = 5 % statistisch ausgewertet.

Ergebnisse: Die Sentalloy Medium Bogen erzeugten in allen Simulationen hohere Krafte und
Momente als die Sentalloy Light Bogen. In Simulation #1 erreichten die mittleren
Anfangskrafte/Momente 1,442 N/6,781 Nmm fiir die Light-Bégen und 1,637 N/9,609 Nmm fiir
die Medium-Bogen. Bei der Bewegung Nr. 2 erzeugten leichte Bogen mittlere
Anfangskrafte/Momente von 0,302 N/-8,271 Nmm, wahrend mittlere Bogen 0,432 N/-9,653
Nmm erzeugten. Simulation #3 zeigte mittlere Anfangskrafte/Momente von -o0,122 N/8,477
Nmm fiir die leichten Bégen im Vergleich zu -0,300 N/11,486 Nmm fiir die mittleren Bogen.
Schlussfolgerungen: Die gemessenen Krdfte und Momente waren fiir die anfangliche
kieferorthopadische Zahnbewegung in den Simulationen Nr. 2 und Nr. 3 geeignet, in Simulation
Nr. 1 jedoch unzureichend. Fiir die initiale Nivellierung von vertikalen Malokklusionen sollten

reduzierte Bogendrahtdimensionen (<0,016") gewahlt werden.
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2.3.2 Originalarbeit: Force-controlled biomechanical simulation of orthodontic
tooth movement with torque archwires using HOSEA (hexapod orthodontic

simulation, evaluation and measurement system)

Haas, E.; Schmid, A.; Stocker, T.; Wichelhaus, A.; Sabbagh, H.
Force-Controlled Biomechanical Simulation of Orthodontic Tooth Movement with Torque Archwires

using HOSEA (Hexapod for Orthodontic Simulation, Evaluation and Analysis). Bioengineering 2023

Zusammenfassung:

Zielsetzung: Ziel dieser Studie war es, das dynamische Verhalten verschiedener Torquebdgen fiir
die festsitzende kieferorthopadische Behandlung mit Hilfe eines automatisierten, kraftgesteuerten
biomechanischen Simulationssystems zu untersuchen.

Material und Methode: Ein neuartiges biomechanisches Simulationssystem (HOSEA) wurde
verwendet, um dynamische Zahnbewegungen zu simulieren und die Drehmomententwicklung von
vier verschiedenen Bogengruppen zu untersuchen: 0. 017 x 0,025 Torque-Segmentierte Bogen (TSA)
mit 30 Drehmomenten, 0,018 x 0,025 TSA mit 45° Torque, 0,017 x 0,025 Stahlbogen (SS) mit 30°
Torque und 0,018 x 0,025 SS mit 30° Torque (n = 10/Gruppe. Fiir die statistische Analyse wurde der
Kruskal-Wallis-Test verwendet (p < 0,050).

Ergebnisse: Die 0,018 x 0,025 SS-Bogen erzeugten das hochste initiale Rotationsmoment (My) von
9,835 Nmm. Die Reduzierung des Drehmoments pro Grad (My/Ry) war bei TSA im Vergleich zu
SS-Bogen signifikant geringer (p < 0,001). TSA 0,018 x 0,025 war die einzige Gruppe, in der alle
Bogen in der Simulation eine Rotation von mindestens 10° induzierten. Kollateralkrdfte und
Momente, insbesondere Fx, Fz und Mx, traten wahrend der Drehmomententwicklung auf.
Schlussfolgerungen: Die gemessenen Krafte und Momente lagen bei den 0,018 x 0,025 Bogen in
einem geeigneten Bereich fiir die Ubertragung eines palatinalen Wurzeldrehmoments auf die
Schneidezdhne. Der 0,018 x 0,025 TSA erreichte zuverldssig mindestens 10° Rotation ohne

Reaktivierung.
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3. Zusammenfassung und Ausblick

Digitale Technologien erfahren immer mehr Anwendungen in der Kieferorthopadie und
beeinflussen zunehmend die alltigliche Arbeitsweise. Unabhdngige wissenschaftliche
Untersuchungen ermdéglichen es, diese Technologien evidenzbasiert zu bewerten und im Sinne

einer patientenorientierten Medizin differenziert einzusetzen und weiterzuentwickeln.

Ziel dieser kumulativen Habiliationsschrift war es, verschiedene Aspekte digitaler Technologien
einschliefdlich biomechanischer Simulationssysteme im Hinblick auf die kieferorthopadische
Diagnostik und Therapie zu untersuchen. Dabei standen insbesondere auch Fragestellungen zu

Maoglichkeiten der klinischen Prozessoptimierung und Individualisierung im Vordergrund.

Im ersten Teil dieser Habilitationsschrift lag der Schwerpunkt auf Untersuchungen zu
Applikationen  digitaler Technologien in der kieferorthopadischen Diagnostik und
Behandlungsplanung.

Im Rahmen der ersten Untersuchung konnte gezeigt werden, dass die manuelle Herstellung von
Setupmodellen eine hohe Variabilitiat bei manuell durchgefithrten Zahnbewegungen aufweist und
die Genauigkeit nicht fiir eine Behandlungsplanung in der Alignertherapie ausreichend ist
(Originalarbeit 2.1.1). Auf diesem Gebiet bietet die virtuelle Durchfithrung von Zahnbewegungen
und anschlief3ende additive Fertigung von Setupmodellen eine wesentlich héhere Genauigkeit [15-
17]. Desweiteren ist die rein digitale Arbeitsweise klinisch effektiver, da Alignerserien {iber viele
Zwischenschritte hinweg anhand eines Intraoralscans hergestellt werden konnen, wohingegen die
manuelle Arbeitsweise Abformungen nach drei manuell erstellten Zwischenschritten erfordert
[18]. In diesem Bereich ist in Zukunft ein vollstandiger Wechsel zur rein digitalen Arbeitsweise zu
erwarten, wobei inzwischen modellfreie Verfahren und die direkte Herstellung von Alignern
basierend auf virtuellen Setups Gegenstand aktueller Untersuchungen sind [119]. Dies konnte auch
bestehende Limitationen der Tiefziehtechnik bei der Alignerherstellung tiberwinden und eine
individuelle Gestaltung der Schichtstarken in verschiedenen Bereichen der Alignerschienen
ermoglichen, um Krafte und Drehmomente gezielt zu applizieren [120].

In der zweiten Untersuchung wurde die Reliabilitdt und Performance eines neuronalen Netzwerks
zur automatisierten Erkennung kephalometrischer Landmarken evaluiert (Originalarbeit 2.2.2).
Dabei wurde der Einfluss verschiedener Entwicklungsstadien des Gebisses und
kieferorthopddischer Apparaturen sowie zahnarztlicher Restaurationen berticksichtigt. Wahrend

das Vorhandensein von Behandlungsapparaturen und zdhnarztlicher Restaurationen keinen
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statistisch signifikanten Einfluss auf die Erkennung kephalometrischer Landmarken hatte, zeigte
sich im Wechselgebiss eine reduzierte Detektionsgenauigkeit beziiglich dentaler Landmarken. Im
Wechselgebiss ergab sich bei dem verwendeten Framework eine Erh6hung des mean radial error
(MRE) um o.5 mm fiir den kephalometrischen Referenzpunkt Apicale inferior und eine Erhhung
des MRE um 0.34 mm fiir den Referenzpunkt Incisale Superior. Dieses Ergebnis zeigt die
Notwendigkeit auf, diagnostische Anwendungen kiinstlicher Intelligenz gezielt fiir den Einsatz bei
verschiedenen klinischen Situationen zu optimieren. Dabei ist als Mindestanforderung fiir einen
routinemafdigen Einsatz eine Detektionsgenauigkeit zu fordern, die der eines erfahrenen
Behandlers oder einer erfahrenen Behandlerin entspricht. KI-Modelle sollten dariiber hinaus
sowohl validierbar als auch verifizierbar sein und ihre Funktionsweise sollte transparent und
nachvollziehbar dargelegt werden, insbesondere wenn sie bei kritischen medizinischen
Diagnosestellungen eingesetzt werden soll [121]. Desweiteren sollten automatisiert generierte
diagnostische Analysen arztlich tiberpriift werden, um Fehldiagnosen und Fehlinterpretationen zu
vermeiden.

In Zukunft ist eine zunehmende Integration Kl-basierter Systeme tiiber Schnittstellen in
diagnostische Softwares oder Patientenverwaltungssysteme zu erwarten, was zu einer signifikanten
Zeitersparnis im Rahmen des diagnostischen Prozesses fiihren diirfte. Weiterhin zeigen aktuelle
Forschungsarbeiten auch vielversprechende Ergebnisse in der Anwendung bei der
dreidimensionalen Kephalometrie unter Verwendung der Digitalen Volumenttomographie und der
Computertomographie [122]. In diesem Zusammenhang tragt auch die Forschung an strahlenfreien
Methoden zur Hartgewebedarstellung mithilfe von Dental-MRT Systemen dazu bei, den
Indikationsbereich der dreidimensionalen Bildgebung und Diagnostik in der Kieferorthpadie zu

erweitern [123].

Im zweiten Teil der Habilitationsschrift lag der Schwerpunkt auf Untersuchungen zu
Applikationen digitaler Technologien in der kieferorthopadischen Therapie. Die Ergebnise der
durchgefiihrten systematischen Ubersichtsarbeit zur indirekten Klebetechnik zeigten, dass die
modellfreie Arbeitsweise und die Anwendung additiv gefertigter Bracketiibertragungsschienen
eine vergleichbare Genauigkeit aufweisen wie modellbasierte konventionelle Verfahren
(Originalarbeit 2.2.1). Die digitale, modellfreie Arbeitsweise unter Nutzung additiv gefertigter
Brackettransferschienen kann daher als effektiver angesehen werden, da sie mit weniger
potentiellen Fehlerquellen behaftet ist und weniger labortechnische Zwischenschritte erfordert.
Die anhand der Meta-Analyse ermittelten mittleren linearen und anguldaren Abweichungen der
erreichten Bracketpositionen stimmten mit den Ergebnissen der durchgefiihrten Ex-vivo Studie zur

digitalen indirekten Bracketplatzierung tiberein (Originalarbeit 2.2.2). In dieser zeigten die aus
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verschiedenen Materialien additiv gefertigten Bracketiibertragungsschienen vergleichbare
Ergebnisse mit Bracketiibertragungsschienen aus Silikon, die als Goldstandardmethode angesehen
werden. Insgesamt ist auch in diesem Bereich eine deutliche Tendenz zur Anwendung modellfreier
Verfahren zu erwarten. Aktuelle Forschungsarbeiten untersuchen den Einfluss verschiedener
Materialien und Druckverfahren in der additiven Fertigung sowie verschiedene Gestaltungsweisen
der additiv gefertigten Brackettransferschienen [24].

Im Rahmen der durchgefiihrten prospektiven, kontrollierten klinischen Studie wurde der Einfluss
eines vollindividualiserten CAD-CAM Bracketsystems auf die Effektivitit und Effizienz der
Behandlung untersucht (Originalarbeit 2.2.3). Dabei wurden lediglich geringfiigige Unterschiede
im Vergleich zu dem konventionellen Bracketsystem festgestellt. Dies war mdoglicherweise auf die
signifikant hohere Bracketverlustrate bei der CAD-CAM Gruppe zuriickzufiihren, die insbesondere
die Effizienz der Behandlung negativ beeintrachtigt haben konnte. Hohere Bracketverlustraten
sind fir die indirekte Klebetechnik in der Literatur beschrieben [124,125]. Klinisch ist daher
insbesondere bei Anwendung der indirekten Klebetechnik die sorgfiltige Einhaltung eines
geeigneten Klebeprotokolls zu beriicksichtigen um die Behandlungseffizienz nicht nachteilig zu
beeinflussen [126]. Nach wie vor fehlen prospektive klinische Studien hoher methodischer Qualitat,
die eine Uberlegenheit von CAD-CAM Bracketsystemen in Bezug auf die Behandlungseffizienz und
-effektivitat belegen. Kiinftige Studien miissen daher diesen Nachweis fiihren, um den erhohten

Material- und Kostenaufwand dieser Methode zu rechtfertigen.

Im Bereich der kieferorthopadisch-kieferchirurgischen Therapie konnte im Rahmen der
durchgefiihrten klinischen Studie gezeigt werden, dass die Genauigkeit virtuell geplanter und
navigierter Umstellungsosteotomien eine hohe Umsetzungsgenauigkeit aufweisen (Originalarbeit
2.2.4). Dabei zeigten sowohl splintbasierte als auch das splintfreie Verfahren vergleichbare
Ergebnisse und ibertrafen vergleichbare Werte in der Literatur fiir konventionelle
Planungsverfahren [99,100]. Tendenziell war die Positionierung des Oberkiefers tiber ein
patientenspezifisches Implantat (PSI) genauer als die splintbasierte Positionierung, auch wenn bei
der gegebenen Stichprobengrofie keine statistische Signifikanz erreicht wurde. Die Anwendung
von Navigationsschablonen und PSIs bietet dabei den zusatzlichen Vorteil unabhdngig von einer
interokklusalen Referenz zu sein [127].

Insgesamt ist in Zukunft auch in diesem Bereich von einer zunehmenden Implementierung
digitaler Verfahren auszugehen, da diese neben einer hohen Umsetzungsgenauigkeit zahlreiche
weitere Vorteile bieten. Dazu gehoren unter anderem verbesserte Moglichkeiten in der Vorhersage
des  Verhaltens der Weichgewebe einschliefllich der Atemwege, verbesserte

Kommunikationsmoglichkeiten mit Patientinnen und Patienten, eine Verkiirzung des
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intraoperativen Zeitbedarfs und die Moglichkeit Risikosituationen zu antizipieren und
intraoperative Komplikationen zu vermeiden [i100]. Aktuelle Forschungsarbeiten zeigen
vielversprechende Fortschritte hinsichtlich der Reliabilitit von Weichgewebsvorhersagen im
Rahmen virtueller dysgnathiechirurgischer Operationsplanungen [128,129]. Diese erfolgen haufig
zumeist noch anhand von Oberflichensegmentierungen der computertomographischen Daten
[128]. Weiterentwicklungen von Systemen zur fazialen Oberflichenerfassung lassen eine

zunehmende Integration dieser Daten im Rahmen virtueller Planungen erwarten [4,130-133].

Im dritten Teil dieser Habilitationsschrift lag der Schwerpunkt auf Applikationen digitaler
Technologien bei biomechanischen Simulationssystemen. Biomechanische Untersuchungen
konnen Erkenntnisse iiber das Verhalten kieferorthopadischer Materialien und Mechaniken
liefern, um diese in der klinischen Anwendung differenziert einzusetzen. Das Verstindnis tiber
entstehende Kraft-Drehmomentsysteme kieferorthopadischer Behandlungsmechaniken und die
Verwendung geeigneter Kraftgroffen ist von entscheidender Bedeutung, um unerwiinschte
Nebenwirkungen wie ausgeprdagte Hyalinisationen und kieferorthopddisch induzierte externe
apikale Wurzelresorptionen (EARR) zu vermeiden [134,135]. Aus mechanobiologischer Sicht ist vor
allem die entstehende Spannung im parodontalen Ligament (PDL) fir die zelluliren und
molekularen Mechanismen im Rahmen der Mechanotransduktion fiir die biologische
Gewebereaktion und damit auch Zahnbewegung entscheidend [136]. Klinisch konnen die
entstehenden Spannungen jedoch nicht direkt gemessen werden, sodass stattdessen die Kontrolle
der applizierten Krafte im Vordergrund steht [136]. In diesem Zusammenhang hat in der
biomechanischen Forschung im letzten Jahrzehnt insbesondere die Finite-Elemente-Methode
(FEM) an Bedeutung gewonnen, da zumindest ndherungsweise das Verhaltens des
Alveolarknochens und des PDL simuliert und mit den applizierten Kraften in Zusammenhang
gebracht werden kann [30,109]. Dennoch kann die Frage nach idealen Kraftgrofden fiir die
kieferorthopadische Zahnbewegung auch nach mehreren Jahrzehnten experimenteller und
klinischer Forschung noch nicht evidenzbasiert beantwortet werden [136]. Neben nur
eingeschrankt auf den Menschen {ibertragbaren Erkenntnissen aus Tiermodellen, liegen
gesichterte Erkenntnisse aus klinisch-histologischen Studien vor, die vorwiegend den
Zusammenhang zwischen der Kraftgrofde und dem Ausmafd der Wurzelresorptionen belegen [137-
141]. Aus einer systematischen Ubersichtsarbeit, die zwolf Humanstudien beriicksichtigte, geht
hervor, dass fiir translatorische Zahnbewegungen Kréfte im Bereich zwischen 50cN und 100cN
empfohlen werden konnen [136]. Das PDL erfdhrt bei translatorischen Zahnbewegungen eine

verhdltnismaflig glnstige Belastung. Bei Zahnbewegungen, die weniger Parodontalfasern
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beanspruchen, wie z.B. der kieferorthopadischen Intrusion, sind reduzierte Kraftgroflen zu
verwenden.

Um die durch orthodontische Bégen induzierten Krafte zu bestimmen, werden hédufig Dreipunkt-
Biegeversuche oder modifizierte Biegeversuche durchgefithrt und die aus dem resultierenden
Entlastungsplaeus ermittelte mittlere Kraft angegeben [142]. Dies stellt jedoch eine starke
Vereinfachung dar, da weder Aussagen tiber die im Bracket wirkenden Kréfte noch iiber Krafte im
Widerstandszentrum des Zahns oder Spannungen im PDL moglich sind. Computergestiitzte,
apparative biomechanische Simulationssysteme erlauben in dieser Hinsicht eine exakte
Bestimmung der im Bracket wirksamen Krafte sowie eine niherungsweise Bestimmung der im
Widerstandszentrum wirkenden Krafte. Die Implementierung einer algorithmusbasierten
Kraftsteuerung ermoglicht dartiber hinaus, die zu erwartenden Zahnbewegungen zu simulieren
und durchzufiihren um den dynamischen Verlauf dieser Kenngréf3en zu ermitteln.

In der ersten durchgefiihrten Studie wurden die dynamischen Kraft-Drehmoment-Systeme bei der
initialen kieferorthopadischen Zahnbewegung fiir verschiedene Zahnfehlstellungen untersucht
(Originalarbeit 2.3.1). Dabei konnte gezeigt werden, dass in der Literatur empfohlene
Bogendimensionen fiir die initiale Zahnbewegung bei vertikalen Abweichungen deutlich zu hohe
Krifte generierten [143-145]. Um eine Uberlastung des Parodonts zu vermeiden, sollten daher in der
Nivellierungsphase bei vertikalen Abweichungen kleinere Bogendimensionen, z.B. 0,014" Nickel-
Titan (NiTi) oder kleiner, verwendet werden. In der zweiten Untersuchung wurden die
dynamischen Kraft-Drehmoment-Systeme von Torquebdgen zur therapeutischen Korrektur der
Frontzahninklination untersucht (Originalarbeit 2.3.2). Dabei konnte gezeigt werden, dass der
Einsatz von orthodontischen Bdgen der Dimensionen o0.017" x 0.025" in den untersuchten
Konfigurationen nicht fiir eine kontrollierte und effiziente Drehmomentiibertragung geeignet sind.
Hingegen lieferte der untersuchte Bogen 0,018" x 0,025" TSA geeignete Drehmomente iiber einen
Bereich von 10° Inklinationsanderung, ohne die Notwendigkeit von Reaktivierungen. Die Daten der
durchgefiihrten Studien konnen als Grundlage fiir Finite-Elemente Simulationen verwendet
werden, um zu erwartende Spannungen im PDL ndherungsweise zu bestimmen.

Wadhrend im Rahmen der durchgefithrten biomechanischen Studien lediglich verschiedene
klinische Ausgangsbedingungen und verschiedene Mechaniken in Simulationen untersucht
werden konnten, ist in Zukunft ein integrierter Ansatz denkbar, der Erkenntnisse aus
biomechanischen Simulationssystemen, Finite-Element-Simulationen und kiinstlicher Intelligenz
zusammenfithrt. Dadurch konnten Behandlungsapparaturen nicht nur nach verschiedenen
Dysgnathiegruppen und Kategorien biomechanisch gezielt eingesetzt und individualisiert werden,
sondern nach dem Konzept der stratifizierten Medizin auf Grundlage der individuell vorliegenden

Dysagnathie, parodontaler Faktoren und der genetischen Konstitution.
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4. Abkiirzungsverzeichnis

CAD
CAM
CNN
PDL
FEM
ASR
KI
DVT
CT
MRT
SLA
DLP
PJM
FFF
TSA
STL
DICOM
PLY
OBJ
OTC
MRE
PSI
EARR
NiTi

Computer Aided Design
Computer Aided Manufacturing
Convolutional Neural Network
Parodontales Ligament

Finite Elemente Methode
Approximale Schmelzreduktion
Kiinstliche Intelligenz

Digitale Volumentomographie
Computertomographie
Magnetresonanztomographie
Stereolithographie

Digital Light Processing
Poly-Jet Modeling

Fused Filament Fabrication
Torque Segmented Archwire
Standard Tesselation Language
Digital Imaging and Communications in Medicine
Polygon File Format

Object File Format

Optische Kohdrenztomographie
Mean Radial Error
Patientenspezifisches Implantat
Externe apikale Wurzelresorptionen

Nickel-Titan
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Abstract: Background: The clinical outcome of aligner therapy is closely related to the precision of
its setup, which can be manually or digitally fabricated. The aim of the study is to investigate the
suitability of manual setups made for aligner therapy in terms of the precision of tooth movements.
Methods: Six dental technicians were instructed to adjust each of eleven duplicate plaster casts of
a patient models as follows: a 1 mm pure vestibular translation of tooth 11 and a 15° pure mesial
rotation of tooth 23. The processed setup models were 3D scanned and matched with the reference
model. The one-sample Wilcoxon signed-rank test (p < 0.05) was used for evaluation. Results:
The overall precision of the translational movement covers a wide range of values from 0.25 to
2.26 mm (median: 1.09 mm). The target value for the rotation of tooth 23 was achieved with a median
rotation of 9.76° in the apical-occlusal direction. Unwanted movements in the other planes also
accompanied the rotation. Conclusions: A manual setup can only be fabricated with limited precision.
Besides the very high variability between technicians, additional unwanted movements in other
spatial planes occurred. Manually fabricated setups should not be favored for aligner therapy due to

limited precision.

Keywords: clear aligner; aligner; orthodontic appliance; dental casts

1. Introduction

Treatment with aligners is an integral part of orthodontic therapy. Aligners are mainly
used for the treatment of moderate crowding and spacing [1-4], for protrusion and retru-
sion, and minor intrusion and extrusion movements of teeth [4-6]. The therapeutic outcome
closely correlates with the type and direction of the planned tooth movements. Tooth move-
ments are achieved in increments, starting from the initial malocclusion to achieve the
final setup [3,7]. The number of intermediate steps depends on the system used and the
extent and type of tooth movements, e.g., Invisalign® (Align Technology, San Jose, CA,
USA) usually employs movement increments of 0.25-0.33 mm [8], CA® (Scheu-Dental,
Iserlohn, Germany) 0.5-1 mm [9], Essix® (Dentsply, Charlotte, NC, USA) 1 mm [10], and
ClearSmile® 0.5 mm [11]. A corresponding number of setup models is therefore required
for the fabrication of the aligners. Setup models can be created manually or with the aid
of a CAD/CAM system. Today, the manual fabrication of aligner setups on plaster casts
is increasingly being replaced by digital setups and 3D-printed models [12]. However,
manual setup fabrication remains a common method for in-house aligner fabrication, as the
necessary hardware (scanners and 3D printers) and software are not ubiquitously available.

The accuracy of setup models is essential owing to the small movement increments
in aligner systems. The inaccurate implementation of tooth movements in the setup is a
possible reason for the difference between setup and patient outcome [13]. An investigation
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comparing digital and manual setups according to the ABO objective grading system
(ABO OGS) showed only small differences [14]. However, the ABO OGS does not take
into account the precision of each individual movement step’s implementation. While
translational and rotational tooth movements can be precisely executed in a digital setup
(with 1/10 mm and/or 1/10° precision, depending on the software used), the precision and
suitability of manual setups for aligner therapy has not yet been investigated. Therefore, the
aim of this study was to investigate the precision of a defined translational tooth movement
and a defined rotational tooth movement in a manual setup.

2. Materials and Methods

A plaster cast of an upper jaw with anterior crowding served as the reference model,
from which a total of 72 identical casts were duplicated. Six dental technicians (A-F) expe-
rienced in the fabrication of manual setups agreed to participate in this study. Participating
technicians had at least five years of experience and received training in the form of a
hands-on course prior to the start of the study to ensure consistency. Each of them was
instructed as follows: from the occlusal aspect, tooth 11 should be moved purely transla-
tionally 1 mm in the vestibular direction and tooth 23 should be rotated 15° in the mesial
direction. To avoid familiarization effects, the technicians were instructed to process only
one model per day. The work was to be completed within three months. Each technician
was provided with standardized working instructions and twelve casts, of which eleven
should be processed by the technician. The twelfth served as an unchanged reference cast.
All setup casts were provided with vestibular and palatal silicone keys (Tresident 2000K,
Schiitz dental GmbH, Rofsbach, Germany). The silicone keys served to reproduce the initial
positions of teeth 11 and 23 at any time. An axial marking on the teeth being moved served
as a rotation and reset guide.

After completion, the reference casts and processed setup models were digitized using
a desktop scanner (KaVo Everest, KaVo Dental GmbH, Biberach/Rif3, Germany). The scans
were reviewed for scan artifacts (Everest Scan Control program, KaVo Dental GmbH),
corrected if necessary, and then saved as STL files. From each STL file, teeth 11 and 23 were
isolated using the program GOM Inspect (GOM GmbH, Braunschweig, Germany) and
individually saved as STL files. Thus, virtual models of the entire dental arch and of the
two exposed teeth were available for a software-assisted analysis using MeshLab v.1.3.2
(CNR-ISTT; Pisa, Italy) [15].

Using MeshLab, a coordinate system was placed in each STL file. Its system’s origin
(x =0,y =0, z=0) was positioned in the crown of teeth 11 or 23, respectively (Figure 1),
in such a way that its x-axis pointed in the mesio-distal direction, its y-axis in the apical-
occlusal direction, and its z-axis in the orovestibular direction.

Figure 1. Orientation of the coordinate systems relative to the crown: tooth 11 in the dental arch (A)
and the separated tooth (B); tooth 23 in the dental arch (C) and the separated tooth (D).

Afterwards, the scans of a processed model and the initial situation of each setup were
congruently superimposed using an iterative closest point algorithm (ICP) as implemented
in MeshLab’s “Align Tool” [15] with the following settings: 1000 samples, target distance
was set to “0”, and 100 iterations were carried out (Figure 2).
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Figure 2. Software-based superimposition of comparison model (orange) and setup model (blue)
using MeshLab’s “Align Tool” and reference points.

In order to use this algorithm, an initial approximate alignment of the scans was
necessary, which was acquired by matching the single coordinate systems of both scans
(Figure 3).

. il

Figure 3. Tooth movement calculation using MeshLab’s roto-translation matrix. The rotation
angle was calculated with a rotation matrix according to “the roll, pitch and yaw convention”
(accuracy + 0.2 mm).

Based on the inaccuracies of the scanner (£20 pum, according to the manufacturer)
and potential errors arising during the superimposition, we estimated the accuracy of the
calculated values to be +0.2 mm.

Descriptive and inferential statistical analyses were conducted using IBM SPSS Statis-
tics 25 (IBM Corp., Armonk, NY, USA). For each combination of tooth, axis of movement,
and direction of movement, descriptive statistics were reported as median and interquar-
tile range (IQR). Additionally, mean, standard deviation, range, median, and IQR were
tabulated. Due to the sample size (1 = 66) and violation of the assumption of a normal
distribution, a one-sample Wilcoxon signed-rank test (p < 0.05) was used to test whether the
median of the samples was equal to the target values (Table 1). Post hoc power analysis was
performed using the absolute values of means and standard deviations and a two-tailed
Wilcoxon signed-rank test (one-sample case) with « = 0.05 and n = 66 (G*Power version
3.1.9.6 for Mac) [16]. For rotational movements, the absolute mean difference between
prescribed and actual rotation was 5.49 £ 3.28°, and for linear movements, the absolute
mean difference was 0.34 = 0.25 mm. In both cases, the achieved power was >0.99.
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Table 1. Descriptive and inferential statistics of 1 mm translational vestibular (Z-axis) movement of
tooth 11 and 15° mesial rotation (Y-axis) of tooth 23.

One-Sample Wilcoxon

Tooth Type of Axis of Expected Mean (SD) Median (IQR) Range Signed Rank Test
Movement Movement Movement 7 P

11 Rotation (°) X 0 3.32 (2.17) 2.62 [1.77; 4.35] ~0.08 0 10.10 7.056 <0.001

Y 0 ~1.26 (1.51) ~0.91 [~2.15; 0.05] ~516t01.64  —5.350 <0.001

z 0 ~139(1.43)  ~138[-239; -081]  ~563t0257 5810 <0.001

Tra(rr‘iﬁt;on X 0 0.20 (0.13) 0.18 [0.09; 0.28] ~0.01 t0 0.58 7.043 <0.001

Y 0 ~0.16 (0.26) ~0.13 [0.33; 0.02] ~1.02t0037  —4532 <0.001

z 1 1.09 (0.42) 1.04[0.79; 1.39] 0.25t02.26 1.434 0.152

23 Rotation (°) X 0 ~1.13 (4.03) ~052[-3.57,1.70]  ~1038t07.58  —1.607 0.108

Y 15 9.61 (3.46) 9.76 [7.58; 12.19] 2.58 to 18.04 ~6915 <0.001

z 0 5.27 (2.99) 4.472.99;7.02] ~032t013.21 7.056 <0.001

Tra(r;iﬁt)‘on X 0 ~026(0.19)  —026[-037;-0.14]  —0.77t00.08  —6.749 <0.001

Y 0 0.16 (0.27) 0.14 [~0.02;0.33] ~034 10 0.77 4124 <0.001

z 0 —088(040)  —101[-116-075]  —147t00.02  —7.024 <0.001

Translational movements in the directions x (mesio-distal), y (apical-occlusal), and z (orovestibular) and rotations
around the same axes were analyzed. Values are presented as mean, standard deviation (SD), range, median, and
interquartile range (IQR). Statistical significances were determined using the one-sample Wilcoxon signed-rank
test with Z statistics and p-value reported.

3. Results
3.1. Orovestibular Translation of Tooth 11, 1 mm Vestibular

The overall measured precision of the translational movement covers a very wide
range of values from 0.25 mm to 2.26 mm (Table 1). However, the median (and 95%
interquartile range) translational movement of tooth 11 was 1.04 mm [0.79 mm; 1.39 mm]
in the orovestibular direction, which was close to the proposed value of 1 mm (Z = 1.434;
p = 0.152) (Table 1, Figure 4).

In addition to the proposed orovestibular translational movement, tooth 11 was also
moved 0.18 mm [0.09 mm; 0.28 mm] mesio-distally (x-axis) and 0.13 mm [—0.33 mm;
0.02 mm] vertically (y-axis) (Table 1). Both unintentional movements were significantly
different (p < 0.001) from the proposed value (0 mm) and showed a wide range of variation:
in the mesio-distal direction between 0.01 mm and 0.58 mm and along the vertical axis
between 1.02 mm and 0.37 mm (Table 1).

Additionally, unwanted rotations were introduced into the setup (Table 1). The median
rotation around the x-axis was 2.62° [1.77; 4.35], around the y-axis —0.91° [2.15°; 0.05°],
and around the z-axis 1.38° [2.39°; —0.81°]. All unintentional rotations were different in
statistical significance (p < 0.001) from the proposed rotation.

Inter- and intra-technician comparisons revealed large deviations (Figure 4). Some
technicians worked with good precision but less trueness. Others worked with good
trueness but less precision. While dental technician E exhibited only a slight variation in
the proposed setup, dental technician D showed a wider range of variation in the setup.

3.2. Mesio-Rotation Tooth 23, 15°

A median vertical rotational movement around the y-axis of 9.76° [7.58°; 12.19°] was
applied to tooth 23 (Table 1, Figure 5).

Although only a 15° mesial rotational movement was requested, additional rotational
and translational movements of the crown along the x-, y- and z-axes were applied (Table 1).
Tooth 23 was moved —0.26 mm [—0.37 mm; —0.14 mm] along the x-axis (mesio-distal), 0.14
mm [0.02 mm; 0.33 mm] vertically along the y-axis, and —1.01 mm [1.16 mm; —0.75 mm]
along the z-axis (orovestibular). Most movements significantly deviated (p < 0.001) from
the proposed setup (Table 1). Additional rotational movements along the x-axis (—0.52°
[-3.57°;1.70°]; Z= —1.607, p = 0.108) and the z-axis (4.47° [2.99°; 7.02°]; Z = 7.056; p < 0.001)
also occurred.
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Figure 4. Determined orovestibular (z-axis) translational movement of tooth 11. A movement of
1 mm (blue dashed line) was specified. Across all technicians, a median movement of 1.04 mm
(green solid line) was achieved. The box-and-whisker plot in the upper panel shows the measured
movements of each individual dental technician. The histogram in the lower panel depicts the overall
distribution of the measurements.
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Figure 5. Rotation of tooth 23 around the y-axis (apical-occlusal). A rotation of 15° in the mesial
direction was specified (blue dashed line); the median achieved across all technicians was 9.76° (green
solid line). The box-and-whisker plot in the upper panel shows the measured movements of each
individual dental technician. The histogram in the lower panel depicts the overall distribution of
the measurements.
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Results showed a wide intra- and inter-technician variation of the derotation accom-
plished (Figure 5). Some technicians worked with precision but less trueness. Others
worked with high trueness but less precision. Only two of the dental technicians (A, C)
achieved the proposed mesial derotation of 15° for tooth 23 (Figure 5). On average, the
tooth was derotated less than specified.

4. Discussion

The results of this study illustrate the different perceptions of each individual dental
technician concerning the position of a tooth and the requested movement in the setup.
Although the exact final positions of each tooth were defined by the practitioner, the imple-
mented movements of the teeth showed a very high inter- and intra-technician variability.

The consideration of six experienced operators in this study may not be representative
of dental technicians as a whole; however, the implementation of planned tooth movements
during manual fabrication of aligner setups does not appear to be possible with sufficient
precision and reproducibility, as the specified simple tooth movements were not achieved
even under study conditions involving training and detailed instructions.

In aligner therapy, the precision of tooth movements in the setup is of utmost im-
portance, as the fit between the aligner and the tooth surface affects the transmission of
orthodontic force and the onset of tooth movement [17-19]. Inaccuracies in the setup must
be considered in addition to other critically discussed inaccuracies in aligner fabrication,
such as model manufacturing [20,21] and thermoforming [22]. In 3D-printed models for
aligner therapy, deviations of less than 0.25 mm compared to the virtual models are nec-
essary [23]. After thermoforming, the resulting gap width between tooth surfaces and
aligners was found to range between 0.10 mm and 0.35 mm, depending on the intraoral
region and aligner material [19]. Since deviations as small as 0.10 mm may be sufficient to
affect the predictability of tooth movement [17], the introduction of additional variability
through manual setups seems impossible. Rather, variations due to aligner fabrication
should be reflected and accounted for in the setup, for example, by adjusting movement
staging in specific regions [17].

Nevertheless, the precision of the individual tooth movements should not be con-
founded with the overall quality of the setup. While individual tooth movements (transla-
tion, rotation) can be precisely and reproducibly executed in digital setups [24], the overall
quality of the setup depends on the total tooth movements performed and relies on the
operator for both manual and digital setup fabrication. For example, significant differences
in the ABO OGS scores between two digital setups of the same original models made by
one clinician were found [25].

The precision of the tooth movements is also relevant with regard to the forces occur-
ring during aligner therapy. Experimental studies show that, even with small movement
steps in the setup, forces of varying degrees occur. These forces vary depending on the
individual malocclusion, step size, material, and aligner extension [26,27]. It may therefore
be assumed, that the deviations from the desired movement described in this study are
likely to result in undesirable or uncontrolled forces and moments due to the imprecision of
the manual setup. The rotation of tooth 23 (15° rotation around y-axis) was accomplished
with a median rotation of 9.76° (range: 2.58° to 18.04°). The results for the translational,
orovestibular movement of tooth 11 show a wide range of 0.25-2.26 mm (i.e., a difference
of 2.01 mm), which is also not acceptable. It is out of the question that smaller steps are
clinically advisable and more effective in aligner therapy [28,29]. In order to reflect the
maximum range of translational tooth movement within the manual setup, this study ap-
plied a target step of 1 mm, which is within the range given by some manufacturers [30]. A
similar approach was used for the rotational movement [31]. We expect that implementing
smaller, more difficult-to-control movements would result in an even lower precision in
the manual setup process. Such sizeable deviations in the setup model can lead to higher
forces [26] or a retardation of tooth movement [32,33]. Excessive forces during orthodontic
tooth movement may in turn induce external resorption [34-37].
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According to our results, a manual setup can only guarantee a limited predictability
of clinical tooth movement. Our study shows that it is difficult to manually move a tooth
along one axis without simultaneously inducing movements along the other axes. The non-
prescribed movements even exceeded a usual clinical staging step of 0.5 mm or 3° proposed
for this technique [9,27,30]. A mean non-prescribed rotation of 3.32° was observed in the
translational movement of tooth 11 and a mean non-prescribed translation of —0.88 mm in
the rotational movement of tooth 23. This is in contrast to the fabrication of digital setups,
where tooth movements can be performed with a high level of accuracy using a uniform
coordinate system [24]. Additionally, the uniform coordinate system allows for a reliable
superimposition and precise comparison of tooth movements without the necessity of
coordinate transformation, regardless of whether it is applied to a scanned plaster model
or an intraoral scan.

The extent to which aligner setups can be clinically realized remains to be investigated,
especially with regard to the overall quality of the aligner setup and case-related staging.

5. Clinical Implications

Although various aligner manufacturers such as Invisalign® (Align Technology), CA®
(Scheu-Dental), or Essix® (Dentsply) rely on the use of computer-aided technology and
digital setups, the use of manual setups for the in-house fabrication of aligner models
represents a cost-effective alternative method that does not require intraoral scanners and
3D printers [9,30,38,39].

In fact, to date, there are no available accuracy data to oppose the use of manual setups
for aligner therapy. One available study even supported the clinical acceptability of manual
setups, although only intra-arch and inter-arch measurements were considered [14]. In
contrast, the results of the present study suggest that manual setups may not be suitable for
the fabrication of aligners with respect to the high variability of results regarding individual
tooth movements. Consequently, the manual approach for orthodontic aligner setups
should be critically questioned.

6. Conclusions

In manual setups performed by dental technicians, tooth movements rarely achieved
precise specifications and exhibited unwanted movements in all directions, for both transla-
tions and rotations. Based on the wide intra- and inter-technician variability and deviation
from the measured values, the manual fabrication of setups should not be favored for
aligner therapy.
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Abstract

Background One of the main uses of artificial intelligence in the field of orthodontics is automated cephalometric
analysis. Aim of the present study was to evaluate whether developmental stages of a dentition, fixed orthodontic
appliances or other dental appliances may affect detection of cephalometric landmarks.

Methods For the purposes of this study a Convolutional Neural Network (CNN) for automated detection of cepha-
lometric landmarks was developed. The model was trained on 430 cephalometric radiographs and its performance
was then tested on 460 new radiographs. The accuracy of landmark detection in patients with permanent dentition
was compared with that in patients with mixed dentition. Furthermore, the influence of fixed orthodontic appliances
and orthodontic brackets and/or bands was investigated only in patients with permanent dentition. A t-test was
performed to evaluate the mean radial errors (MREs) against the corresponding SDs for each landmark in the two
categories, of which the significance was set at p <0.05.

Results The study showed significant differences in the recognition accuracy of the Ap-Inferior point and the Is-
Superior point between patients with permanent dentition and mixed dentition, and no significant differences in the
recognition process between patients without fixed orthodontic appliances and patients with orthodontic brackets
and/or bands and other fixed orthodontic appliances.

Conclusions The results indicated that growth structures and developmental stages of a dentition had an impact
on the performance of the customized CNN model by dental cephalometric landmarks. Fixed orthodontic appliances
such as brackets, bands, and other fixed orthodontic appliances, had no significant effect on the performance of the
CNN model.

Keywords Cephalometry, Convolutional neural network, Deep learning, Orthodontics, Cephalometric landmarks
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Introduction

Cephalometric analysis involves identifying common
landmarks, quantifying the various relationships between
them, and diagnosing the correlations in a patient’s crani-
ofacial morphology. However, during the cephalomet-
ric tracing, sources of error or inter-observer variability
may lead to low reproducibility of the observations [1-5].
Since the process of manually placing the landmarks in a
cephalogram is also time consuming [6, 7], several stud-
ies have proposed frameworks using Deep Learning and
Convolutional Neural Networks (CNN) for an automatic
landmark recognition in lateral cephalometric radio-
graphs [8-20]. One of the first publications about an
automatic system for cephalometric landmark detection
was published in 1986 [7], describing a knowledge-based
line tracker guided by a reference map. Subsequently,
an algorithm-based gray-scale mathematical morphol-
ogy was presented [21]. In 2014-2015, several strategies
for cephalometric landmark detection were introduced
after a scientific challenge proposal by the International
Symposium on Biomedical Imaging (ISBI). The game-
theoretic landmark detection and random forest-based
shape model [22] and the random forest regression-voting
model [23] both performed favorably in the challenge.
Recent studies focused on investigating the performance
and reliability of different Convolutional Neural Net-
work (CNN) models for cephalometric analysis [10, 15,
24-28]. As automated cephalometric software platforms
are now available from different companies (e.g. One-
Ceph, Hyderabad, India; CellmatIQ, Hamburg, Germany;
WebCeph, Republic of Korea; AudaxCeph, Ljubljana, Slo-
venia) more recent studies have focused on evaluating
their accuracy [15, 29-33]. While the benefits of artificial
intelligence in recognizing cephalometric landmarks have
been acknowledged [34, 35], the need for further research
regarding its accuracy in different clinical settings was
recognized [36-38]. Previous studies tested the frame-
works only on radiographs of patients with permanent
dentition [24, 30, 33] or did not mention these charac-
teristic of the datasets at all [15-17, 25, 26]. Despite the
promising potential of automatic landmark recognition,
conclusions and research regarding some clinical aspects
are still lacking. Hence, this study aims to investigate the
influence of growth structures, such as tooth germs in
mixed dentitions, and fixed appliances on automated
cephalometric landmark recognition.

In particular, the null hypothesis that developmental
stages of a dentition, fixed orthodontic appliances or
other dental appliances do not affect the accuracy of
a customized artificial model for automatic detection
of cephalometric landmarks shall be tested. For
these purposes, a CNN model with commonly used
architecture [39] was developed and the overall accuracy
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of the model and its validity was evaluated. Finally, the
CNN was applied to investigate differences between the
distinct patient groups.

Materials and methods

Study design

This retrospective diagnostic study was approved by the
LMU Ethics Commitee (Ref. No 19-863). Cephalometric
radiographs were obtained from the archives of
the Department of Orthodontics and Dentofacial
Orthopedics, University Hospital, LMU Munich. For
this study, a Convolutional Neural Network (CNN) was
developed for automatic recognition of cephalometric
landmarks. The accuracy of landmark recognition in
patients with permanent dentition was compared with
that of patients with mixed dentition (both groups
included radiographs without fixed orthodontic
appliances). In addition, this study investigated the
influence of fixed orthodontic appliances and orthodontic
brackets and/or bands among patients with permanent
dentition only. For reporting this study, the guidelines of
the Checklist for Artificial Intelligence in Dentistry [40]
and the Standards for Reporting of Diagnostic Accuracy
Studies (STARD) [41] were followed.

Data, sampling and references standard

The patient sample was intended to be as comprehen-
sive as possible, therefore exclusion criteria were limited
to craniofacial anomalies and to images of poor quality
and/or incorrect positioning of the skull, which might
affect landmark recognition. Images of growing and
adult patients with or without fixed orthodontic appli-
ances, dental restorations and osteosynthesis plates were
included. The distribution of data by age, sex and ethnic-
ity are shown in Table 1. All included radiographs were
obtained prior to the study from the same X-ray unit
(Orthophos, Sirona, Germany) and had an image size of
2020 x 2012 pixels, where one pixel equals to a square

Table 1 Distribution of data by age, sex and ethnicity in the
training and test dataset

Train Dataset Test Dataset

n n
age<6 10 2% 3 1%

6<age<13 149 35% 233 51%
age>13 271 63% 224 48%
female 203 47% 250 54%
male 227 53% 210 46%
caucasians 416 97% 452 98%
non-caucasians 14 3% 8 2%
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with a length of 0.1 mm on each side and an area of 0.01
mm? Out of 1151 images, 251 images were excluded
applying the exclusion criteria, 430 were included in the
training dataset and 460 images were used as the test
dataset.

Cephalometric analysis included 16 key landmarks
for the orthodontic diagnosis of the skeletal and dental
anatomy. Since soft tissue cephalometric landmarks are
rarely located in the proximity of developing tooth germs
or fixed orthodontic appliances, they were not considered
in the present study. The positions of 16 cephalometric
reference points (Table 2) were manually identified by
two examiners (last year orthodontic residents), who
traced a maximum of 10 lateral cephalograms a day. The
annotated radiographs were revised by an orthodontic
specialist (10 years of experience) who verified a
maximum of 5 images daily, discrepancies were then
resolved by consensus. The verified dataset was used as
a reference for the training, testing and validation of the
CNN model. The verified dataset was used as a reference
for the training, testing and validation of the CNN model.

Training dataset

The training data set consisted of a total of 430 images
including patients with both permanent dentition and
mixed dentition, as well as radiographs with fixed ortho-
dontic appliances, orthodontic brackets and/or bands,
osteosynthesis plates, implants, dental prosthetic restora-
tions and root canal treatments. The images were divided
into training images (90%) and validation images (10%).
The training images are used to adjust and optimize the
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model so that the CNN "learns" how to perform its task,
while the validation images provide an objective evalua-
tion of the model and its performance. Sets of input data
were created which consisted of cephalometric radio-
graphs and a corresponding pair of coordinates (X, hori-
zontal; Y, vertical) indicating the exact location of each
landmark.

Test dataset

A total of 460 cephalometric radiographs were used
as the test dataset. The performance of the developed
CNN was tested on a versatile data consisting of
images with various radiographic features (such as
fixed orthodontic appliances, osteosynthesis plates
and others) and anatomical structures of patients at
different stages of growth. The data were divided into
independent subgroups to investigate the impact of
the distinctive characteristics (Table 3). Radiographs
of patients with mixed dentition and fixed orthodontic
appliances were not included in the comparative
analysis between the subgroups themselves. However,
since they were part of the test data, they were included
in the overall assessment of performance on the model.
Similar to the training datasets, an input was created
consisting of the cephalometric radiograph and a
corresponding coordinate pair (X, Y) indicating the
location of each landmark.

Data preparation and processing
For each case, one lateral cephalogram without anno-
tations of reference points and one with identified

Table 2 Abbreviations and definitions of the cephalometric landmarks used in the study

Abbreviation Landmark Definition

A-Point Subspinale Most concave point on the anterior contour of the maxillary alveolar process in the midsagittal plane

Apl Apex superior Furthest apical point of the upper central incisors

Ap1 Apex inferior Furthest apical point of the lower central incisors

ANS Anterior nasal spine The most anterior point of the anterior nasal spine in the median sagittal plane

Art Articulare The intersection of the inferior surface of the cranial base and the posterior border of the ascending rami of
the mandible

B-Point Supramentale Most concave point on the anterior contour of the mandibular alveolar process in the midsagittal plane

Ba Basion Most anterior point on foramen magnum

Me Menton The lowest point on the mandibular symphysis in the midline

Is1 Incision Superior The tip of the incisal edge of the most labially positioned upper central incisors

Is1 Incision Inferior The tip of the incisal edge of the most labially positioned lower central incisors

N Nasion The most anterior point on frontonasal suture

Pog Pogonion The most ventral point of the bony chin in the median sagittal plane

PNS Posterior nasal spine The intersection of a continuation of the anterior wall of the pterygopalatine fossa and the floor of the nose

S Sella Midpoint of Sella turcica

T1 Gonion superiorus Most posterior point of posterior border of ramus ascendens

T2 Gonion inferius Most inferior point of gonion area
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Table 3 Detailed Summary and distribution of the dataset used for the training and testing of the CNN

Subgroup characteristics

Train Dataset Test Dataset

Permanent Dentition
Mixed Dentition
Permanent Dentition

No fixed orthodontic appliances
No fixed orthodontic appliances

Orthodontic brackets and/or bands and
other fixed orthodontic appliances

Orthodontic brackets and/or bands and
other fixed orthodontic appliances

Mixed Dentition

Total Number of images (n)

Group I/1 175 40% 141 31%
Group 1/2 110 26% 164 36%
Group Il 134 31% 135 29%
Not included in the 11 3% 20 4%
comparative analysis

430 460

as well as validated cephalometric landmarks were
manually exported from the database. These were
anonymised, labelled as a pair, and stored in two
folders. For each case, the X and Y coordinates of all
marked cephalometric reference points were automati-
cally exported from the annotated X-ray image using
a custom Python script and stored in a text file (.txt)
labelled to match the corresponding case.

Subsequently, the text files were automatically
filtered so that only a single pair of coordinates
corresponding to a specific reference point was stored
in a text file. Since the location of each reference
point is distinct, a Python script was written for the
extraction procedure for each of the 16 mentioned
landmarks. Finally, the plain cephalograms and the
text document (.txt) storing a pair of coordinates were
used as input for the CNN models, dealing with each
point independently.

The evaluation of the accuracy of the CNN model was
also performed automatically using a Python script. By
this means, the trained model was accessed and applied
for the detection of the specific cephalometric point.
The absolute difference between the predicted point
(the point identified by the CNN) and the referenced
point (the point positioned by the examiner) was deter-
mined. The Results were then imported into an Excel
file (Microsoft Excel for Office 365, version 16.60,
Microsoft Corporation, Redmond, WA, USA) where
further statistical analysis was performed.

Model, model parameters, training and evaluation

A deep learning model, more specifically a CNN was
constructed using the open-source deep learning frame-
works Keras (Version 2.2.4, Francois Chollet) [42] and
TensorFlow (Version 1.14.0, Google Brain Team) [43]
accessed from a Python (Python Version 3.5.6, Python
Software Foundation, Beaverton, USA) script running
on NVIDIA GeForce RTX 2080 graphics card (NVIDIA,
Santa Clara, CA, USA) for each of the previously men-
tioned landmarks (Table 2).

The model had a commonly used CNN Architecture for
image classification [39], with some custom modification.
In the following, the essential components and the archi-
tecture of the framework are described as shown in Fig. 1.

The input for the training of the proposed network
involved a lateral cephalogram from the training data-
set and a corresponding file containing the location for
the cephalometric landmarks as pairs of X and Y coordi-
nates. Consequently, the output of the CNN was a pre-
dicted pair of X, Y coordinates indicating the position
of the landmark. For example, the Training Set for the
Sella Point included 430 unmarked cephalograms and
430 corresponding text files containing the position of
the landmark written as a pair of X and Y coordinates.
This data was processed by a convolutional layer, which
detects specific features and patterns. After a feature is
detected, the information is compressed and passed to
the next layers of the network. This process, which is
responsible for pattern recognition, is called filtering and
the filters used are adjusted throughout the learning pro-
cess to benefit the performance of the machine learning
model. The number of filters varies for each layer, with
the first layer having 30 filters, the second 60 filters con-
tinuing in ascending order for each additional layer. The
learning rate was set to 10 —* batch size at 32 and as the
number of layers was not consistent for each landmark. A
detailed summary of the model for each point is provided
in Supplementary file 1, code and data are available at
Open Data LMU Platform under https://doi.org/10.5282/
ubm/data.359. The performance in this model was meas-
ured with a mean squared error (MSE) cost function that
quantifies the error between the real coordinates(input)
of the landmark and the predicted ones(output).

In order to increase the capacity of the model, a
non-linear activation function was applied after each
convolutional layer (Fig. 1). To avoid the vanishing
gradient problem [30] and accelerate the training speed of
the neural network, a rectified linear activation function
ReLU (f(x)=max(0,x)) or Leaky ReLU (f(x)=1(x<0)
(ax)+1(x>=0)(x)) where a=0.5, depending on the
outcome, was chosen. Further, a maximum pooling
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Fig. 1 The architecture of the CNN proposed for automated cephalometric landmark recognition

approach was used, which calculates the maximum value
in each feature map and highlights the most frequently
occurring feature in the pathway (Fig. 1).

Following the stack of convolutional layers, a global
average polling 2D layer was added. This layer reduced
the dimensionality of the learned feature maps by
averaging over the special dimensions of the output and
yielding a fixed-size vector representation, which can be
processed with standard fully-connected layers.

Note, that the described composite neural architecture
is comparatively large. A major problem in large
neural networks is overfitting, that is, the danger of
overspecialization to the training set and the resulting
limited generalizability to new (upcoming) data.
Regularization is a common technique to prevent
overfitting and thus poor generalization performance of
deep neural networks [44] To regularize the used model,
dropout layers were added between the fully-connected
layers of the neural network architecture (Fig. 1). Dropout
is a commonly used regularization technique by which
the system takes out a portion of the trainable parameters
and temporarily removes them from the network, along
with all incoming and outgoing connections [45].

Additionally, to optimize the performance of the
model, each point was considered separately, and a
modified CNN was created for each landmark. This made
it possible to adapt the number of convolutional layers,
filters, dropout layers, and activation functions for each
landmark depending on the complexity and variety of
the features, resulting in a different neural expert for
each landmark. This study relied on a standard CNN
architecture [39], which showed high accuracy after
optimization. Therefore, an extensive hyperparameter
search for neural network parameters was not conducted.
However, a grid search was performed over a reasonable
range of learning rates and optimizer sets without
observing noticeable performance differences.

Validation
In order to quantify the utility of the model, the absolute
difference between the predicted point (the point

identified by the CNN) and the referenced point (the
point positioned by the examiner) was determined along
the X-axis ( Ax;) and correspondingly, along the Y-axis
(Ay;). This value was defined as Distance Error (DE)
D, = Axi2 + Ayi2 and it was measured across the entire

dataset of test images. To be consistent with the
evaluation metrics of previous studies [9, 10, 23, 37, 46],
the mean radial error (MRE) along with Standard
Deviation (SD) for each landmark was determined as
follows:
MRE = =iz
u
\/Z?=1 (DL'—./AxZ—AyZ)2

n—1

and SD =
amount of images.

The Successful Detection Rate (SDR), which indicates the
percentage of correctly detected reference points in different

__ numberofaccuratedetection o
precision ranges: SDR, = siumiberofdetection x 100%

was computed, specifying four types of accuracy ranges: z =
2.0 mm, 2.5 mm, 3.0 mm, 4.0 mm.

It should be considered that the deviation of the
distance error along a certain axis has greater importance
for some points. For example, the accuracy of the B-Point
along the X-axis is more significant as it marks the
position of the mandible in the sagittal plane. Hence, the
distribution of errors in the horizontal and vertical planes
were considered separately.

where 7 is the total

Statistical analysis

Mean radial errors and standard deviations of the 16
used orthodontic cephalometric reference points were
collected in an excel file (Microsoft Excel for Office 365,
Version 16.60, Microsoft Corporation, Redmond, WA,
USA). These numbers were categorized in two main
comparing groups:

I No fixed orthodontic appliances—Permanent
dentition XY — Error (Group 1/1) versus No Fixed
orthodontic appliances—Mixed dentition XY -
Error (Group 1/2)
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II No fixed orthodontic appliances—Permanent
dentition XY - Error (Group I/1) versus
Orthodontic brackets and/or bands and other fixed
orthodontic appliances—Permanent dentition XY
— Error (Group II)

A t-test was applied to compare MREs with their
corresponding SDs for each landmark in their two cat-
egories, to determine whether the means of these two
groups are equal to each other. For this purpose, a t-test
was run for both abovementioned categories (Table 4),
separately for all the 16 points (an overall of 32 tests).

Table 4 Equation applied for statistical evaluation

=%
$2 2
42
ny + ny

t= t:t-value

X7: Mean value of the first group

X2: Mean value of the second group

ny :Size of the first group

ny: Size of the second group

s1: Standard deviation of the first group

sy: Standard deviation of the second group
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All data were analyzed using R software (Version
R-4.1.1, R Development Core Team, Vienna, Austria).
Statistical significance was set at a p-value <0.05.

Results

The results for the different groups are presented in
Table 5. Statistically significant differences were observed
in the recognition accuracy of the Ap-Inferior point
and the Is-Superior point between patients with per-
manent dentition (I/1) and mixed dentition (I/2), both
without fixed orthodontic appliances. No statistically
significant differences were found in the recognition pro-
cess between patients without fixed orthodontic appli-
ances (I/1) and patients with orthodontic brackets and/
or bands and/or other fixed orthodontic appliances (II),
both examined in the permanent dentition only. The
overall performance of the model showed higher MRE
and SD in group 1/2, suggesting lower accuracy in such
conditions. The highest accuracy was obtained in group
II, however without statistically significant differences
from group I/1.

The descriptive statistics indicating the mean error in
the X-axis and Y-axis, the mean radial error and stand-
ard deviation, and the SDR (accuracy ranges: z=2.0 mm,
2.5 mm, 3.0 mm, 4.0 mm) for all studied groups of

Table 5 Comparison of model performance across different patient groups

I. No fixed orthodontic appliances

Il. Orthodontic brackets and/or bands and
other fixed orthodontic appliances

1/1 1/2 T-Test [} T-Test
Permanent Dentition Mixed Dentition Between Groups Permanent Dentition Between Groups
1/1 and 1/2 I/1and Il

N 141 164 135

MRE (mm) SD (mm) MRE (mm) SD (mm) p value MRE (mm) SD (mm) pvalue
A-Point 121 0.71 1.31 0.76 0.25 1.31 0.84 0.30
Ap-Superior 1.90 1.21 2.15 1.52 0.12 1.72 1.07 0.19
Ap-Inferior 1.72 1.12 2.32 1.63 <0.01 1.61 097 0.35
ANS 1.72 1.14 1.77 1.76 0.78 1.66 1.31 0.66
Art 1.24 1.00 1.25 0.72 093 1.20 0.79 0.72
B-Point 1.24 0.60 1.25 0.70 0.90 1.27 0.74 0.77
Ba 1.66 1.15 1.69 1.19 0.83 1.53 1.01 032
Me 1.37 0.89 1.46 0.92 040 1.25 0.95 0.28
Is-Superior 0.86 0.50 1.20 1.15 <0.01 0.88 044 0.64
Is-Inferior 1.14 0.71 124 122 0.39 1.18 0.73 0.64
N 1.16 067 1.32 0.92 0.07 1.12 0.64 0.60
Pog 1.63 1.13 1.80 1.44 0.25 1.52 0.96 0.35
PNS 1.68 127 1.71 145 0.87 1.59 1.10 0.54
S 1.01 0.64 093 0.63 0.31 0.89 0.53 0.10
T1 1.71 1.29 1.60 120 045 1.54 1.14 0.27
T2 1.68 1.09 1.75 123 0.57 1.64 1.12 0.77
AVERAGE 1.43 0.95 1.55 1.15 1.37 0.90
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Table 6 Overall model performance for all observed patient groups

Mean Mean Mean Radial Standard SDR (Successful detection rates) %

X -Error Y -Error Error Deviation

(mm) (mm) MRE SD SDR % SDR % SDR % SDR %

(mm) (mm) 2mm 2.5mm 3mm 4mm

A-Point 074 0.90 1.29 0.77 89.57 9391 96.09 99.13
Ap-Superior 1.08 1.38 1.93 1.30 66.74 7543 84.57 9348
Ap-Inferior 1.07 1.40 191 134 67.17 75.00 8348 93.70
ANS 1.21 0.96 1.75 1.51 80.65 81.96 87.39 94.57
Art 0.79 0.79 1.25 085 89.57 9239 95.87 98.48
B-Point 0.55 1.04 1.26 0.81 94.13 95.65 96.52 99.35
Ba 0.90 1.18 1.66 1.21 86.09 86.74 9043 94.78
Me 1.00 0.75 1.38 0.93 85.87 89.57 9391 97.39
Is-Superior 0.59 0.68 1.00 0.80 93.91 96.96 97.83 98.91
Is-Inferior 067 0.84 1.19 093 89.57 94.57 96.30 99.35
N 0.67 0.86 1.21 077 88.70 94.57 98.04 99.57
Pog 0.65 1.39 1.66 1.22 79.35 82.17 8848 95.00
PNS 131 0.83 1.71 1.34 82.39 83.48 85.65 93.04
S 063 0.59 097 0.84 94.13 97.17 98.04 99.57
T 1.00 1.02 1.61 1.21 83.26 85.00 89.35 94.57
12 1.28 091 172 118 84.57 86.74 89.13 94.35
AVERAGE 1.47 1.06 84.73 88.21 91.94 96.58

patients are shown in Table 6. The proposed model exhib-
ited an overall mean radial error (MRE) of 1.47 mm with
a standard deviation of 1.06 mm. The results revealed
a successful detection rate (SDR) of 84.73%, 88.21%,
91.94%, and 96.58% in the range of 2, 2.5, 3, and 4 mm,
respectively. The Sella point demonstrated the lowest
MRE and highest SDR values, whereas the Ap-Superior
point had the highest MRE and lowest SDR values. The
PNS point showed the smallest mean error on the Y-axis
but the largest on the X-axis.

Discussion

The null hypothesis that developmental stages of a
dentition, fixed orthodontic appliances or other dental
appliances do not affect the accuracy of a customized
artificial model for automatic detection of cephalometric
landmarks was partially confirmed. The results of this
study indicated that fixed orthodontic appliances had no
significant impact on the recognition of cephalometric
landmarks. However, growth structures such as tooth
germs in the mixed dentition affected the performance of
the studied model.

Images of patients with permanent dentition showed
showed homogeneous anatomical patterns in the areas
of the landmarks to be placed. In contrast, patients with
mixed dentition were associated with complex growth
structures, varying bone density and uniquely positioned
permanent tooth germs. Consequently, the recognition
process showed better accuracy for images of patients

with permanent dentition, while the overall performance
of the model was lower for cases with mixed dentition
(Table 5). As the most common sequence of eruption
is the lower central incisor, followed by the permanent
molars, the upper central incisors and the lower lateral
incisor, the radiographic appearance of the cephalo-
metric landmarks marking the dental structures in this
area may vary greatly depending on the stage of devel-
opment of the permanent teeth as well as the extent of
resorption of the roots of the deciduous teeth. In addi-
tion, a temporary stage of crowding of the incisors can
be expected in the early mixed dentition [47], which may
lead to the appearance of double contours, superimposi-
tions, and density differences between adjacent regions.
In this study, the impact of growth structures on the rec-
ognition process of the cephalometric landmarks mark-
ing dental structures in mixed dentition patients was
found to be statistically significant (p <0.05) observed in
the MREs of Ap-Inferior Point and Is-Superior Point. A
recent study also reported a lower accuracy rate of the
detection of the root apices [25], however the tips of the
incisal edges of the incisors were not associated with any
recognition difficulties. The possible reason for this dif-
ference could be related to the stages of a mixed denti-
tion. However, the data sample of adolescent patients
in this study was categorized as mixed dentition, which
included both early mixed dentition and late mixed
dentition.
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In order to eliminate the complexity of growth struc-
tures, the influence of fixed orthodontic appliances on
the model’s performance was studied only in patients
with permanent dentition. Cephalometric radiographs
with fixed orthodontic appliances are usually obtained
at a later stage of treatment when initial objectives such
as crowding, eruption problems, impacted teeth, and
occlusal relationship problems have been resolved. Since
at this stage of orthodontic treatment the teeth are usu-
ally well aligned, the overall detection of cephalometric
points is less affected by double contours and superim-
positions, but may be affected by metal artifacts. In this
study, the overall detection of cephalometric points was
more accurate for images of patients with fixed ortho-
dontic appliances, and there was no significant differ-
ence in accuracy between cephalometric radiographs
of patients with orthodontic brackets and/or bands and
other fixed orthodontic appliances and cephalometric
radiographs of patients without fixed orthodontic appli-
ances. It should be noted that common fixed orthodon-
tic appliances are made of stainless steel or other alloys
and therefore have a different radiographic density than
skeletal structures. A similar pattern of results may be
seen in of radiographs with other factors associated with
comparable density that may affect the performance of
the framework, such as artifacts, osteosynthesis plates,
implants, prosthetic restorations, and root canal fillings.
Nevertheless, the present study did not investigate these
aspects due to the limited study data.

The distribution of errors in the horizontal and vertical
planes was considered independently of each other.
By means of a common cephalometric appraisal, the
anteroposterior or vertical position of the maxilla and
mandible and their relationships to the cranial base and
dental structures are evaluated. For this purpose, the
image was considered as a coordinate system with its two
axes: X and Y. Transferred to the lateral cephalogram,
these mark the sagittal and vertical planes respectively.
The results for cephalometric points marking important
anteroposterior correlations, such as A point and B
point, showed overall a smaller distance error on the X
axis than on the Y axis (Table 6). It is at the reference
points marking the positions of the skeletal structures
in the sagittal plane that an error on the X-axis would
be of greater clinical significance, as has been noted in a
recent scoping review [37]. Equivalently, the results for
cephalometric points, such as PNS and ANS, marking
larger vertical correlations showed comparable results
in terms of distance error on the Y-axis, which is more
clinically relevant in this case.

Differences in landmark recognition in the X-axis
or Y-axis can be explained by the fact that each land-
mark is located at a distinct anatomical site that is more
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accurate to locate in either the vertical or horizontal
direction [4]. Especially bilateral landmarks might show
higher deviations in the Y-axis due to double contours
associated with motion artifacts or incorrect position-
ing [1]. Lastly, the annotation method used in the pre-
sent study may be prone to error due to interrater and
intrarater variability and may also have contributed to
differences in recognition in one direction or the other.

Investigating the distinct characteristics and the exact
position of the dentoskeletal landmarks is essential for
the quality of the cephalometric appraisal. Therefore,
the focus was set on developing an independent CNN
type suitable for the unique characteristics of each ref-
erence point. This approach eliminated the expected
decline in accuracy with increasing number of detection
targets described in a previous study [48]. The num-
ber of convolutional layers, filters, dropout layers and
activation functions were adjusted for each landmark
depending on its anatomical complexity. The results
of the present study in terms of MRE (1.47) and SD
(1.06 mm) are generally consistent with those of pre-
vious studies [10, 14, 16, 18, 22, 49]. However, as both
training and test data differ, an objective comparison
is not possible. One limitation of the proposed CNN
architecture is that it lacks uncertainty quantification
[50]. Future research may distinguish between aleatoric
(irreducible) and epistemic (reducible) uncertainty. The
latter can be especially beneficial in the small to mod-
erate data regime. Having established the feasibility of
the method in cephalometric landmark detection of
patients with fixed appliances and the underlying chal-
lenges in patients with mixed dentition, future research
could focus on systematically comparing the perfor-
mance of more advanced models, such as those based
on ResNet or DenseNet [51-53] and improving network
architectures (e.g., by applying Bayesian optimization
techniques, [54]).

Although the performance of the developed CNN was
tested on a versatile dataset consisting of images with a
variety of radiological features, this study employed a rel-
atively small dataset for images, particularly from Group
III (Others (artifacts, osteosynthesis plates, implants,
dental prosthetic restorations and root canal treat-
ments)). Indeed, the challenge of limited training data in
the health sector was also recognized in a recent review
on deep learning [39]. Hence, following research based
on larger and well-balanced datasets is needed to assess
the specifics of these parameters.

Another limitation of this study is the annotation pro-
cedure used, as it is prone to error with regard to the
examiner. In the absence of a gold standard, constructing
a reliable reference test capable of reducing bias in the
dataset remains a challenge [40].
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Finally, since the reference points are used in a further
step of the cephalometric analysis to perform angular
measurements [52], a potential limitation of the proposed
framework is that such measurements and index data
were not obtained. Nevertheless, it should be noted that
the cephalometric angles depend to a large extent on the
correct positioning of the reference points. Future studies
should address the aspect of the angular measurements
to assess the suitability of automated cephalometric
landmark recognition for clinical use.

Conclusions

The radiographic appearance of fixed orthodontic
appliances such as brackets, bands, and other fixed
orthodontic appliances on a lateral cephalometric
radiograph did not significantly influence the
performance of the model. Complex growth structures
may affect the recognition accuracy of dental landmarks,
thus detected references should be verified in growing
patients and in the mixed dentition.
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Abstract: Purpose: To investigate the bracket transfer accuracy of the indirect bonding technique
(IDB). Methods: Systematic search of the literature was conducted in PubMed MEDLINE, Web of
Science, Embase, and Scopus through November 2021. Selection Criteria: In vivo and ex vivo studies
investigating bracket transfer accuracy by comparing the planned and achieved bracket positions
using the IDB technique were considered. Information concerning patients, samples, and applied
methodology was collected. Measured mean transfer errors (MTE) for angular and linear directions
were extracted. Risk of bias (RoB) in the studies was assessed using a tailored RoB tool. Meta-analysis
of ex vivo studies was performed for overall linear and angular bracket transfer accuracy and for
subgroup analyses by type of tray, tooth groups, jaw-related, side-related, and by assessment method.
Results: A total of 16 studies met the eligibility criteria for this systematic review. The overall linear
mean transfer errors (MTE) in mesiodistal, vertical and buccolingual direction were 0.08 mm (95% CI
0.05; 0.10), 0.09 mm (0.06; 0.11), 0.14 mm (0.10; 0.17), respectively. The overall angular mean transfer
errors (MTE) regarding angulation, rotation, torque were 1.13° (0.75; 1.52), 0.93° (0.49; 1.37), and 1.11°
(0.68; 1.53), respectively. Silicone trays showed the highest accuracy, followed by vacuum-formed
trays and 3D printed trays. Subgroup analyses between tooth groups, right and left sides, and upper
and lower jaw showed minor differences. Conclusions and implications: The overall accuracy of the
indirect bonding technique can be considered clinically acceptable. Future studies should address the
validation of the accuracy assessment methods used.

Keywords: bracket bonding; indirect bonding; orthodontic brackets; transfer accuracy; bracket
positioning; bonding accuracy; bonding tray

1. Introduction

The straight-wire technique derived from the works of Andrews [1,2] is the most
commonly used technique in fixed orthodontic treatment [3]. In this technique, the ideal
placement of the brackets is of utmost importance [4-7]. Positioning errors necessitate the
repositioning of brackets or the insertion of additional compensatory bends [4,8-14] and
increase the number of visits and the treatment duration [5], thus compromising treatment
efficiency.

Clinically, brackets can be positioned directly with an instrument or indirectly with a
transfer tray. Indirect bonding (IDB) was first proposed in 1972 [15] and has since been used
mainly to improve accuracy through pre-planning the ideal bracket position [7]. Numerous
studies have shown that IDB can increase the precision of bracket placement [8,16-20], but
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neither the direct nor the indirect technique achieves ideal clinical results, and readjustments
remain necessary [3,21-24].

More recently, with the introduction of software for virtual treatment planning and
workflows for additive transfer tray manufacturing for IDB, another approach for ideal
bracket placement was introduced [25]. By calculating and visualizing the tooth movements
resulting from the application of the virtually positioned brackets, adjustments can be made
to realize the treatment objectives in the digital setup [13]. Accurate clinical implementation
of the planned bracket positions is crucial in this method to achieve the virtually simulated
alignment [26].

A growing number of studies have addressed the topic of IDB accuracy [26-28]. There
is, however, great variability in the reported results between studies, which might be due
to underlying methodological or clinical heterogeneity. Thus, the aim of this study was to
synthesize the findings and assess the accuracy of the IDB technique, focusing not only
on the overall accuracy of the method or different types of indirect bonding trays but
also taking into account methodological and clinical aspects such as the method used to
evaluate accuracy, and tooth-type-specific and jaw-related differences.

2. Materials and Methods

This systematic review was conducted according to the “Preferred Reporting Items
for a Systematic Review and Meta-analysis of Diagnostic Test Accuracy Studies” (PRISMA-
DTA) statement [29] and registered at the PROSPERO platform (registration number:
CRD42021243227). The PICO model (problem/patient, intervention, comparison, outcome)
was followed to define the research question and eligibility criteria [30]. Detailed infor-
mation on how this model influenced the study design, and the definition of each PICO
element can be found in Supplementary Table S1.

2.1. Eligibility Criteria

Prospective and retrospective in vivo and ex vivo studies investigating bracket transfer
accuracy by comparing the planned and achieved bracket positions for buccal bracket
bonding were considered. The following eligibility criteria were applied. (1) At least one
of the measurements in the linear (mesiodistal, buccolingual, vertical) and/or angular
(angulation, rotation, torque) directions was reported. (2) Actual status of the bracket
position was confirmed by comparing it to the planned bracket position. Studies assessing
lingual bracket bonding accuracy were not considered for inclusion. Only studies published
in English were considered, and the last update of the search according to the search strategy
was performed on 1 November 2021.

2.2. Literature Search and Study Selection Process

Based on the research question and the aforementioned eligibility criteria, a search
strategy was developed. Following the Cochrane recommendations for studies dealing
with very specific topics, such as indirect bonding, we applied the following concept and
broke it into three sub-concepts in order to create our search strategy [31] (Table 1).

Table 1. Concept of the search strategy.

Domain Search Term
Field orthodont*
AND
Intervention bonding
AND
positioning differences OR accuracy OR
Outcome transfer accuracy OR ideal bracket placement

OR accurate bracket positioning OR accurat*
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This template was applied to four bibliographic databases (PubMed, Embase, Web of
Science, and Scopus) with specific adaptations for each bibliographic database (Table 2).
Sets of records from each database were downloaded to the bibliographic software pack-
age EndNote X9 (Clarivate Analytics, Philadelphia, PA, USA) and merged into one core
database in order to remove duplicate records.

Table 2. List of adapted search strategies used for different databases and number of identified
records.

Database

Search Strategies Results

PubMed

orthodont* [All Fields] AND bonding [All Fields] AND ((positioning [All
Fields] differences [All Fields]) OR accuracy [All Fields] OR (transfer [All

Fields] accuracy [All Fields]) OR (ideal [All Fields] bracket [All Fields] 218

placement [All Fields]) OR (accurate bracket [All Fields] positioning [All

Fields]) [All Fields] OR accurat* [All Fields])

Embase

orthodont*.mp. AND bonding.mp. AND ((positioning differences).mp. OR
accuracy.mp. OR (transfer accuracy).mp. OR (ideal bracket placement).mp. 101

OR (accurate bracket positioning).mp. OR accurat*.mp.)

Web of Science

orthodont* AND bonding AND (positioning differences OR accuracy OR
transfer accuracy OR ideal bracket placement OR accurate bracket positioning 187

OR accurat*)

Scopus

TITLE-ABS-KEY (orthodont* AND bonding AND (“positioning differences”
OR “positioning difference” OR accurac* OR “transfer accuracy” OR “ideal
bracket placement” OR “ideal bracket placements” OR “accurate bracket

125

positioning” OR accurat*))

Total 312

All records identified by the searches were primarily checked on the basis of title and
abstract. Full texts of the records identified as relevant were then downloaded and checked
for meeting the eligibility criteria. The articles that did not meet the predefined inclusion
criteria after the full-text assessment were excluded from further examination. The whole
literature screening process was conducted independently in parallel by two of the authors
(H.S, M.].R). The Cohen’s K coefficient for agreement between the two reviewers was 0.89.
Any doubts or disagreements were solved by discussion.

2.3. Data Extraction

Data from the included studies were extracted by both reviewers in specially prepared
data extraction sheets. Any differences in extracted data were resolved through discussion
until reaching a consensus.

Briefly, the following information was extracted from papers: author and year of
publication, study design, number of assessed teeth (incisors, canines, premolars, molars);
patient information in case of in vivo studies; IDB technique used (double polyvinyl silox-
ane (double-PVS); double vacuum-form (double-VF), polyvinyl siloxane vacuum-form
(PVS-VE), polyvinyl siloxane putty (PVS-putty), and single vacuum-form (single-VF)); type
of brackets used in the study; method for measuring transfer accuracy (digital photogra-
phy, calipers, CBCT, 3D-scan and superimposition); mean transfer errors (MTE) in linear
(mesiodistal, buccolingual, vertical) and angular (angulation, rotation, torque) directions
expressed in millimeters (mm) and degrees (°). All corresponding authors of the included
studies were contacted to provide the complete data sets or additional data if available.
For included studies reporting data only graphically [10,32], data were collected using a
data extraction software (WebPlotDigitzer, Version 4.4, Pacifica, CA, USA) as described and
validated by Drevon et al. [33]. All data were later transferred to Excel spreadsheets (Excel
2010, Microsoft Corporation, Redmond, WA, USA). The data transfer was checked twice by
both reviewers involved before further analysis.
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2.4. Risk of Bias Assessment in Included Studies

In this review, an adapted risk of bias (RoB) assessment tool was used (Supplementary
Table S3) [34,35]. The tool contained four domains (selection bias; reference test bias;
verification bias; outcome bias), each of them included items that cover different sources of
bias. One of the following three modalities was used to judge the RoB in the primary studies:
high, low, or unclear risk of bias. The category “unclear RoB” was applied whenever
incomplete details or no information could be found in the study. RoB assessment was
performed independently by the two of the authors (H.S., M.].R).

2.5. Meta-Analysis and Synthesis of Results

Meta-analysis was performed using R Statistical Software (Version 4.1.1, R Core Team,
Vienna, Austria) according to published procedures [36,37]. To be included in the meta-
analysis, the sample size and the mean and standard deviation (SD) of the bracket transfer
error expressed in millimeters (mm) or degrees (°) were required.

The overall mean transfer errors (MTE) and further subgroup analyses in linear
(mesiodistal, buccolingual, vertical) and angular (angulation, rotation, torque) directions
were performed in the following categories: overall MTE; tooth group related MTE; jaw-
related MTE (left vs. right/upper vs. lower); MTE in relation to accuracy assessment
method; MTE in relation to the type of IDB tray.

Data wrangling and manipulation were performed using the statistical packages
“tidyverse” [37], “dplyr” [38], and “ggplot2” [39]. Meta-analytic syntheses and further
investigations were performed by “meta” and “dmetar” in RStudio (Rstudio Inc., Boston,
MA, USA) [36,40]. Effect sizes of the overall MTE and subgroup analyses were calculated by
the metamean function provided by “meta” and are reported in Table 2. Heterogeneity was
assessed using Cochran’s Q and [*-statistics. A random-effects model was retained to pool
effect sizes to better account for the differences in design amongst the included studies for
both overall category and subgroups analysis. The restricted maximum likelihood estimator
was used to calculate the heterogeneity variance 12 [41]. Knapp-Hartung adjustments
were used to calculate the confidence interval around the pooled effect [42]. To investigate
publication bias, funnel plots were prepared using the functionalities of the “meta” package.
Additionally, drapery plots were produced based on p-value functions.

3. Results
3.1. Literature Search Results

The PRISMA workflow illustrating the whole study selection process is summarized
in Figure 1. The electronic search resulted in 218 records from PubMed, 187 records from
Web of Science, 101 records from EMBASE, and 125 records from Scopus.

After duplicate elimination, altogether, 312 studies were identified. Upon checking the
titles and abstracts of the identified records, 35 studies were selected for full-text reading.
Studies that did not meet the eligibility criteria (n = 19) were excluded from further assess-
ment, and the reasoning is summarized in Supplementary Table S2. Additionally, one more
study was selected for inclusion by cross-checking the reference lists of literature selected
for inclusion, resulting in a total number of 16 included studies. For two publications [7,28],
additional data that was not included in the original manuscripts were provided by the
respective authors.

3.2. Results of the Risk of Bias Assessment

The overall risk of bias (RoB) of the different domains and items is given in Figure 2.
Results of the RoB assessment of the individual studies are available in Supplementary Table
S5. In eight studies, indirect bracket placement might have been affected by malocclusions,
such as severe crowding or rotations, or no such information was provided [7,18,28,43-47].
Only seven studies provided information on sample size calculation [26-28,44,46-48].
Three studies considered only specific tooth groups in their investigations [44,45,48]. Nine
studies did not report the experience and training of the bonding clinicians or indicated low
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experience [7,10,26,32,43-45,47 48], and in three studies, the bonding clinicians’ experience

was unclear based on the provided information [27,46,49].

P A
= Records identified through databases
£ searching Additional records identified through
é PubMed database searching (n = 218) other sources- hand search
g EMBASE database searching (n =101) (m=1)
§ Web of Science (n = 187)
Scopus (n=125)
& y l
(@ N
=2 Records screened after duplicates Records excluded after screening title
E removal and abstract:
£ (m=312) =277
A
\& J ‘
s N
z Full text studies assessed for eligibility Full/ text studies excluded with reasons
= (m=35) m=19)
E‘ . Out of subject (n=75)
= . Missing data (n=5)
. Lingual bonding (n= 1)
~ ~ . Reported data not comparable due
i to applied method (n=7)
e B . 3
. Insuficient reporting of the
Studies included in quality assessment methodology (n=1)
(n=16)
E ex-vivo (n=12)
= in-vivo (n=4)
<
=
- J
Studies included in quantitative synthesis- meta-analysis (ex —vivo; n =12)

Figure 1. Flow diagram of information through the different phases of a systematic review according
to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (study selection process).

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Outset bias

Spectrum bias

Sample size

Bonding procedure

Training bias

Accuracy assessesment procedure

Blinding bias

Calibration bias

Partial verification bias
Differential vererification bias
Bias in the Analysis

Validity bias

Reproducibility bias

W High risk of bias ™ Low risk of bias Unclear risk of bias

Figure 2. Overview of the overall RoB among different domains and items.

None of the included studies provided information on calibration, and only two
studies provided information on blinding of the examiners [47,48]. Eight studies had a
high or unclear risk of bias due to an insufficient method for reproducibility assessment or
insufficient reporting [7,10,18,46-50].

3.3. Study Characteristics and Results of Individual Studies

The characteristics of the studies included for quality assessment are illustrated in
Table 3.
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3.3.1. Study Characteristics and Results of the In Vivo Studies Not Included in the
Quantitative Synthesis

Four in vivo studies were eligible for quality assessment after full-text reading [7,26,47,48].
Two of the studies investigated the bracket transfer accuracy of 3D printed trays [26,47],
one of which compared 3D printed trays to silicone trays [47]. The other two studies
investigated silicone trays [46] and vacuum-formed trays [48]. All included in vivo studies
investigated the accuracy of bracket transfer with conventional brackets. In these studies,
three different methods were used to evaluate accuracy: CBCT and software [7], photog-
raphy [48], and scans and software [26,47]. Due to the small number of in vivo studies
with different study characteristics, they were not included in the quantitative synthesis.
The reported linear mean transfer errors ranged from 0.001 to 0.050 mm. The angular
mean transfer errors ranged from 0.001 to 1.757°. The full extracted data is available in in
Supplementary Tables S4.1-54.6.

3.3.2. Study Characteristics of the Ex vivo Studies Included in the Quantitative Synthesis

A total of 12 ex vivo studies were eligible for quality assessment after full text
reading [10,18,27,28,32,43-46,49-51]. Of these, 7 studies investigated 3D printed
trays [27,28,32,43-45,50], while 5 investigated vacuum-formed trays [10,32,46,49,51], and 4
studies investigated silicone trays [10,18,27,46], with 4 of the 12 included studies compar-
ing more than 1 material group [10,27,32,46]. Three studies used self-ligating brackets for
indirect bonding [43,44,50]. The most common method of analysis was the use of scans
and software (n =9) [10,27,28,32,43—46,49,50], followed by methods using photography
(n=3)[10,18,51].

3.4. Results of the Meta-Analysis

The results of the meta-analysis are summarized in Table 4. The overall linear and
angular mean bracket transfer errors are shown in forest plots in Figure 3. The full data
sets, including forest plots, drapery plots, and funnel plots for different analysis groups,
are available in Supplementary Tables 56.1-58.12.

Table 4. Summary of the results of the meta-analysis. MTE, mean transfer errors.

Pﬁ?aageztee(:s Mesiodistal Buccolingual Vertical Angulation Rotation Torque
Overall accuracy
n 23 21 23 20 10 10
MTE (95% CI) 0.08 (0.05; 0.10) 0.09 (0.06; 0.11) 0.14 (0.10; 0.17) 1.13 (0.75; 1.52) 0.93 (0.49; 1.37) 1.11 (0.68; 1.53)
Prediction [-0.05; 0.20] [—0.04; 0.21] [0.02; 0.30] [-0.61;2.87] [-0.88; 2.74] [-0.61;2.83]
Tooth group comparison
n 14 12 14 14 8 12
Incisors MTE (95% CI) 0.09 (0.05; 0.12) 0.14 (0.07; 0.21) 0.15 (0.10; 0.20) 1.43 (0.97; 1.89) 0.74 (0.43; 1.05) 1.63 (0.95; 2.32)
Plrﬁf‘e‘gfl“ [—0.04; 0.22] [—0.11; 0.40] [—0.09; 0.39] [—0.32;3.18] [—0.18; 1.66] [—0.81; 4.08]
n 14 12 14 14 8 12
Canines MTE (95% CI) 0.09 (0.05; 0.13) 0.13 (0.07; 0.19) 0.15 (0.09; 0.24) 1.95 (1.15; 2.75) 0.90 (0.47; 1.32) 2.11 (1.13;3.09)
Pfgfgf&‘i“ [—0.04; 0.22] [—0.09; 0.34] [—0.09; 0.40] [~1.07; 4.97] [~0.35; 2.15] [~1.36; 5.58]
n 16 14 16 16 16 10
Premolars MTE (95% CI) 0.09 (0.05; 0.13) 0.10 (0.06; 0.14) 0.13 (0.10;0.17) 0.13 (0.10; 0.17) 1.46 (0.97;1.94) 0.95 (0.37; 1.53)
P{ﬁfgggn [—0.06; 0.24] [—0.05; 0.24] [—0.01; 0.27] [—0.01; 0.27) [—0.45; 3.36] [—0.81; 2.71]
n 10 10 10 10 6 10
Molars MTE (95% CI) 0.06 (0.04;0.08)  0.09 (—0.04;0.13)  0.11(0.04; 0.18) 1.47 (0.70; 2.23) 0.69 (0.32; 1.06) 2.29 (1.20; 3.38)
Pfrffe‘g‘a‘i“ [0.01; 0.11] [—0.04; 0.21] [—0.08; 0.31] [—0.99; 3.92] [—0.26; 1.64] [—1.24; 5.82]
Left vs. Right
n 5 3 5 2
Left MTE (95% CI) 0.14 (0.04; 0.24) 0.11 (0.06; 0.17) 0.22(0.10;0.35) 291 (—1.59;7.41) - -
Plrﬁfe‘f\j‘a‘in [—0.14; 0.42] [—0.12; 0.35] [—0.13; 0.57] -
n 5 3 5 2
Right MTE (95% CI) 0.14 (0.05; 0.22) 0.10 (0.02; 0.17) 0.23 (0.04; 0.42) 2.66 (2.59; 2.72) - -
Prediction [—0.10: 0.37] [—0.29; 0.48] [—0.30; 0.76]

interval
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Table 4. Cont.
P‘/:?:g;;‘ris Mesiodistal Buccolingual Vertical Angulation Rotation Torque
Upper vs. Lower
n 9 7 9 6 4 4
Upper MTE (95% CI) 0.10 (0.05; 0.16) 0.09 (0.02; 0.15) 0.18 (0.09; 0.26) 1.26 (0.00; 2.53) 0.59 (—0.49; 1.6)  0.73 (—0.50; 1.96)
P ir;fe‘gg’ln [—0.08; 0.29] [—0.10; 0.27] [—0.10; 0.45] [—2.34; 4.86] [—2.67; 3.85] [—2.97; 4.43]
n 4 2 4 4 2 2
Lower MTE (95% CI) 0.12 (—0.09; 0.33)  0.01 (—0.04;0.05)  0.22 (—0.00; 0.44)  1.49 (—1.10;4.08)  0.01 (—0.09;0.10) 0.18 (0.01; 0.35)
Prediction [~0.52; 0.76] [-0.10; 0.45]- [-6.32;9.31]
3D accuracy assessment vs. Photography
n 18 18 18 18 17 18
3D MTE (95% CI) 0.06 (0.04; 0.08) 0.09 (0.05; 0.12) 0.11 (0.09; 0.13) 0.95 (0.63; 1.27) 0.93 (0.49; 1.37) 1.11 (0.68; 1.53)
Pfﬁfe‘f\t;oln [—0.03; 0.15] [—0.05; 0.22] [0.03; 0.18] [—0.42; 2.32] [—0.88; 2.74] [—0.61; 2.83]
n 7 5 7 2
Photography MTE (95% CI) 0.12 (0.06; 0.18) 0.09 (0.09; 0.10) 0.22 (0.12; 0.31) 2.74 (—1.50; 6.97) - -
Plrrf?e‘rc‘f;‘in [—0.05; 0.30] [0.09; 0.10] [—0.07; 0.50] -
Type of tray
n 13 13 4 13 1 13
3D printed MTE (95% CI) 0.06 (0.03; 0.09) 0.10 (0.06; 0.13) 0.12 (0.09; 0.15) 1.14 (0.69; 1.60) 0.90 (0.36; 1.45) 1.42 (0.76; 2.09)
Plrr‘fe‘rc\f{?l“ [—0.05; 0.16] [—0.04; 0.24] [0.02;0.21] [—0.57; 2.86] [—0.94; 2.75] [~1.01; 3.86]
n 4 3 4 3 2 2
Silicone MTE (95% CI) 0.10 (0.00; 0.19) 0.08 (—0.01;0.18)  0.14(—0.03;0.32)  1.17(—1.55;3.88)  0.66 (—3.82;5.13)  0.79 (—4.47; 6.05)
Pfﬁfe‘ggi“ [—0.20; 0.39] [—0.44; 0.61] [—0.38; 0.67] [-14.17;17.12]
Combined Sili- n 1 1 1
cone/Vacuum MTE (95% CI) 0.09 (0.07; 0.11) 0.09 (0.07; 0.11) 0.14 (0.11; 0.17) - - -
Form Prediction B } )
interval
n 6 5 6 5 4 4
Vacuum Form MTE (95% CI) 0.10 (0.02; 0.18) 0.08 (—0.03; 0.19) 0.16 (0.03; 0.29) 1.32(—0.06;2.71)  1.16 (—0.84; 3.16) 0.86 (0.26;1.46)
Pfrff;rcvha(i“ [—0.13; 0.33] [—0.22; 0.39] [—0.20; 0.52] [—2.52;5.17] [—4.80; 7.13] [—0.92;2.63]

3.5. Linear Mean Transfer Errors

Overall linear mean transfer errors (MTE) in mesiodistal, buccolingual, and vertical
directions were 0.08 mm, 0.09 mm, and 0.14 mm, respectively (Table 4). A comparison
of linear MTE between different tooth groups revealed that IDB was less accurate in the
incisor group, with an MTE of 0.14 mm in the buccolingual direction and 0.15 mm in the
vertical direction. No significant differences could be observed in a comparison of IDB
transfer accuracy between left and right sides in all three linear directions. The comparison
between the upper and lower jaw showed slightly higher bracket transfer accuracy in the
upper jaw in the mesiodistal and vertical directions (MTE 0.10 mm, 0.18 mm), whereas
accuracy in the buccolingual direction was lower than in the lower jaw (MTE 0.09 mm).
Among the different types of IDB trays, 3D printed trays showed the highest accuracy
in the mesiodistal (MTE 0.06 mm) and vertical directions (MTE 0.12 mm) but the lowest
accuracy in the buccolingual dimension (MTE 0.10 mm).

In studies that used photography as a method to assess accuracy, the MTE was higher
in the mesiodistal and vertical directions (MTE 0.12, 0.22) than in studies that used 3D
assessment methods (MTE 0.06, 0.11).

3.6. Angular Mean Transfer Errors

Overall angular mean transfer errors (MTE) regarding angulation, rotation, and torque
were 1.13°,0.93°, and 1.11°, respectively. Compared to the other tooth groups, molar tubes
showed the highest transfer accuracy in rotation (MTE 0.69°) but the lowest in torque
(MTE 2.29°). In the premolar group, the highest accuracy was observed for angulation
(MTE 0.13°) and torque (0.95°), while rotation (MTE 1.46°) showed the lowest accuracy
compared to the other tooth groups. The comparisons between the left and right sides,
between upper and lower jaws, and between 3D accuracy assessment and photography
could only be partially evaluated on the basis of the available data for angular values.
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Studies that used photography as a method showed a lower bracket transfer accuracy
for angulation (MTE 2.74°) compared to studies that used 3D assessment (MTE 0.95°). IDB
showed higher accuracy regarding angulation in the upper jaw (MTE 1.26°) but lower
accuracy for rotation (MTE 0.59°) and torque (0.73°). For 3D printed trays, higher torque
deviations were observed (MTE 1.42°) than for other types of IDB trays. For silicone trays,
the highest accuracy was observed for angulation (MTE 0.66°) and torque (0.79°).

4. Discussion
4.1. Overall

In this study, the available literature on the indirect bonding technique was systemati-
cally reviewed regarding the accuracy of bracket transfer and differences among available
methods to draw conclusions on methodological and clinical aspects.

The results of the meta-analysis showed an overall bracket transfer accuracy for the
indirect bonding technique between 0.08 and 0.14 mm for linear and 0.93° and 1.13° for
angular deviations, respectively. As there are no evidence-based limits for clinically ac-
ceptable bracket position deviations in the literature, most studies refer to the professional
standards of the American Board of Orthodontics of 0.5 mm for linear and 2° for angular de-
viations [7,10,26,27,32,45,46,49,52]. However, these limits apply by definition to deviations
of tooth positions. As full slot engagement with orthodontic archwires cannot be achieved
in the straight-wire technique [27,53-55], exceeding these limits cannot be equated with
malpositioning of the associated teeth. In view of these considerations and the limitations
due to the current reference standard, the overall accuracy of the indirect bonding technique
can be considered clinically acceptable.

Regarding linear deviations, a higher mean transfer error was observed for the vertical
direction than for the mesiodistal and buccolingual directions, which is in line with previous
studies [10,46,48,56] and mostly attributed by the authors to misfit phenomena of the
indirect bonding trays. Therefore, it has been proposed to increase the distance between the
dentition and the transfer tray by adapted designs to improve the fit and reduce vertical
deviations [26]. Angular deviations (torque, rotation, and angulation), on the other hand,
showed comparable values, although deviations for torque were reported to be highest in
previous studies [26-28,32,57]. It is possible that the angular deviations are more dependent
on the amount of adhesive, tray material, and tray design, and therefore different results
are observed in the respective studies depending on the method used [28].

4.2. Tooth Groups

Subgroup analysis by tooth groups showed the lowest angular deviations in the
premolar group for all directions but rotation, where transfer was most accurate for molar
attachments. Interestingly, linear bracket transfer errors were higher for anterior teeth
(incisors and canines) than for posterior teeth (premolars and molars), contrary to previous
findings [7,32,57].

The high rotational accuracy of molar attachments could be explained by the larger
mesio-distal extension compared to the attachments of other tooth groups. However, the
overall differences between the tooth groups in the included ex vivo studies were small
and likely to be clinically negligible.

4.3. Side Differences and Differences between Upper and Lower Jaw

It is considered that one of the advantages of the indirect bonding technique is that
it allows for consistent accuracy in bracket placement, regardless of the practitioner’s
handedness or direction of viewing direction and sitting position [32]. However, only a
few studies that met the inclusion criteria provided accuracy data separately for the right
and left sides, and for the upper and lower jaws, so only limited conclusions can be drawn.
Based on data from five studies included in the meta-analysis, no differences in bracket
transfer accuracy were found between the right and left sides. In contrast, slightly higher
bracket transfer accuracy was found for the upper jaw than for the lower jaw. This result
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should be interpreted with caution, as it may be biased by the limited number of included
studies providing accuracy data for the lower jaw.

4.4. Tray Materials

Regarding tray materials, silicone trays represent the reference in terms of accu-
racy [10,27,46,56]. In previous studies that compared 3D printed trays with other methods,
3D printed trays were found to have a higher bracket transfer accuracy than vacuum-
formed trays [32] but lower than silicone trays [27,57]. Interestingly, in this study, 3D
printed trays showed lower MTE in the mesiodistal and vertical directions and in angula-
tion compared with the other tray material groups. The use of 3D-printed trays has been
suggested to potentially increase treatment efficiency by improving treatment planning
through digital setup, treatment simulation, implementation of 3D imaging data such as
CBCT or MRI, and by simplifying the laboratory process [11,13,26]. However, further
research is necessary to determine the influence of factors like tray design [26,32], material
used [57], and manufacturing process.

4.5. Accuracy Assessment Method

Included studies using photography as a method for accuracy assessment showed a
higher MTE in comparison to studies using 3D assessment. 3D assessment methods for
bracket transfer accuracy using scanners or CBCT have been proposed to generally achieve
higher accuracy [26,27]. However, most of the included studies did not adequately evaluate
the accuracy of the assessment workflow or did not report all relevant reliability data. The
sole use of Dahlberg’s formula, intraclass correlation coefficient, or analysis using a paired
t-test for reliability reporting in orthodontic research is not adequate [58]. Furthermore,
Jungbauer et al. [28] questioned the suitability of intraoral scanners for accurately deter-
mining the bracket transfer accuracy because of significant artifacts on scanned brackets
and low intra- and inter-rater reliability in their study. The use of photographic methods,
on the other hand, has the disadvantage that not all deviation directions can be evaluated.

Accurate registration of achieved bracket positions is a technical challenge, which may
partly explain why ex vivo studies are predominantly available on this topic. Despite the
methodological limitations discussed, scans, photographs, and micro-Ct data appear to be
suitable, in principle, for the assessment of IDB accuracy. However, adequate validation of
the accuracy assessment method is required to reduce the risk of bias in future studies and
to support more targeted research, in which the accuracy values obtained may be useful to
practitioners with respect to the clinical protocols. Finally, all relevant data should be made
available in future studies to allow for more comprehensive reviews.

5. Strengths and Limitations

To the authors” knowledge, to date, no systematic review has comprehensively ad-
dressed the assessment of bracket transfer accuracy, including methodological and clinical
aspects of the IDB method. In addition, the number of available studies without standards
on the methodological aspects of assessment, validation, and reporting is increasing, which
limits the validity and generalizability of the results. However, it should not be neglected
that conducting a meta-analysis with a small number of available studies is also subject to
limitations.

As we anticipated considerable between-study heterogeneity, a random-effects model
was used to pool effect sizes. The results of T2, [?-statistics, and the corresponding p-values
indicated that between-study heterogeneity existed in most of the categories and that the
use of a random-effects model was appropriate. Nevertheless, the results of the subgroup
analyses should be interpreted with caution. The statistical power of small subgroups is
limited because the effects are smaller than in the meta-analysis performed for the overall
group [36].

Moreover, a controversy around p-value and the sole use of forest plots to visualize
results of meta-analyses is rising [59]. Forest plots can only display confidence intervals
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with the assumption of a fixed significance threshold (p-value < 0.05). Therefore, in this
study, we used drapery plots in addition to forest plots. Drapery plots that present the
p-value function for all individual studies are suggested as being complementary figures to
forest plots for presentation and interpretation of the results of a meta-analysis, specifically
with a low number of studies, such as our study [60]. This prevents researchers from solely
relying on the p-value < 0.05 significance threshold when interpreting the results. The
resulting drapery plots are documented in Supplementary Tables S58.1-58.12.

Due to the low number of in vivo studies (1 = 4), with significant differences in the
applied methodologies and an extensive and sometimes contradictory range of published
results, a meta-analysis could only be carried out for ex vivo studies. The bracket trans-
fer accuracy in in vivo settings could be lower due to limited accessibility of the oral
cavity [46], moisture control and soft-tissue interference [32], patient management [45],
malocclusion [10], and other factors. Therefore, further methodologically sound in vivo
studies are necessary to evaluate the accuracy of the indirect bonding technique in clinical
settings.

6. Clinical Implications

Accurate bracket placement is essential for effective and efficient treatment with fixed
orthodontic appliances [1,7,10,26]. However, due to the complexity of the various clinical
and technical aspects of bracket bonding and despite the large number of studies dealing
with this topic, there is disagreement on the most appropriate techniques or methods [16].
Objective evidence from well-conducted, prospective, randomized clinical trials is still
lacking [16,61].

The findings of this systematic review suggest that indirect bonding as a technique
allows achieving planned bracket positions with high overall accuracy, even though the
results addressed herein are not sulfficient to reflect all of the various clinical aspects. It was
shown that using indirect bonding, tooth-type-specific and jaw-related differences appear
to have a rather negligible overall influence on accuracy. In contrast to previously published
studies [27,47], indirect bracket positioning with 3D printed trays generally appears to be as
accurate as silicone trays. Therefore, the selection of one of these techniques could be based
on preferences or criteria such as fabrication cost, time, or cost-effectiveness, even though
the reduced number of manufacturing steps and further advances in computer-aided
technologies will likely favor 3D-printed trays [61].

Indirect bonding remains more time and cost-consuming overall than direct bonding
due to the laboratory process required, although it has been shown to reduce clinical chair
time [8,61,62]. Further research is needed to evaluate the correlation between the accuracy
of bracket placement and the need for compensatory bends, bracket repositioning, and
reduction in total treatment time, given the conflicting results to date [5,61,63,64].

7. Conclusions

The results of this meta-analysis indicate a generally precise implementation of
planned bracket positions in the indirect bonding technique. Among tray materials, silicone
trays and 3D printed trays showed higher accuracy compared to vacuum-formed trays.
Subgroup analyses between tooth groups, right and left sides, and upper and lower jaw
showed only minor differences. In addition to the main objectives, future studies should
address the validation of the accuracy assessment methods and provide complete data sets,
including adequate reliability data, to reduce the risk of bias.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jecm11092568 /s1, Supplementary Tables S1-59. Additional ref-
erences [65-79] are cited in the supplementary content.
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Original Article

Bracket transfer accuracy with two different three-dimensional printed
transfer trays vs silicone transfer trays

Lea Hoffmann?; Hisham Sabbagh?®; Andera Wichelhaus®; Andreas Kessler®

ABSTRACT

Objectives: To compare the transfer accuracy of two different three-dimensional printed trays
(Dreve FotoDent ITB [Dreve Dentamid, Unna, Germany] and NextDent Ortho ITB [NextDent,
Soesterberg, the Netherlands]) to polyvinyl siloxane (PVS) trays for indirect bonding.

Materials and Methods: A total of 10 dental models were constructed for each investigated
material. Virtual bracket placement was performed on a scanned dental model using OnyxCeph
(OnyxCeph 3D Lab, Chemnitz, Germany). Three-dimensional printed transfer trays using a digital
light processing system three-dimensional printer and silicone transfer trays were produced.
Bracket positions were scanned after the indirect bonding procedure. Linear and angular transfer
errors were measured. Significant differences between mean transfer errors and frequency of
clinically acceptable errors (<0.25 mm/1°) were analyzed using the Kruskal-Wallis and y? tests,
respectively.

Results: All trays showed comparable accuracy of bracket placement. NextDent exhibited a
significantly higher frequency of rotational error within the limit of 1° (P =.01) compared with the
PVS tray. Although PVS showed significant differences between the tooth groups in all linear
dimensions, Dreve exhibited a significant difference in the buccolingual direction only. All groups
showed a similar distribution of directional bias.

Conclusions: Three-dimensional printed trays achieved comparable results with the PVS trays in
terms of bracket positioning accuracy. NextDent appears to be inferior compared with PVS
regarding the frequency of clinically acceptable errors, whereas Dreve was found to be equal. The
influence of tooth groups on the accuracy of bracket positioning may be reduced by using an
appropriate three-dimensional printed transfer tray (Dreve). (Angle Orthod. 2022;92:364—-371.)

KEY WORDS: Indirect bonding; Virtual bracket placement; Transfer accuracy; 3D printing

INTRODUCTION because deviations from the correct bracket positions
can lead to undesirable tooth movement, poor treat-
ment results, and prolonged treatment time. Brackets

and buccal tubes can be positioned on the teeth either

In fixed orthodontic therapy, brackets, bands, and
buccal tubes are used to transfer force and torque to
teeth, thereby inducing tooth movement. The accurate

positioning of orthodontic brackets plays a crucial role
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directly or indirectly via a transfer aid (transfer tray).
Advantages of indirect bonding compared with the
direct bonding technique have been described in the
literature and include, in particular, a higher accuracy
of bracket position, reduced chair time, and a higher
patient comfort.”” In addition, computer-aided planning
and manufacturing technology enables virtual planning
of bracket positions. As a result of additive manufac-
turing (three-dimensional printing), cost-effective and
easy manufacturing of bracket transfer splints is
possible.® This new digital workflow has the potential
to minimize positioning errors and increase treatment
efficiency.

Accuracy of the final bracket position is defined as
the deviation between the planned and actual position
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INDIRECT BONDING

of the bracket. Error during data acquisition, transfer,
processing, splint design, and the printing process as
well as the material properties might influence the
accuracy. To date, there are only a few studies
available comparing the accuracy of bracket position
using different indirect bonding three-dimensional
printed trays.>*

The primary objective of this study was to investigate
the bracket transfer accuracy (bracket offset of bonded
bracket position to designed bracket position in
millimeters and degrees) of three-dimensional printed
transfer trays in comparison with a PVS tray. As a
secondary objective, the effect of different tooth groups
(incisors, canines, premolars, molars) on the bracket
transfer accuracy in comparison with PVS trays was
analyzed.

MATERIALS AND METHODS

A manikin head was chosen to simulate an in vivo
situation as accurately as possible. An upper jaw
model with 16 plastic teeth (World Dental Federation
[FDI] tooth notation) was digitized with a model
scanner (S300 ARTI; Zirkonzahn, Gais, ltaly) and
imported into the software OnyxCeph (OnyxCeph 3D
Lab, Germany). This scanned model provided the
basis for the digital bracket construction and tray
preparation. The following materials already approved
for dental use were selected for the three-dimensional
printed trays: Dreve FotoDent ITB (Dreve Dentamid,
Unna, Germany) and NextDent Ortho ITB (NextDent,
Soesterberg, the Netherlands).

Preparation of the Models and Transfer Trays

For construction of the dental models for the manikin
head, the initially scanned maxillary model was
duplicated using a silicone impression and plaster,
resulting in 10 models for each material group (Dreve,
NextDent, PVS). Duplicate models were conically
trimmed and extended with an adapter for the manikin
head (Figure 1).

Virtual bracket placement was performed on teeth
16-26 with data sets of self-ligating straight-wire
brackets (0.022 X 0.028) and buccal tubes (BioQuick;
Forestadent, Pforzheim, Germany). All brackets and
buccal tubes were manually readjusted and aligned in
all three dimensions according to the straight-wire
concept. The final bracket design represented the
reference data set.

The design of the three-dimensional printed bracket
transfer trays was carried out using the OnyxCeph3TM
(OnyxCeph 3D Lab, Chemnitz, Germany) software
module “Bonding Trays 3D." The trays were configured
with 0.05-mm distance to the tooth crowns, a material
thickness of 1.3 mm, and a 1.5-mm slot overlap in the

365

bracket region. A flat design in the occlusal region was
chosen to allow three-dimensional printing without
support structures directly on the printer's platform.
The designed bracket transfer trays were exported as a
Standard Triangle Language (STL) file and aligned flat
on the building platform using Autodesk Netfabb
Premium software (version 2019.0; Autodesk, Mill
Valley, Calif). Product-specific print parameters for
the three-dimensional printing materials were applied
according to the manufacturer’s specifications. Slicing
was performed according to the manufacturer's set-
tings with a corresponding layer thickness of 50 um. A
total of 10 transfer trays with each material (Dreve,
NextDent) were printed with a digital light processing
(DLP) system three-dimensional printer (D20 II; Rap-
idshape, Heimsheim, Germany). Postprocessing was
carried out according to manufacturer’s specifications,
including cleaning of the trays for 6 minutes in
isopropanol (96%) activated with ultrasound followed
by drying. Trays were postcured using the Otoflash
G171 (NK-Optik, Baierbrunn, Germany) with 2 X 2000
flashes under a nitrogen atmosphere.

To produce the 10 silicone trays, physical models
(Grey Resin; Formlabs, Berlin, Germany) were neces-
sary. Virtually planned bracket positions were mapped
on a physical model. Positioning aids were calculated
using Kylix 3D (OnyxCeph3TM). The digital model data
set with positioning aids was printed using a stereo-
lithography (SLA) printer (Form2; Formlabs; Figure 1).
Based on these tooth models, the silicone transfer
trays were made using PVS putty (Tresident 2000K;
Schitz Dental, Rosbach, Germany) according to
previously described recommendations.'""

Bonding and Scanning of the Bonded Models

The bonding process was likewise performed for all
material groups. A thin layer of composite luting
cement was applied on the base of each bracket and
buccal tube (RelyX Unicem 2 Automix; 3M, Seefeld,
Germany). Transfer trays were positioned on the
maxilla attached to the phantom patient, and the
optimal fit of the tray was verified with a mirror. The
composite luting cement was cured for 10 seconds at
each tooth before the transfer splint was removed and
postcured for another 10 seconds.

After the bonding process, the brackets were
scanned with an industrial three-dimensional scanner
ATOS 5 (GOM, Braunschweig, Germany) with a
resolution of 10 um. Scans and the reference data
set were aligned (OnyxCeph 3D Lab software) over 10
visually identifiable anatomical points in a radius of 1.0
mm using a best-fit algorithm. Linear (mesiodistal,
vertical, buccolingual) and angular offset (angulation,
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Figure 1. Workflow for the different material trays. (a) Dental models.
(b) Virtual bracket placement. (c) Silicone trays. (d) Three-dimen-
sional printed transfer trays of each material. (e) Bonding, scanning
of the brackets, and overlay with the reference data set.
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- ¢ Gingival

Angulation

Occlusal &

Figure 2. Defined coordinate system for analyzing the offset of the
overlay of the scan and the reference data set. Mesiodistal:
Mesial(+), Distal(—). Vertical: Occlusal(+), Gingival(-). Buccolingual:
Buccal(+), Lingual(—). Angulation: mesial root tip(+), distal root tip(-).
Torque: buccal crown torque(+), lingual crown torque(—). Rotation:
mesiobuccal(+), mesiolingual(—).

rotation, torque) between the scanned and reference
data set were calculated (Figure 2).

Clinically acceptable limit values were analyzed
based on the American Board of Orthodontics (ABO)
objective grading system for dental casts. Deviations of
<0.5 mm and 2° were defined as clinically accept-
able.>" To account for the possibility of two adjacent
brackets deviating in opposite directions, the limit of
clinical acceptability in the present study was set at
0.25 mm and 1°.

For the calculation of linear and angular offsets, as
well for calculating the frequency of exceeding clinically
acceptable limit values, all values were set to the
amount. Therefore, we have included that various
directional deviations (+/—) have no influence on the
actual deviation. This accounted for the possibility that
some brackets have a positive offset of, for example,
+1 mm, and others a negative offset of —1 mm,
resulting in a higher distance of 2 mm comparing these
two bracket positions. In addition, the directional bias of
the offset was analyzed.

A power of 0.99 was analyzed using G*Power1
(version 3.1; Disseldorf, Germany). Statistical analysis
was carried out with IBM SPSS Statistics version 26
(IBM, Armonk, N.Y.). Metric data were tested for
normal distribution using the Shapiro-Wilk test. Signif-
icant differences in metric data were analyzed using
the Kruskal-Wallis test and a post hoc Dunn-Bonferroni
test. Nominal data were tested for significant differenc-
es using the Pearson y? test. A P value <.05 was
considered significant.
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Table 1.

367

Mean (+SD) Difference in mm and Degrees Between the Simulated Bracket Position and the Postoperatively Scanned Bracket

Position. Significant differences are represented by homogenous subgroups (¢=0.05). Numbers with the same letters do not differ significantly.
Numbers with different letters differ significantly. PVS and Dreve exhibited significant differences in the buccolingual and vertical direction.

Material
NextDent PVS Dreve
Dimension Mean +SD Mean +SD Mean +8D P-Value
Linear error (mm) Mesiodistal 0.07¢ 0.05 0.08 @ 0.06 0.07 @ 0.04 .49
Vertical 0.10 = 0.07 0.07° 0.06 0.11 0.06 .001
Buccolingual 0.09 = 0.06 0.10* 0.05 0.08° 0.06 .02
Angular error (°) Angulation 0.51¢ 0.47 0.43 = 0.32 0.48 = 0.36 .43
Torque 0.62 * 0.38 0.59 ® 0.46 0.69 * 0.43 .08
Rotation 0.43 0.31 0.40° 0.26 0.38 = 0.27 .63

Bold signifies significant difference.

RESULTS

In total, 360 brackets were bonded using the three
different material trays investigated (120 brackets each
on 10 upper jaw models, teeth 16—26). No bracket loss
occurred during the entire study. Table 1 shows the
mean deviation of the bracket position of the different
tray materials between the digital design and the
scanned bracket position after bonding. All bonding
trays provided accurate bracket placement. The mean
deviations of the bracket positions of all materials
investigated were in a similar range (0.07-0.11 mm/
0.38-0.69°). Significant differences were observed
between the PVS and Dreve in the vertical (P = .01)
and buccolingual (P =.02) directions.

The mean deviations of the bracket positions of the
different tooth types are summarized in Table 2. Molars
almost always exhibited the highest mean values

regardless of the tray used. Significant differences
between the tooth groups were only observed in the
linear values. Although PVS tray values showed
significant differences between the tooth groups in all
linear dimensions, Dreve tray values exhibited a
significant difference in the buccolingual direction only.

Clinically acceptable limits were more frequently
exceeded by angular compared with linear values.
PVS tray values were most often within the range of
clinically acceptable limits followed by Dreve and
NextDent (Figure 3). Compared with the PVS tray,
NextDent significantly exceeded the critical limit of 1°
more frequently regarding the rotation criterion.

Molars exceeded the range of clinically acceptable
transfer errors more frequently, followed by canines,
incisors, and premolars. However, a significant differ-
ence between the tooth groups was not observed
(Figure 4).

Table 2. Mean (+SD) Difference in mm and Degrees Between the Simulated Bracket Position and the Postoperative Scanned Bracket Position
of the Different Tooth Types Subdivided by the Tray Materials Investigated. Significant differences are represented by homogenous subgroups
(2=0.05). Numbers with the same letters do not differ significantly. Numbers with different letters differ significantly. Significant differences could
be observed in the linear directions between the different tooth types.

Molars Premolars Canines Incisors
Material Mean +8D Mean +8D Mean +8D Mean +8D P-Value
NextDent Linear error (mm) Mesiodistal 0.142 0.06 0.07* 0.04 0.06° 0.04 0.05° 0.04 .001
Vertical 0.11= 0.11 0.10® 0.05 0.09 ° 0.07 0.09 = 0.05 .79
Buccolingual 0.15° 0.04 0.10° 0.05 0.03° 0.03 0.08° 0.05 .001
Angular error (°) Angulation 0.55* 0.32 0.47 ® 0.34 0.50 = 0.35 0.48 = 0.27 .81
Torque 0.66 * 0.39 0.53 ¢ 0.34 0.75 = 0.44 0.62 = 0.36 .29
Rotation 0.55 = 0.35 0.40 ° 0.30 0.40® 0.27 0.40 0.31 .39
PVS Linear error (mm) Mesiodistal 0.112 0.06 0.09° 0.06 0.08* 0.06 0.05° 0.04 .003
Vertical 0.10® 0.05 0.07= 0.04 0.06° 0.06 0.07= 0.05 .04
Buccolingual 0.12= 0.06 0.12= 0.06 0.05° 0.04 0.10° 0.05 .001
Angular error (°) Angulation 0.39 ® 0.32 0.37 * 0.28 0.45 = 0.24 0.49 @ 0.28 .20
Torque 0.75 ¢ 0.51 0.50 ® 0.38 0.66 * 0.47 0.57 2 0.42 .21
Rotation 0.46 * 0.27 0.38 * 0.26 0.48 ° 0.30 0.34 = 0.30 A7
Dreve Linear error (mm) Mesiodistal 0.08 ° 0.07 0.06 ° 0.04 0.06 * 0.04 0.07 » 0.03 .37
Vertical 0.13° 0.05 0.10 = 0.06 0.13° 0.05 0.10° 0.06 .05
Buccolingual 0.172 0.04 0.06" 0.03 0.03° 0.02 0.08° 0.04 .001
Angular error (°) Angulation 0.53 = 0.30 0.42 ° 0.32 0.39 ® 0.42 0.57 @ 0.38 .08
Torque 0.57 = 0.26 0.68 = 0.46 0.65 ° 0.32 0.80 ° 0.50 .46
Rotation 0.42 ® 0.26 0.39 ¢ 0.28 0.44 * 0.28 0.33 ¢ 0.26 43

Bold signifies significant difference.
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*

Buccolingual Angulation Torque Rotation
100 93.3 88.3 95.0
100 99.2 86.7 100
99.2 94.2 85.0 99.2
0.37 0.06 0.75 0.01

Figure 3. Prevalence of the clinically acceptable transfer errors of the different tray materials. NextDent significantly exceeded the critical limit of

1° more frequently compared with PVS. *P = .01.

Table 3 summarizes the directional bias of transfer
errors in percent. All materials exhibited a comparable
negative or positive deviation. A maximum bias of
98.3% was observed with Dreve regarding the torque
criterion.

DISCUSSION

All transfer trays showed accurate bracket place-
ment. Significant differences were observed for the
mean vertical and buccolingual errors between the
PVS tray and Dreve tray, once for the benefit of the
PVS tray and once for the benefit of the Dreve tray.
Mean values for NextDent were in between and
showed no significant differences compared with the
other materials investigated. Thus, in general, all
materials were found to have comparable accuracy,
with advantages in certain sections.

To date, only a few publications on this topic are
available, reporting inconsistent results.*'® Using a
study design similar to that of the current study, Pottier
et al. investigated three-dimensional printed trays vs
PVS trays."" They showed that PVS trays were more
precise than three-dimensional printed trays as they
observed significantly lower values for PVS trays."

Angle Orthodontist, Vol 92, No 3, 2022

However, comparing results of the mean bracket
placement error to the current study, all values of the
three-dimensional printed trays reported by Pottier et
al. were up to twice as high. Based on these findings, it
may be assumed that the three-dimensional transfer
tray used in the present study achieved a higher
accuracy in bracket placement compared with Pottier
et al.

Niu et al. examined the bracket accuracy of three-
dimensional printed vs double vacuum-formed trays."
They reported that the three-dimensional printed trays
had higher transfer accuracy than the double vacuum-
formed trays.' Unlike in the current study, they used
double vacuum trays as a reference, which have been
proven to be less accurate than PVS trays.” The
transfer accuracy of the three-dimensional printed
material trays in terms of the linear errors observed in
the current study were comparable with those reported
by Niu et al.” However, lower mean angular errors
were observed, indicating better angular control during
bracket placement. Compared with this study, similar
results regarding the rate of exceeding clinically
relevant limits (ABO limits of 1°/2.5 mm) were observed
by Niu et al. Although the frequency in the linear
dimensions was comparable (Niu et al., 97.5%—100%;
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Figure 4. Prevalence of the clinically acceptable transfer errors of the
tooth types and tray materials investigated. (a) NextDent. (b) Dreve.
(c) PVS.

present study, 95.4%—-100%), it was substantially lower
in the angular dimension (Niu et al., 50.9%—85.2%;
present study, 85.9%—-99.2%)."*"

The higher accuracy of bracket placement observed
in the present study compared with Pottier et al., as
well as the better angular control compared with Niu et
al., may be attributed to numerous factors: bracket
transfer skills, tray design, scanners, different tray
materials, software settings, or the three-dimensional
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Table 3. Frequencies of Directional Bias of the Different Tray
Materials Investigated

Materials

Dimension? NextDent PVS Dreve
Mesiodistal (%)

Mesial (+) 65.0 68.3 55.0

Distal (—) 30.0 27.5 41.7
Vertical (%)

Occlusal (+) 20.8 26.7 11.7

Gingival (—) 75.8 69.2 85.0
Buccolingual (%)

Buccal (+) 14.2 15.0 13.3

Lingual (-) 83.3 79.2 84.2
Angulation (%)

MRT (+) 17.5 42.5 25.0

DRT (-) 80.0 52.5 69.2
Torque (%)

BCT (+) 96.7 83.3 98.3

LCT (-) 1.7 15.8 0
Rotation (%)

m-b (+) 38.3 41.7 43.3

m-l (-) 50.0 54.2 442

2 BCT indicates buccal crown torque; DRT, distal root tip; LCT,
lingual crown torque; m-b, mesiobuccal; m-I, mesiolingual; and MRT,
mesial root tip.

printers used. To eliminate potential operator-depen-
dent variability, bracket placement was performed by
only one operator in the current study.

In contrast to the present study, Niu et al. used a
semi-enclosed design that covered the two sides and
the occlusal surface of the bracket, but not the gingival
and undercut surfaces. They concluded that their
design might have lowered the accuracy of bracket
positioning in three dimensions, particularly in the
angular control. As a fully covered tray design was
used, this may explain the lower angular errors
observed in the present study.

To minimize errors in the scanning process, an
industrial ATOS 5 three-dimensional scanner with a
high resolution was used. By contrast, Pottier et al. and
Niu et al. used the intraoral scanner Trios2 Color
(3Shape Dental Systems, Copenhagen, Denmark). In
general, industrial scanners provide a higher resolution
than intraoral scanners. Although more accurate scans
may be achieved and thus better results with the
industrial scanner, it is important to establish a reliable
scanning process that is practically applicable in a
clinical patient setting.

Comparisons with data from Niu et al. and Pottier et
al. on further possible influencing factors, such as
slicing process or material or printers used, are limited
as precise information is not available in the publica-
tions.'""

Because additive manufacturing is layer by layer, the
printer software has to break down the tray design into
individual layers before printing. In this so-called slicing

Angle Orthodontist, Vol 92, No 3, 2022
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process, a layer thickness of 25-100 pum is usually
selected. A smaller layer thickness provides a high-
resolution object surface, which may enable a more
exact setting of the bracket in the tray and thus improve
the accuracy of bracket placement.” In the current
study, a layer thickness of 50 um was chosen. Pottier
et al. and Niu et al., however, did not report on layer
thickness for printing, on the material used for the
three-dimensional printed trays, or on the type of DLP
printer. However, as shown in the current study (Dreve
vs NextDent), layer thickness and choice of the three-
dimensional printed material had an influence on the
accuracy of bracket placement (Figure 3), making a
comparison of this study to results reported by Niu et
al. and Pottier et al. difficult.

In the current study, PVS trays exceeded clinically
acceptable limits the least frequently, followed by
Dreve and NextDent (Figure 3). Regarding the rotation
dimension, NextDent exceeded a clinically acceptable
limit value of 1° significantly more often compared with
PVS. Although this affected only one section of six
dimensions investigated, NextDent appeared to be
inferior to PVS. By contrast, Dreve exhibited similar
results compared with PVS. Most likely, differences in
the rate of exceeding the limit values were related to
the material properties, as tray design and processes
were identical. Underlining this assumption, it was
noticed that the NextDent material had a much higher
elasticity compared with Dreve and PVS. However,
because the materials are new to the dental market
and the manufacturer does not provide any information
about the modulus of elasticity of the different
materials, it was not possible to further substantiate
that hypothesis.

The additional aim of the present study was to
analyze the influence of the tooth groups on bracket
transfer accuracy. Molars almost always exhibited the
highest mean values of the transfer error regardless of
the tray used (Table 2). However, Dreve only showed
significantly higher values for molars in the buccolin-
gual direction, whereas PVS trays exhibited signifi-
cantly higher values for molars in all linear dimensions.
A common explanation for higher transfer inaccuracies
of molars is the difficulty in maintaining the same
pressure on the entire tray during transfer, especially in
the hard-to-reach posterior regions.’'® Following this
argument, the same errors would be expected in all
three trays. However, the transfer accuracy of Dreve
trays were less influenced by the tooth groups. Based
on this finding and in line with Niu et al., it may be
assumed that the transfer error attributed to the
influence of the different tooth groups may be reduced
by an accurate three-dimensional printed tray (Dreve).

In general, the directional bias of the transfer error
was evenly distributed for the different material groups

Angle Orthodontist, Vol 92, No 3, 2022
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(Table 3). However, an angular directional bias of up to
98.3% was observed for Dreve. In contrast to previous
publications, an increased gingival shift was seen in
this current study, probably attributed to excessive
pressure on the tray during transfer. In addition, a
lingual shift was found, probably caused by insufficient
application of the luting material.

The high angular directional bias of up to 98.3% may
be explained by the tray design. However, a similar
bias was observed with the PVS trays, manufactured
according to a standardized procedure independent of
the three-dimensional printed trays. Therefore, it is
more likely that angular directional bias was also
caused by the transfer process.

CONCLUSIONS

« Three-dimensional printed trays achieved compara-

ble results with the PVS trays in terms of bracket

positioning accuracy.

NextDent appears to be inferior compared with PVS

regarding the frequency of clinically acceptable

errors, whereas Dreve was found to be equal.

« The influence of tooth groups on the accuracy of
bracket positioning may be reduced by using an
appropriate three-dimensional printed transfer tray.
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Abstract

Objective: Nowadays, CAD/CAM technologies enrich orthodontics in several ways. While they are commonly used
for diagnoses and treatment planning, they can also be applied to create individualized bracket systems. The purpose
of this prospective quasi-randomized study was to evaluate the clinical efficiency of a customized bracket system and
its comparison with directly bonded conventional self-ligating bracket treatment.

Materials and methods: Altogether 38 patients were separated into two groups, treated either with direct bonded
self-ligating brackets (Damon, Ormco, USA) or with indirect bonded customized CAD/CAM brackets (Insigniam,
Ormco, USA). Overall treatment time, number of treatment appointments, number of lost or repositioned brackets,
number of arch wires and wire bends, Little Irregularity Index, cephalometric analyses and ABO scores were com-
pared. Superimpositions of the virtual set-ups and the treatment results of the CAD/CAM group were performed to
evaluate the clinical realization of the treatment planning.

Results: No differences between both treatment groups were found concerning overall treatment time, number

of appointments and number of archwire bends. Bonding failures occurred more often using the CAD/CAM system.
Indirectly bonded brackets did not have to be repositioned as often as directly bonded brackets. Treatment results
with both systems were similar concerning their effects on the reduction of ABO scores. The number of used arch-
wires was higher in the CAD/CAM group. Treatment with both systems led to further proclination of the incisors.
Proclination in the lower jaw was greater than proclination in the upper jaw, and there was a statistically significant
difference between the two treatment systems. Comparing the treatment results with the virtual set-ups, mesial posi-
tions were met best, followed by vertical positions. Transversal positions showed the greatest discrepancies. Concern-
ing angles, values of angulation showed greatest accordance to the virtual set-up, while values of inclinations showed
greatest discrepancies.

Conclusion: In comparison with a direct bonded self-ligating bracket system the use of indirect bonded custom-
ized CAD/CAM brackets showed only minor influence on treatment efficiency and treatment outcomes. Transversal
expansion, deep bite correction, expression of torque and anchorage loss remain challenges in the treatment with
straight-wire appliances.

Trial registration DRKS, DRKS00024350. Registered 15 February 2021, https://www.drks.de/drks_web/navigate.do?navig
ationld=trial HTML&TRIAL_ID=DRKS00024350.

Keywords: CAD/CAM, Customized brackets, Orthodontic treatment, 3D treatment planning
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Background

The introduction of intraoral scanners and CAD/CAM
technology in dentistry has provided numerous inno-
vations and possibilities. At the beginning, it was only
possible to scan single teeth, and manufacturing was
limited to smaller prosthetic restorations. Nowadays, the
improvements in this field allow scans of larger areas, and
huge amounts of data can be processed [1]. This is why
these procedures are applied in almost every field of den-
tistry to improve the effectiveness and efficiency of dental
treatments.

In orthodontics, CAD/CAM technologies are used as
tools for diagnosis and treatment planning as well as for
the manufacturing of aligners and fixed custom labial
and lingual systems [2]. Concerning fixed appliances, this
technology may facilitate the accuracy of bracket place-
ment [3], as the position of brackets has great influence
on treatment results. However, other findings show that
there is no statistically significant difference in the accu-
racy of bracket placement between direct and indirect
bonding, and neither direct nor indirect bonding can
achieve ideal bracket placement [4]. To decrease errors
occurring by human failure, manufacturers offer indirect
bonding jigs not only to ease the bonding process, but
also to evaluate the optimal bracket positions. This way,
the bracket position is generated by algorithms and is no
longer influenced by subjective factors like visual estima-
tion. However, new technologies offer even more possi-
bilities. The Insignia™ system (Ormco, Orange, USA) is
a fully individualized bracket system and includes virtual
set-ups to simulate the treatment results, individually
manufactured bracket bases regarding tooth surface and
tooth morphology with individual bracket prescriptions,
individual transfer jigs and archwires.

Patients treated with a customized CAD/CAM ortho-
dontic system showed fewer archwire appointments,
shorter overall treatment time and lower American
Board of Orthodontics (ABO) scores [5]. However, it
is not clear whether these effects occur due to indirect
bonding or due to customized brackets [6]. Additionally,
current literature reports clinical outcomes only by com-
paring ABO scores of pre- and post-treatment records.
There are no reports concerning the explicit achieve-
ment of predefined treatment goals being set by the vir-
tual set-ups made during treatment planning. Since the
advertisement of systems like Insignia" promises a high-
quality treatment by using virtual treatment planning and
customized brackets, the predictability of the treatment
results needed to be examined.

Therefore, the primary aim of this study was to evalu-
ate the clinical efficiency of a directly bonded self-ligating
brackets (Damon"") with an indirect bonded customized
CAD/CAM bracket system (Insignia’") by comparing
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several clinical measurements including but not limited
to ABO scores, Little Irregularity Index, treatment time,
and bracket loss. In addition, the clinical realization of
the treatment planning was registered by matching post-
treatment scans with the virtual set-ups of patients that
were treated with the Insignia™ bracket system.

Methods

Patient recruitment

To assess the clinical efficiency of customized brackets
and CAD/CAM technology, a prospective quasi-ran-
domized controlled study design [7] was chosen, which
was approved by the local ethics committee (LMU
Munich; reference 312-15) and registered (German
Register of Clinical Studies; DRKS00024350). Continu-
ous patient recruitment took place at the Orthodon-
tic Department of the Ludwig Maximilians University,
Munich, between July 2015 and June 2017. The treatment
of the last patient was completed in August 2019, which
also determined the end of the trial. All patients and their
parental guidance gave informed consent beforehand.
CONSORT 2010 flow diagram and CONSORT 2010
checklist [8] are included as Additional files 1 and 2: files
1and 2.

To ensure good collaboration and to minimize longer
waiting periods, patients suitable for inclusion were con-
tinuously enrolled following a quasi-random protocol, in
which patients were alternatingly assigned to one of the
study arms by the treating clinician. In the first group,
treatment was done with the Insignia™ system (Ormco,
Orange, USA). In the second group, patients were treated
with Damon"" brackets (Ormco), which were directly
bonded. Based on previous studies [5, 9], 40 patients
were included. Inclusion criteria for both groups were as
follows: (1) no extractions needed for treatment; (2) no
orthognathic surgery necessary; (3) all permanent teeth
erupted (except third molars); (4) class I malocclusion.
Before the start of the treatment, initial documentation
including model casts and cephalometric X-rays was
done. Both groups were treated by the same orthodon-
tist. In both groups, regular control intervals of six weeks
were applied.

Group 1 Intraoral scans of the initial situation were
generated with the Lythos scanner (Ormco) and virtual
set-ups were created by Insignia . After review, modi-
fication and final approval of the virtual set-ups and the
treatment plan, self-ligating brackets with individual
bases, bonding jigs for indirect bonding and archwires
were manufactured by Ormco and used as specified by
the Insignia system. The archwire sequence included
0.014” NiTi, 0.018” NiTi, 0.016” x 0.025” CuNiTj,
0.016” x 0.022" ss, 0.019” x 0.025” ss and 0.019” x 0.025"
TMA (maxilla) / 0.017” x 0.025” TMA (mandible) wires
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and was individually adjusted for each patient in form,
lengths, and wire bends if needed. These individual fea-
tures were given by the virtual set-ups.

Originally, this group consisted of 20 patients. Two of
them withdrew their consent during treatment. There-
fore, group 1 consisted of 18 patients (male: 8/18, 44.4%;
female: 10/18, 55.5%) between 13.1 and 18.5 years of age.

Group 2 Patients of the second group were treated
with Damon™ brackets (Ormco), which were directly
bonded. Damon standard brackets with MBT prescrip-
tion and a predefined archwire sequence including 0.014”
NiTi, 0.016” NiTi, 0.016” x 0.022” NiTi, 0.016” x 0.022"
ss, 0.018” x 0.025” ss, and 0.019” x 0.025” ss were used.
This group included 20 patients (male: 7/20, 35%; female:
13/20, 65%) between 12.4 and 22.2 years of age.

Clinical measurements

At the foreseeable end of the treatment, cephalometric
X-rays were repeated in both groups in order to com-
pare the inclination of the incisors. The Little Irregular-
ity Index [10] was determined to evaluate the amount of
crowding at treatment start. The time of debonding was
defined by the treating orthodontist based on the six keys
of occlusion [11], overjet and overbite correction. After
debonding, alginate impressions were taken. This way,
ABO scores of all patients before and after the treat-
ment were evaluated and compared by the same person.
Patients’ records from both groups were analysed with
respect to overall treatment time, number of treatment
appointments (including emergency appointments, for
example, for rebonding brackets), number of rebonded
brackets (e.g. due to bracket loss or repositioning), num-
ber of arch wires, and number of wire bends additionally
applied. Each of the steps “treatment’, “measurement’,
and “statistics” was performed by a different author of
this study independent of each other.

Achievement of three-dimensional alignment (as planned
in set-ups)

For the Insignia” system, the achievement of the three-
dimensional alighment was analysed additionally by an
overlay of the virtual set-ups with the post-treatment
intraoral scans for each of the patients from group 1.
Virtual set-up models were exported from the Insignia""
software. Both, post-treatment scans and virtual set-ups
were imported into OnyxCeph®" 3D Pro (Image Instru-
ments, Chemnitz, Germany) using the CAD exchange
format STL. The post-treatment models were then
superimposed onto the virtual set-up models. For the
superimposition, soft tissue landmarks visible in both
models were used as references, which were not affected
by changes in tooth positions during treatment. Since no
reliable recognizable landmarks in the soft tissue of the
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lower jaw (e.g. transverse folds of the mucous membrane
of the palate in the upper jaw) exist, superimposition was
only applied to the maxilla scans. Differences between
the post-treatment tooth positions and tooth positions
in the virtual set-ups were analysed for each tooth in the
following dimensions: inclination, angulation, rotation,
mesial (sagittal) position, buccal (transversal) position,
and occlusal (vertical) position. The direction of the dis-
crepancy was given using digit signs “+” and “—" Abso-
lute values (without digit signs) were used to examine
how precisely the teeth met their set-up position regard-
less of the direction. The results were compared to the
definitions of clinical acceptable ranges in all three angles
and planes [9].

Statistics

Descriptive and inferential statistical analysis was done
using IBM SPSS Statistics for Mac, version 26 (IBM
Corp, Armonk, NY, USA). All numerical data includ-
ing cephalometric, angular and planar measurements
were presented with median and range, i.e. minimum
and maximum. To assess potential differences between
groups, nonparametric inferential methods were applied,
as most of the measurements showed deviation from
the assumption of normality and due to the sample size.
The Mann—Whitney U test was used to test for differ-
ences between both treatment groups and for differ-
ences between anterior and posterior teeth regarding
the achievement of the 3-D alignment between virtual
set-ups and post-treatment intraoral scans. To test for
differences between pre- and post-treatment (U1-NL,
L1-ML), the Wilcoxon signed-rank test was used. Fisher’s
exact test was applied to test for a difference in propor-
tion of gender between both treatment groups. The level
of significance was set at « <0.05. Post hoc power analy-
sis was applied using G*Power (version 3.1.9.6, Mac) [12]
for two-tailed tests assuming a =0.05 and a power of 0.8.
Additionally, based on this assumptions a sensitivity anal-
ysis was carried out based on the anticipated sample size
(N=40; N, =N, =20), resulting in a minimum detectable
effect size of d=0.931. Due to the drop-outs in group 1
(N=38; N, =18, N,=20), the minimum detectable effect
size increased to d=0.958. The results of the power anal-
ysis were reported (Cohen’s d, power and correlation if
appropriate) and considered in the interpretation.

Results

The first patient group was treated with the Insignia"
system and consisted of 18 patients (male: 8/18, 44.4%;
female: 10/18, 55.5%) between 13.1 and 18.5 years
of age (Table 1). The second group, treated with
Damon'" brackets, included 20 patients (male: 7/20,
35%; female: 13/20, 65%) between 12.4 and 22.2 years
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Table 1 Descriptive statistics of conditions during therapy including ABO scores

Total Group 1 Group 2 p Values Effect size

(1-2)

Patients [n (%)] 38 (100) 18 (47.4) 20 (52.6)
Sex [n (% of total)]
Male 15(39.5) 8(21.1) 7 (184) 0.741° 0.097¢
Female 23 (60.5) 10 (26.3) 13(34.2)
Age atthe start of treat- 143 [124;22.2] 14.3[13.1;18.5] 143[124;22.2] 0.696° 0.044¢
ment (years)
Little Irregularity Index 3.61[0.513.0] 471[05;80] 2.7 [16;13.0] 0.051° 0.438¢
Treatment time (months)  16.7 [10.1; 35.2] 16.7 [13.0; 30.1] 16.8[10.1; 35.26] 0.654° 0.084¢
Number of brackets lost 1.0 [0; 19] 201[0;19] 110; 3] 0.035° 0.813¢
Number of brackets 01[0; 10] 01[0; 5] 0.5[0; 10] 0.024P 0611¢
repositioned
Number of archwires 4.5 [3;6] 6 [3; 6] 4[3; 6] <0.001° 1.3
Number of archwire 2.5[0; 14] 2[0; 5] 5[0; 14] 0.093° 0.789¢
bends
Number of appointments  15.0 [8; 28] 16.5[10; 28] 14 [8; 25] 0.082° 0.494¢
ABO scores before treat- 46 [30; 62] 46 [30; 62] 48[32;62] 08742 0.105¢
ment
ABO scores after treat- 13 [3; 24] 12[3; 23] 16 [7; 24] 0.133° 0.4424
ment
ABO score change within 32 [16; 53] 32[20; 53] 32 [16; 48] 0.806° 0.248¢

treatment

If not otherwise stated, median and range [minimum; maximum] were reported including effect sizes. The Mann-Whitney U test was applied to compare both groups:
group 1 (individualized CAD/CAM system) and group 2 (conventional self-ligating system)

2 Fisher’s exact test, “exact significance Mann-Whitney U test, “Cohen’s w, Cohen'’s d

of age (Table 1). Both groups did not differ in the pro-
portion of male and female patients (Fisher’s exact test;
p=0.741).

The median overall treatment time of the patient
cohort was 16.7 months (range 10.1-35.2; group 1:
median 16.7 months; group 2: median 16.8 months;
Table 1). This difference was statistically not significant
(»p=0.654) (Table 1, Fig. 1a).

Little Irregularity Index

Little Irregularity Indices of both groups before the
treatment showed no statistically significant differ-
ence (p=0.051; Table 1), indicating a similar amount of
crowding in both groups.

Effectiveness

The number of appointments did not differ statistically
significant between both groups (p=0.082) (Table 1,
Fig. 1f). Archwires were changed significantly more fre-
quently in group 1 than in group 2 (p<0.001) (d=1.3,
power=0.967) (Table 1, Fig. 1d); the number of wire
bends showed no statistically significant difference

(p=0.093) (Table 1, Fig. le). In addition, bracketloss
was observed more often in group 1 than in group 2
(p=0.035; d=0.813, power=0.661) (Table 1, Fig. 1b),
whereas brackets were replaced more frequently in group
2 than in group 1 (p=0.024; 4d=0.611, power =0.432)
(Table 1, Fig. 1c).

ABO scores

The ABO scores before treatment did not differ sig-
nificantly between both study groups (p=0.874).
After treatment, the ABO scores in both groups were
reduced, but did not significantly differ between both
groups (p =0.806) (Table 1).

Cephalometric analyses

Concerning cephalometric analyses, especially the val-
ues of the inclination of the incisors and their devel-
opment during the treatment, seemed particularly
interesting.

In both groups, upper incisors (Ul-NL) already
showed protrusion before the treatment (group 1:
median 111.4°% group 2: median 113.3°% Table 2). The
protrusion of the upper incisors increased statistically
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Table 2 Descriptive statistics of UT-NL and L1-ML values before and after the treatment for both groups, group 1 (individualized CAD/
CAM system) and group 2 (conventional self-ligating system)

Measurement Group Before treatment After treatment P values Wilcoxon Absolute difference p Values U
(Median [range]) (Median [range]) test (effect size) (Median [range]) test (effect
size)
UT-NL (%) Group 1 111.4[98.0; 126.6] 115.2[101.6; 125.2] 0.008 (0.654) 2[0.7;10.8] 0.206 (0.085)
Group 2 114.5197.3;129.3] 114.7 [98.8; 127.2] 0.1917 (0.654) 5[0.3; 16.5]
LT-ML () Group 1 964 [87.7;105.8] 994 [87.8;107.3] 0.006 (0.721) 410.3;13.9] 0.016" (0.866)
Group 2 94.5 [82.5; 106.8] 101.5[90.7; 116.7] <0.001% (1.584) 5[2.1;18.7]

Matched pairs (before vs. after treatment, B-A) were compared with the Wilcoxon signed-rank test, and pairwise comparisons of the measurements between group 1

and group 2 were analysed using Mann-Whitney U test, and p values and effect sizes (Cohen’s d) reported

2 Asymptotic significance, Pexact significance

91



Hegele et al. Prog Orthod. (2021) 22:40

significant in group 1 after treatment (median: 114.0;
p=0.008; d=0.654, r=0.857, power =0.970). In group
2, the inclination of the upper incisors did not change
significantly during treatment (p=0.191). However,
these changes were not statistically significant different
between both groups (p =0.206) (Table 2).

In both groups, the lower incisors (L1-ML) showed
protrusion before treatment (group 1: median 96.4°;
group 2: median 94.5°). In both groups, treatment led to
statistically significant changes of inclination in terms
of further protrusion (group 1: p=0.006, d=0.721,
r=0.653, power =0.983; group 2: p<0.001, d=1.584,
r=0.776, power >0.999). Lower incisors of group 2
were statistically significant more protruded than lower
incisors of group 1 (d =0.866, power =0.717; Table 2).

Achievement of teeth positions (as planned in set-ups)
Concerning achieving the predefined teeth positions, the
results of this study showed that sagittal positions were
met best, while transversal positions showed the greatest
discrepancies to the virtual set-up positions (Table 3).

Regarding vestibular/transversal positions, the anterior
teeth showed smaller discrepancies than posterior teeth
(Table 3). Only the positions of the lateral incisors and
the canines were achieved within a clinically acceptable
range of 0.5 mm, whereas other teeth showed larger dis-
crepancies. Both tooth segments (anterior tooth segment
and posterior tooth segment) differed statistically signifi-
cant from the median of the allowed range of 0—-0.5 mm
(anterior teeth p<0.001, posterior teeth p<0.001). Fur-
thermore, the results showed poorest positions for the
molars. Concerning the direction of the discrepancies,
the transversal position of the posterior teeth was too
palatal, while the transversal position of the anterior
teeth was too buccal/anterior (Fig. 2).
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The planned sagittal/mesial movements in our study
were attainable with discrepancies lower than 0.5 mm for
all teeth except upper left canines and performed better
for anterior teeth than for posterior teeth (Table 3). Con-
cerning the direction of discrepancies, all teeth showed
the tendency to be positioned too far anterior, except
upper right second molars that were positioned too far
posterior (Fig. 2).

In the vertical/occlusal plane, discrepancies for ante-
rior teeth in our study were lower than for posterior
teeth (Table 3). They were most precise for second pre-
molars, whereas the vertical position for the second
molars showed worst results with discrepancies higher
than 0.5 mm. Considering the directions, anterior teeth
tended to show suprapositions compared to the set-ups.
Upper posterior right and left teeth (15-17, 25-27) were
not extruded enough (Fig. 2).

Achievement of three-dimensional alignment (as planned
in set-ups)

The results of our study showed in terms of reaching all
three predefined angles, that the values for angulation
showed greatest accordance with the virtual set-up, while
values of inclinations showed greatest discrepancies
(Table 3).

The inclination of the virtual set-up positions was met
more precisely by posterior teeth than by anterior teeth.
In our study, the planned movement in this dimension
was achieved in a clinically acceptable range of 2° by sec-
ond premolars. Worst results were shown in the move-
ment of second molars and upper left central incisors. In
comparison with the virtual set-up, inclination values of
upper frontal teeth including the first premolars (14—24)
were too high, whereas for the upper posterior right and
left teeth (15-17, 25-27) these were too low (Fig. 2).

Table 3 CAD/CAM group analysis with reference to the achievement of teeth positions and their three-dimensional alignment as

planned in the set-ups for the maxilla

All teeth Anterior teeth Posterior teeth Effect size U test (A-P)
(n=252) (n=108) (n=144) (Cohen's d)
p Values Sig. level®

Absolute inclination (°) 4.30 [0; 18.40] 4.301[0; 17.30] 4.25[0; 18.40] 0.002 0.420 N.s
Absolute angulation (%) 2.80 [0; 42.00] 2.20[0;42.00] 3.20(0.10;31.00] 0.143 0.020 *
Absolute rotation (°) 3.75[0; 32.70] 4.65 [0; 23.60] 3.20[0.20; 32.70] 0271 0.017 *
Absolute mesial movement (mm) 0.51[0; 7.34] 0.50 [0; 2.09] 0.511[0;7.34] 0.193 0357 N.s
Absolute vestibular movement (mm) 0.84 [0; 5.07] 0.70[0.01; 2.23] 2 [0; 5.07] 0.544 0.001 xwx
Absolute occlusal movement (mm) 0.6310.01;5.19] 0.57[0.01;5.19] 0.68[0.01;3.21] 0.153 0.065 N.s

Absolute values of discrepancies (median [min; max]) of the dental arch for all teeth and for both frontal and posterior teeth separately and their effect size (Cohen’s d)
were reported. Given are inclination, angulation, rotation, mesial (sagittal) position, vestibular (transversal) position and occlusal (vertical) position. Mann-Whitney U

test was applied to compare anterior and posterior teeth
2% p<0.05; ***, p <0.001; n.s. not significant



Hegele et al. Prog Orthod. (2021) 22:40 Page 7 of 11
e 7
754 a
A
104
I 4| — 50 A
i o & £
? - A
]
5§ F 25 .
B o] o] . -. . . * K o o
. R = R
BRI e - ..‘-., et :
* A
-20 T T 25 T T T T T v v T T v T
17 16 15 14 13 12 11 21 22 23 24 25 26 27 15 14 13 12 11 21 22 23 24 25 26 27
Tooth Tooth
A
401
41
o 301 . B .
i o E
¥ & + 27
s 0 t [ A L M ?
= *l . A X R ]
% 104 A A . 3
2 - RN . . : . R B 09
< o .~ $ $ 2
J . it M I I P I . N
-101 B a 2
17 16 15 14 13 12 11 21 22 23 24 25 26 27 17 16 15 14 13 12 11 21 22 23 24 25 26 27
Tooth Tooth
A A A
104 . o N 4 .
. o —
> o, o : €
(I P J £
¥ D 124 . N A
- . A C + of o . .
S 104 T . o by | . A
E A L A E é e - M e o |
e} S 04
X 50l A A g 3 ' $
: Aa . : .
-30 -2 A *
A A A
17 16 15 14 13 12 1‘1 2‘1 22 23 24 25 26 27 1‘7 1‘6 1‘5 1‘4 1‘3 ‘IQ 1‘1 2‘1 2‘2 2‘3 2‘4 2‘5 2‘6 2‘7
Tooth Tooth
Fig. 2 Values of discrepancies of each tooth in the all three angles (inclination, angulation, rotation) and all three planes (mesial [sagittal], vestibular
[transversal], occlusal [vertical]) between set-up and the situation after treatment. The grey rectangles define the “allowed” or “tolerable” areas
according to Larson et al. [9]: 4 2.0° for angular and 0.5 mm for linear measurements

Regarding the values for angulation, posterior teeth
showed greater discrepancies than anterior teeth
(Table 3). Only molars showed discrepancies greater than
2° as well as the greatest range of values. Lowest discrep-
ancies could be shown by canines and first premolars.
Except of the upper right lateral incisors, the angulation
of all teeth was too mesial (Fig. 2).

The results of our study showed that derotation tends
to be performed better by posterior teeth than by ante-
rior teeth (d=0.271, power =0.543; Table 3). Upper left
central incisors, right first premolars, second premolars
on both sides and first molars on both sides showed dis-
crepancies lower than 2°, whereas the position of the
canines after the treatment showed the greatest dis-
crepancies to their position in the virtual set-up. Except
upper right central incisors, right second premolars and
right first molars, the rotation of all teeth was too distal
in the end of the treatment (Fig. 2).

Discussion

Since new CAD/CAM technologies offer new possibili-
ties concerning fixed appliances in orthodontics, their
clinical effectiveness and efficiency needed to be evalu-
ated. Our study compared various treatment variables
of directly bonded customized brackets with individual-
ized CAD/CAM brackets from the same manufacturer
that were indirectly bonded. Furthermore, the treatment
results of the latter system were evaluated by superim-
posing these with the virtual set-ups.

Inclusion criteria of our study kept the sample size
relatively small and recruited patients with rather simple
cases. This way, the treatment was completed in a meas-
urable period of time and consistent material application
for each patient could be guaranteed. Additionally, both
treatment modalities were applied by the same ortho-
dontist. Thus, differences in both, the concept of the ideal
virtual set-up and the debonding criteria, were avoided if
applied by different orthodontists.
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In comparison with earlier studies, we did not find
a statistical significant difference in treatment time
between both study groups [5, 6]. However, our study
was different in terms of design, order and inclusion
criteria. While earlier data were collected in retrospec-
tive trials with different timing and several orthodon-
tists involved in treatment, our study was performed as a
prospective trial and in a defined chronological order. In
addition, there were no standardized intervals between
the appointments in earlier studies, whereas the patients
in our study were scheduled with appointments ~ 6 weeks
to avoid an impact of variable appointment intervals on
total treatment time [5]. Although emergency appoint-
ments were recorded as well, this might explain the simi-
lar numbers of appointments of both groups in our study.

We observed that brackets were lost more often
in group 1, which included indirectly bonded CAD/
CAM brackets. However, though this was a large-sized
effect (d=0.813), it was missing the necessary power
(power =0.661). Therefore, these findings should be
considered with caution, especially, since earlier reports
showed that there were no differences in terms of bond-
ing failure rates between directly and indirectly bonded
custom brackets [4]. This leads to the assumption that
clinicians might need to develop some routine in the pro-
cess of indirect bonding. Since rebonding of previously
lost brackets sometimes requires to return to the pre-
vious wire dimension, the number of wires used in our
study was subsequently higher in group 1 than in group
2. Nevertheless, the use of bonding jigs by Insignia
might lead to a reduction in bracket reposition. Being a
medium-sized effect (d=0.611), the necessary power was
missing (power=0.432). Even though this fact implies
that bracket placement was more accurate for indirectly
bonded brackets, this assumption needs to be viewed
with caution, because additional wire bends for accurate
levelling were needed equally often in both groups. An
orthodontist with little experience would benefit in the
initial phase of treatment from the computer-assisted
method: digital placement and indirect bonding as well
as prefabricated archwires do not require higher manual
skills. Nevertheless, because of the individual biological
reaction of each patient, good manual skills and clinical
experience are necessary to finish the case.

Concerning ABO scores, our study confirmed earlier
findings that showed no differences between directly
bonded custom brackets, indirectly bonded custom
brackets, and indirectly bonded CAD/CAM brackets [6].
Furthermore, both patient groups showed similar scores
before the treatment emphasizing that the degree of
severity of both groups was equivalent and reaffirms the
comparability of the treatment groups. The ABO score
does not take into account the sagittal position change
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of the incisors of the respective jaws. Any compensatory
movements of the front therefore could not be evaluated
this way. This is why also cephalometric analyses were
necessary.

Cephalometric analyses showed that incisors were pro-
truded in both groups before treatment and that during
treatment incisors proclined even more. Using a fixed buc-
cal bracket system, load application cannot be placed in
the centre of resistance. Biomechanically, treatment with
straight-wire systems leads to further protrusion of fron-
tal teeth. Our results confirm earlier findings that showed
proclination of mandibular incisors using brackets of the
Damon system [13]. Even though the amount of crowd-
ing in the beginning of the treatment was similar in both
groups, mandibular incisors in group 1 showed less protru-
sion during the treatment than in group 2. Though being
a large-sized effect (d=0.886), its statistical power of 0.717
was just below the limit. Nevertheless, this could be an
effect of individual bracket bases and individual torque
values of the brackets in group 1. To verify this finding, a
superimposition of the lower jaws would have been ben-
eficial. For superimposition of virtual set-ups with the cor-
responding scans of the treatment results, only data of the
maxilla were used leading to a smaller data set. However,
the method of superimposing landmarks of the palate was
used in several studies before and is considered the most
accurate superimposition approach applied to teeth of the
maxilla [14]. So far, no valid method for superimposition
of intraoral scans exists. Usage of CBCT data might have
been a more accurate way, since this allows the registration
of mandibular tooth movements. But generating CBCTs
for patients that fit our inclusion criteria would have been
ethically not acceptable [14].

Our superimposition data described the differences
between virtual set-up and treatment results averaged
over anterior and posterior teeth, respectively. Discrepan-
cies between the virtual set-up and the clinical result of the
treatment do not necessarily mean that the clinical result
itself is not acceptable. It only shows that the planned tooth
movement could not be performed as it was supposed. Our
superimposition results showed that positions of anterior
teeth were met better than the planned positions of poste-
rior teeth. This might be caused by the smaller root surface
and therefore less anchorage of anterior teeth.

In our study, tooth positions showed greatest discrepan-
cies in the vestibular/transversal plane. The results showed
that the posterior teeth have not reached their planned
transversal positions and remained too palatal. Dental
crowding in non-extraction cases is normally dissolved by
transverse expansion and proclination of the incisors [15].
Instead of performing physical movements to widen the
dental arches, posterior teeth were rather tipped buccally.
This effect can be explained by the mechanical limitation
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of a fixed bracket appliance. It was shown that transversal
expansion of the arch by tipping of teeth will lead to relapse
[16], especially in the upper molar region [17].

Since transversal tooth movement could not be per-
formed as planned, space gain was created by anterior
positioning of the frontal teeth. The dental arch of the max-
illa can best be compared with the geometrical figure of an
ellipse. The perimeter “P” of the ellipsoid is calculated by
the Ramanujan approximation for the circumference of an
ellipse and is given by the formula [18]:

3h
P:ﬁ(d-}-b){l-l—m};

(a —b)*

where h = —.
(a+ b)

This formula shows that a reduction of the ellipse’s
width “a” while the perimeter of the arch “P” remains
constant will lead to an expansion of the height “6” of
that ellipse. Knowing that transversal movements can-
not be performed as planned, alternative strategies for
the creation of space must be developed before the treat-
ment. One possibility might be an overcorrection in the
virtual set-up. However, this might lead to even more
buccal tipping of the molars as presented in our results.
Another possibility would be to create space by precisely
planned slicing in stages.

Our inclination data showed that upper incisors
have not reached the required torque levels simu-
lated in the virtual set-up. This was an expected effect,
since even with arch dimensions of 0.018” x 0.025" and
0.019” x 0.025” stainless steel, no effective torque can be
transmitted with a right angular slot geometry [19-24].
Clinical studies also confirm that even different prescrip-
tions and torque angles do not result in different axis
positions [25]. In addition, especially with passive self-
ligating brackets, the play between slot and archwire is
larger in comparison with conventional brackets due to
a larger slot dimension [23]. Variations in the fabrication
accuracies of the slot and the archwire dimension as well
as biological factors lead to insufficient torque transmis-
sion [26].

Concerning the achieved tooth positions, mesial/sagit-
tal positions were met best and discrepancies were in a
clinical acceptable range of less than 0.5 mm. Regarding
the direction of the discrepancies, our results showed
that teeth were positioned too mesially. The cause of
this might have been the use of low frictional brackets
without auxiliary devices or selectively placed ligatures
to prevent mesial drifts of the teeth and to keep anchor-
age levels high. It has been shown that lower incisors of
patients treated with the Damon system were signifi-
cantly advanced and proclined [13]. However, this effect
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was also shown in the control group that was treated with
edgewise brackets [13]. This leads to the assumption that
the straight-wire appliance itself might be responsible
for the observed proclination due to biomechanical side
effects. Therefore, the proclination and advancement of
the incisors should be considered in treatment planning
with a straight-wire appliance regardless of the used sys-
tem and even if individual CAD/CAM brackets are used.
This was confirmed by the angulation values that showed
mesial-tipping of teeth, which can be seen as another
indication of anchorage loss. In summary, the application
of a CAD/CAM system requires an exact staging and
selectively placed ligatures.

Values of rotation angles showed that canine positions
differed the most, which can be related to their larger
root surface. The clinically relevant deviation of more
than 2° in ~50% of the teeth showed that the application
of passive self-ligating brackets and archwires of small
dimensions not necessarily result in an accurate derota-
tion even if individual bracket bases were used. Passive
self-ligating brackets show worse results concerning rota-
tional control than active self-ligating brackets [27], and
the used ligation technique has great influence on rota-
tional control [28]. Taken together, we concluded that
additional ligatures were needed even with individual
bracket bases.

Besides accurate levelling, another main task of fixed
buccal appliances is the correction of deep bite includ-
ing levelling of the curve of Spee. In the upper jaw, this
would lead to a relative intrusion of incisors and a relative
extrusion of posterior teeth. According to the literature,
levelling the curve of Spee with straight-wire appliances
predominantly leads to molar extrusion and only slight
intrusion of incisors occurs [29] since biological and bio-
mechanical factors limit the intrusion movement [30].
As such, the Insignia™ bracket system is unlikely to per-
form incisor intrusion as planned in the virtual set-ups
in the first place when straight-wire techniques are used.
This is also shown by the vertical discrepancies of incisor
positions between the virtual set-ups and the treatment
results. Furthermore, the results of our study showed that
posterior teeth failed to perform extrusion as planned. As
a result, deep bite correction could not be performed as
planned in the virtual set-ups, and the use of individual
bracket bases cannot correct this type of malocclusion on
its own.

Randomized clinical trials (RCTs) are considered being
of highest evidence. Nevertheless, it should be men-
tioned that even RCT studies are not necessarily bias-
free [31]. Herein, a single-centre study was described
applying a quasi-randomized protocol for patient allo-
cation. As such waiting times for patients were limited,
and all patients were treated in a reasonable period of
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time. As discussed by Bondemark and Ruf [31], complete
blinding in a clinical study like this is almost impossible,
since patient and caregiver exactly know which treat-
ment modality was applied. However, treatment, meas-
urements, and statistics were performed by different
persons, which also reduced the risk of bias. Therefore,
when weighting and interpreting the results, these points
should be taken into account.

Conclusions

1. Virtual treatment planning and individualized
bracket bases and bracket positioning seemed to
have no influence on overall treatment time, number
of appointments, number of archwire bends, and the
reduction of ABO-scores.

2. Treatment with both systems leads to further procli-
nation of incisors.

3. Comparing the treatment results with the virtual
set-ups, mesial positions were met best, followed by
vertical positions. Transversal positions showed the
greatest discrepancies. Concerning angles, values for
angulation showed greatest accordance to the virtual
set-up, while values of inclinations showed greatest
discrepancies.

4. The use of individualized bracket systems and the
development of virtual set-ups does require well-
considered space management as well as exact plan-
ning of anchorage devices and selectively placed liga-
tures.

5. Transversal expansion, deep bite correction, expres-
sion of torque, and anchorage loss remain challenges
in the treatment with straight-wire appliances.
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Abstract

Objective To determine the accuracy of maxillary positioning using computer-designed and manufactured occlusal splints
or patient-specific implants in orthognathic surgery.

Material and Methods A retrospective analysis of 28 patients that underwent virtually planned orthognathic surgery with
maxillary Le Fort I osteotomy either using VSP-generated splints (n =13) or patient-specific implants (PSI) (n=15) was
conducted. The accuracy and surgical outcome of both techniques were compared by superimposing preoperative surgical
planning with postoperative CT scans and measurement of translational and rotational deviation for each patient.

Results The 3D global geometric deviation between the planned position and the postoperative outcome was 0.60 mm
(95%-CI 0.46-0.74, range 0.32-1.11 mm) for patients with PSI and 0.86 mm (95%-CI 0.44—1.28, range 0.09-2.60 mm) for
patients with surgical splints.

Postoperative differences for absolute and signed single linear deviations between planned and postoperative position were
a little higher regarding the x-axis and pitch but lower regarding the y- and z-axis as well as yaw and roll for PSI compared
to surgical splints.

There were no significant differences regarding global geometric deviation, absolute and signed linear deviations in the x-,
y-, and z-axis, and rotations (yaw, pitch, and roll) between both groups.

Conclusions Regarding accuracy for positioning of maxillary segments after Le Fort I osteotomy in orthognathic surgery
patient-specific implants and surgical splints provide equivalent high accuracy.

Clinical relevance Patient-specific implants for maxillary positioning and fixation facilitate the concept of splintless orthog-
nathic surgery and can be reliably used in clinical routines.

Keywords PSI - Patient-specific implants - Occlusal splint - Orthognathic Surgery - CAD/CAM

Introduction

><{ Yoana Malenova
yoanamalenova@ gmail.com In orthognathic surgery, preoperative clinical findings,

2D radiographs, plaster models, and consecutive manual
model surgery have been the basis of treatment planning
for many years. Model surgery in semi-adjustable artic-
ulators has been transferred into the operating theatre
using interocclusal splints [1, 2]. However, conventional
techniques are limited due to lack of control in the third
dimension, inaccuracy of face-bow transfer or interocclusal
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deformities positioning of the maxilla has been demanding
[6]. Another difficulty in conventional treatment planning
is the impact on soft tissue and smile line.

To improve accuracy, computer-aided design (CAD)
and computer-aided manufacturing (CAM) have been
applied increasingly within the past decade. Further-
more, virtual treatment planning offers the possibility
to simulate postoperative soft tissue prediction using
preoperative computed tomography (CT) scans [7, 8].
Initial approaches such as computer designed and manu-
factured splints were the first promising techniques using
virtual 3D planning [9—12]. Other techniques use locating
guides accompanied with pre-bent titanium plates on the
basis of a resin model manufactured using laser sintering
rapid prototyping that depicts the planned outcome [13].
Another method to improve positioning is intraoperative
simulation-guided navigation [14]. Newer waferless tech-
niques use cutting guides and patient-specific implants
(PSI) without interocclusal reference [15-17].

In general, virtual treatment planning regarding
CAD/CAM surgical splints, navigation, and soft
tissue planning appear to be accurate and reproducible
methods for orthognathic surgery [18]. Few studies
indicate that positioning using customized cutting
guides and PSI leads to higher clinical accuracy in
orthognathic surgery [19-21].

Yet, the best and most accurate transfer of virtual
planning into surgery is necessary so that the advantages
of CAD/CAM in orthognathic surgery come into use.
Therefore, the aim of this study was to determine the
accuracy of maxillary positioning in relation to virtual
treatment planning using CAD/CAM patient-specific
implants compared with VSP-generated surgical splints.

Material and methods
Study design

The presented survey is a retrospective single-center
cohort study. The institutional review board authorized
the study, and informed consent was waived (Ethics
Committee, Ludwig-Maximilians-University, Munich,
Germany: Ref.-No. 21-0164). Study participants were
selected from an electronic database at our hospital. The
database consecutively included all patients who received
orthognathic surgery in the Department of Oral and
Maxillofacial Surgery and Facial Plastic Surgery, University
Hospital, Munich, Germany between January 2015 and
December 2020. The study follows the standards for
reporting observational studies (STROBE guidelines) [22].
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Study population

The study population consisted of patients who underwent
virtually planned orthognathic surgery with maxillary Le
Fort I osteotomy using computer designed and either man-
ufactured surgical splints or PSIs. The decision on virtu-
ally planned surgical intervention and manufacturing of a
VSP-generated splint or PSI was made in the context of
an individual case decision of the treating surgeons each
with more than 10 years of experience in this subject.
Only primary maxillary or bimaxillary osteotomies were
included in the study (uniformly as maxilla-first surgery).
A further inclusion criterion was the availability of a
post-interventional high-resolution computed tomography
(CT, isotropic resolution < 1 mm) in the Department of
Radiology, University Hospital, Munich, Germany within
2 weeks after surgery. The CT scans in all cases were per-
formed before the postoperative orthodontic readjustment.
Patients with underlying syndromic disease, cleft lip, pal-
ate, or secondary orthognathic surgery as well as patients
younger than 18 years were excluded from the study.

Clinical workflow

Patients with indications for combined orthodontic orthog-
nathic surgical treatment first received orthodontic pre-
treatment. After completion of pretreatment preoperative
preparation for each patient included clinical examination
by maxillofacial surgeons, high-resolution CT scans (iso-
tropic resolution 0.625 mm), production of plaster models,
and occlusal scans of the corresponding dental arch. Result-
ing DICOM data from CT scans and STL data from occlusal
scans were transferred to an industrial partner for subsequent
virtual surgical planning (VSP) using ProPlan CMF soft-
ware (Materialise®, Leuven, Belgium). At first, the preop-
eratively collected high-resolution CT scans (DICOM data)
were imported and lined up in the natural head position with
respect to the Frankfurt horizontal plane, facial midline, and
bibupillary line [23]. Subsequently, the occlusal scans (STL
data) were imported and combined with the CT scan using
a semiautomatic fusing algorithm resulting in a model with
high-resolution of the dental arch.

The following steps including cephalometric analysis,
virtual Le Fort I, and BSS (Bilateral Sagittal Split) oste-
otomies for maxillary and mandibular movement respec-
tively were performed with the corresponding analysis
tools provided by the software. Based on the clinical find-
ings and the virtual models, the segments of the upper
and lower jaw were merged in final occlusion and the
monoblock of the osteotomized maxilla and mandible then
shifted into the final position in relation to the cranial base
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Fig.1 Planned postoperative position before bimaxillary orthog-
nathic surgery with maxillary advancement and retropositioning of
the lower jaw. Maxilla in yellow, mandibular body in green, and rami
in blue (A), CAD/CAM cutting guide (B), patient-specific implants

or the two articulated rami respectively (Fig. 1). Finally,
an automated soft tissue simulation was performed using
the same software (ProPlan CMF software, Materialise,
Leuven, Belgium).

Positioning was checked regarding the position of the
osteotomized maxilla and mandible (including the dental
arches) in relation to the midface, skull base, center line,
occlusal plane, and soft tissue.

This way, movement in all three dimensions of the osteoto-
mized maxilla and mandible was encoded into the design and
shape of either surgical splints or PSIs (Fig. 1B, C, and D).

After finishing the planning process and final approval
by the surgeon the cutting guides, surgical splints as well
as the PSIs went into computer-aided manufacturing

(PSI, C), and VSP generated surgical splints (D), segmentation of
postoperative CT-scan using Mimics software (Materialise, Leuven,
Belgium). The maxillary segment in purple (E)*

(CAM) using resin based or selective laser melting (SLM),
respectively. After sterilization, the operations were per-
formed under general anesthesia by certified specialists for
oral and maxillofacial surgery.

All cutting guides, as well as surgical splints or PSIs,
were placed freehand, without the use of navigational sys-
tems or physical positioning guides. In bimaxillary surgery,
maxillary repositioning was performed as the first step.

Postoperatively, high-resolution CT scans (isotropic
resolution 0.625 mm) and routine ophthalmologic and
follow-up clinical examinations were performed. Postop-
erative CT scans were performed as part of the clinical
routine and before the start of any post-operative elastic
treatment or otherwise orthodontic treatment.
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Data acquisition

The primary outcome variable was defined as the global
geometric deviation between the virtually planned and the
finally position of the maxilla determined by computed
tomography in both groups.

First, postoperative CT scans were segmented using
Mimics software (Materialise, Leuven, Belgium) differen-
tiating soft tissue (HU < 300), bone tissue (HU 300-1500),
and titanium (HU > 2000) (Fig. 1E).

Data were exported as STL files (.stl) into 3-matic
(Materialise, Leuven, Belgium), a dedicated CAD ana-
lyzing software. The corresponding STL files of the vir-
tual treatment planning were provided by the industrial
partner (Materialise, Leuven, Belgium) and imported into
3-matic as well. The non-osteotomized upper midfaces of
the pre and postoperative datasets were aligned employ-
ing a semiautomatic superimposition algorithm. A 3-point
alignment procedure (first alignment, Fig. 2A) followed by
a semiautomatic superimposition algorithm (with 10 itera-
tions) led to a matching of both datasets with an accuracy
of approximately 30 um (final alignment).

Subsequently, five measurement points were marked for
each patient in the virtually planned and actual postop-
erative positions. For the best possible reproducible and
precise measurement, five points with the greatest possible
distance on the dental at the cusp tips of the maxillary
teeth were chosen (the mesiobuccal cusps of the second
molars, the tips of the canines, and the mesial contact
point of the incisors) (Fig. 2B).

The geometric deviation between the virtually planned
and the finally resulting position was compared by assessing
differences in the entire bone surface and direct distances
between the corresponding 5 selected reference points in
spatial planes representing the primary outcome variables.

First 3D global geometric deviations were calculated.
Therefore, the entire bone surface points of the virtually
planned position were assigned to the respective closest points
of the corresponding bone surface in the postoperative data
set, and the respective Euclidean distances were measured.

Thereafter, direct distances between the respective five
reference points of the maxillary teeth were measured and
single linear deviations according to the spatial axes (x-, y-,
z-axis) were evaluated with regard to absolute and signed
linear deviations (Fig. 2C).

The x-axis is corresponding to transversal (lateral/
medial), the y-axis is corresponding to sagittal (anterior/
posterior), and the z-axis is corresponding to axial (cranial/
caudal) movement. The planning model represented the
starting point, and accordingly, the deviations of the post-
operative position of the maxillary segment in the x-axis are
defined as right/left. Differences to the right were defined as
positive and those to the left as negative deviations.
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For the assessment of rotational movements, angles in the
corresponding planes were measured. Thus, for yaw angles
in the x-y-plane, for pitch in the y—z-plane, and for a roll in
the x-z-plane were evaluated.

Finally, color-coded heatmaps were generated to visualize
areas with high or low deviation and therefore the distribu-
tion of geometric deviations (Fig. 2D).

Statistics

Statistical analysis was performed using Excel (Microsoft,
Redmond, USA) and SPSS 26 (SPSS Inc., Chicago, USA).
Descriptive statistics were carried out for each study variable.
Thus, means and standard deviations were calculated for global
deviations between the bone segments, Euclidean distances,
and absolute or signed distances in spatial axes for each meas-
urement point in both groups as well as rotation angles.

For normally distributed data means were statistically com-
pared by performing a student’s t-test. Normally distributed
data was presented using mean +standard deviation (SD).

Non-normally distributed data (according to Kolmogo-
rov-Smirnov-Test und Shapiro-Wilk-Test) were statistically
compared using the nonparametric Mann-Whitney U test.
Non-normally distributed data were illustrated by depicting
median and interquartile ranges.

Statistical significance was defined as p <0.05.

Intraclass correlation (ICC) assessed inter-rater agreement
with respect to global deviations, Euclidean distances, and
single linear deviations in the x-, y-, and z-axis of five cor-
responding measurement points as well as rotation angles.

Results

The study included 28 patients that underwent virtually
planned orthognathic surgery with maxillary Le Fort I
osteotomy. In 15 patients (6 female, 9 male; average age:
27.6 years), maxillary positioning was conducted using PSI.
In 13 patients (6 female, 7 male; average age: 27.5 years), sur-
gical splints were used. In each group, there is one patient who
only required correction of the upper jaw whereas the other
patients underwent a bimaxillary osteotomy. In all cases, max-
illary retrognathia was observed, and the choice of therapy in
favor of the maxillary advancement was made accordingly.

Intraclass correlation (ICC) assessing inter-observer reli-
ability of single linear deviations was 0.977 (PSI) and 0.918
(surgical splint).

3D global geometric deviation (in mm)
The 3D global geometric deviation between planned position

and postoperative outcome referred to as “mean surface dis-
tance” was 0.60 mm (95%-CI 0.46-0.74, range 0.32—1.11 mm)
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Fig.2 First alignment of
planned (pink) and postop-
erative (purple) dataset using
3-matic software (Materialise,
Leuven, Belgium) (A), selection
of five measurement points:
mesiobuccal cusps of the sec-
ond molars, tips of the canines
and mesial contact point of

the incisors (B), measurement
of direct distances between

the respective five reference
points of the maxillary teeth
and subsequent evaluation of
discrepancies in the spatial

axes (C), color-coded heatmap
visualizing areas with high (red)
or low deviation (green) (D)
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for patients with PSI and 0.86 mm (95%-CI 0.44—1.28, range
0.09-2.60 mm) for patients with surgical splints. This dif-
ference was not statistically significant (level of significance
p<0.05). Compare Fig. 3A.

Absolute linear deviations of five corresponding
reference points according to the spatial axes (in mm)

Absolute linear deviations in the x-, y-, and z-axis for five
corresponding reference points between the planned and the
postoperative position were slightly higher regarding the
x-axis but lower regarding the y- and z-axis for PSIs com-
pared to surgical splints. The highest deviation was found
in the y-axis for surgical splints. There were no statistically
significant differences between the x-, y-, and z-axis com-
paring both groups (level of significance p <0.05, Friedman
test). Compare Table 1 and Fig. 3B.

Signed linear deviations for five corresponding
reference points (in mm):

Signed linear deviations in the x-, y-, and z-axis for five
corresponding reference points between the planned
and the postoperative position were higher regarding
the x-axis (to the right) but lower regarding the y- and
z-axis for PSIs compared to surgical splints. The highest
deviation (posterior) was found in the y-axis for surgical
splints. For patients with PSI maxillary segments by trend
were positioned to the right. There were no statistically
significant differences between the x-, y-, and z-axis
comparing both groups (level of significance p <0.05,
Friedman test). Compare Table 2 and Fig. 3C.

Rotations yaw, pitch, and roll (in degree)

With respect to rotations pitch (transversal axis), yaw (longitu-
dinal axis), and roll (sagittal axis) the planned and the postop-
erative position were a little higher regarding pitch but lower
regarding yaw and roll for PSIs compared to surgical splints.
There were no statistically significant differences between
rotations comparing both groups (p <0.05, Friedman test).
Compare Table 3 and Fig. 4.

Discussion

Particularly over the past decades, a lot of research groups
and medical device manufacturers have made great efforts to
improve 3D treatment planning and technical devices in order
to improve accuracy and predictability in orthognathic surgery.

The first promising approaches included VSP-generated
surgical splints, locating guides with pre-bent titanium
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plates on the basis of a resin model as well as intraopera-
tive simulation-guided navigation [9—14].

Newer waferless techniques use cutting guides and
patient-specific implants (PSI) without interocclusal ref-
erence [15-17], and some studies indicate that positioning
using this technique leads to higher clinical accuracy in
orthognathic surgery [19-21]. Therefore, the aim of this
study was to determine the accuracy of maxillary position-
ing in relation to virtual treatment planning using either
VSP-generated surgical splints or PSI.

Our results show comparable high accuracy of maxillary
positioning using PSI or VSP-generated surgical splints
with discrepancies less than 1 mm. In this study, there
was no significant difference regarding any examined
parameter for postoperative outcome after surgery between
both techniques. Yet, deviations between the planned and
postoperative position of the maxilla were lower with respect
to 3D global geometric deviation, the y- and z-axis regarding
for absolute and signed linear deviations in spatial axes as
well as yaw and roll regarding rotations for PSIs compared
to surgical splints.

Various studies have tried to analyze the accuracy of
3D virtually treatment planning of orthognathic surgery
by different evaluating methods. Yet, there is no uniform
measurement and statistical method available. The
methods include measurement of linear and angular
deviations between manually set landmarks, calculation
of translational and rotational deviations with or without
manually set reference points, color-coded heatmaps as
well as intraclass coefficients [5, 9, 19-21, 24-34]. To
achieve reliable results, this study combined these so
far known evaluation methods. Besides artifacts in CT
scans, every single method has its inaccuracy, such as
imprecise manually set reference points or software-related
inaccuracies. However, the different evaluation methods
yielded comparable results in this study.

The main benefit of wafer-less surgery with CAD/CAM
cutting guides and PSI is that positioning is conducted
without interocclusal reference and therefore independ-
ent of the temporomandibular joint which should theo-
retically be more accurate for transferring the virtual
plan into orthognathic surgery with maxillary Le Fort I
osteotomy [19-21]. In our study, discrepancies tend to be
a little lower for PSIs compared to surgical splints. Yet,
VSP-generated surgical splints were a little more accu-
rate regarding absolute and signed linear deviations in the
x-axis as well as pitch in terms of rotational movements.
For patients with PSI maxillary segments by trend were
positioned to the right which might be caused by the oper-
ational perspective of the surgeon who is usually standing
on the patient’s right side. The highest alterations were
found for absolute and signed linear (posterior) deviations

103



Clinical Oral Investigations

Fig.3 3D global geometric
deviation (“mean surface
distance”) between the planned
position and the postoperative
outcome was a little lower for
patients with PSI (A), absolute
linear deviations in the x-, y-,
and z-axis for five correspond-
ing reference points between
the planned and the postopera-
tive position for PSI group (on
the left) and patients with VSP
generated surgical splint (on the
right) (B), signed linear devia-
tions in the x-, y-, and z-axis
for five corresponding reference
points between the planned

and the postoperative position
for PSI group (on the left) and
patients with VSP generated
surgical splint (on the right) (C)
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Table 1 Absolute linear deviations in the x-, y-, and z-axis for five corresponding reference points between the planned and the postoperative
position for PSI compared to surgical splints

PSI Surgical splint p
x-axis (left/right) 0.90 mm (95%-CI 0.73-1.08, range 0.02-3.77 mm)  0.89 mm (95%-CI 0.72—1.06, range 0.01-2.43 mm) 1.00
y-axis (anterior/posterior)  0.97 mm (95%-CI 0.80-1.14, range 0.02-3.56 mm) 1.26 mm (95%-CI 1.01-1.50, range 0.01-3.83 mm) 1.00
z-axis (cranial/caudal) 0.77 mm (95%-CI 0.59-0.95, range 0.01-3.58 mm)  0.96 mm (95%-CI 0.74-1.18, range 0.02-3.21 mm)  0.25

Table 2 Signed linear deviations in the x-, y-, and z-axis for five corresponding reference points between the planned and the postoperative posi-
tion for PSI compared to surgical splints

PSI Surgical splint p
X-axis 0.24 mm (95%-CI—0.02-0.51, range 3.22-3.77 mm) —0.09 mm (95%-CI (—0.38)-0.19, range (—2.43)— 0.42
(right/left) 2.05 mm)
y-axis —0.06 mm (95%-CT (—0.34)-0.23, range (-3.56)— —0.63 mm (95%-CT (— 1.00)—(—0.26), range (—3.65)— 0.22
(anterior/posterior) ~ 2.97 mm) 3.83 mm)
z-axis —0.37 mm (95%-CI (—0.61)—(—0.13), range (—3.58)— —0.44 mm (95%-CI (—0.75)—(—0.13), range (—3.21)— 1.00
(cranial/caudal) 2.97 mm) 2.72 mm)

Table 3 Rotations yaw (longitudinal axis), pitch (transversal axis), and roll (sagittal axis) between the planned and the postoperative position for
PSI compared to surgical splints

PSI Surgical splint P
Yaw (longitudinal axis) 2.19 (95%-CI 1.71-2.67, range 0.05-7.90) 2.64 (95%-CI 1.90-3.38, range 0.04-11.64) 0.77
Pitch (transversal axis)) 2.17 (95%-CI 1.64-2.70, range 0.15-8.36) 2.10 (95%-CI 1.62-2.57, range 0.05-7.12) 0.25
Roll (sagittal axis) 2.96 (95%-CI2.22-3.71, range 0.05-11.15) 3.19 (95%-CI 2.34—4.04, range 0.03-10.86) 0.25
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in the y-axis for surgical splints, which indicate an under- ~ maxillary segment was more accurate using PSI compared
correction in maxillary advancement. to VSP-generated splints.
Given the small sample size of our study, missing sig- Prospective randomized and controlled trials are nec-

nificance in this analysis should not be interpreted as the  essary to finally assess which method is more accurate.
definite absence of a real effect. By trend positioning of the =~ However, our results show that both methods provide

@ Springer

105



Clinical Oral Investigations

high clinical accuracy. The simultaneous use of PSI with
VSP-generated surgical splints for maxillary positioning in
orthognathic surgery might have a complementary effect.

Conclusion

There were no statistically significant differences in the
positioning of maxillary segments after Le Fort I osteot-
omy between patient-specific implants and surgical splints
regarding 3D global geometric deviation, absolute and
signed linear deviations in the x-, y-, and z-axis, and rota-
tions (yaw, pitch, and roll) comparing both groups. There-
fore, patient-specific implants and VSP-generated surgical
splints provide comparable high accuracy for maxillary posi-
tioning in orthognathic surgery.

Author contribution FO. YM, and FAP contributed to the study con-
ception and design, to data acquisition, to data analysis and interpreta-
tion, and to the writing and revision of the manuscript; HS contributed
to the study design, data interpretation, and the writing and revision
of the manuscript; PL, MT, and SH contributed to data acquisition, to
data analysis and interpretation and to the revision of the manuscript;
FF, KO, and JH contributed to data acquisition, to data analysis and
to the revision of the manuscript; EB contributed to data analysis and
interpretation and to the revision of the manuscript; SO contributed to
the study conception and revision of the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability The data that support the findings of this study are
not publicly available due to confidentiality reasons. The anonymized
statistical data is available from the corresponding author (YM) upon
reasonable request.

Declarations

Ethics approval The institutional review board authorized the retro-
spective study and informed consent was waived (Ethics Commit-
tee, Ludwig-Maximilians-University, Munich, Germany: Ref.-No.
21-0164). No other ethical approval or consent to participate was
necessary.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

11.

13.

14.

Ellis E (1990) Accuracy of model surgery: evaluation of an old
technique and introduction of a new one. J Oral Maxillofac Surg
48:1161-1167. https://doi.org/10.1016/0278-2391(90)90532-7
Ritto FG, Schmitt ARM, Pimentel T, Canellas JV, Medeiros PJ (2018)
Comparison of the accuracy of maxillary position between conven-
tional model surgery and virtual surgical planning. IntJ Oral Maxil-
lofac Surg 47:160-166. https://doi.org/10.1016/j.ijom.2017.08.012
Ellis E, Tharanon W, Gambrell K (1992) Accuracy of face-bow
transfer: effect on surgical prediction and postsurgical result. J
Oral Maxillofac Surg 50:562-567. https://doi.org/10.1016/0278-
2391(92)90434-2

Zizelmann C, Hammer B, Gellrich N-C, Schwestka-Polly R,
Rana M, Bucher P (2012) An evaluation of face-bow transfer
for the planning of orthognathic surgery. J Oral Maxillofac Surg
70:1944-1950. https://doi.org/10.1016/j.joms.2011.08.025
Sharifi A, Jones R, Ayoub A, Moos K, Walker F, Khambay B,
McHugh S (2008) How accurate is model planning for orthog-
nathic surgery? Int J Oral Maxillofac Surg 37:1089—-1093. https://
doi.org/10.1016/j.ijom.2008.06.011

Gateno J, Forrest KK, Camp B (2001) A comparison of 3 methods
of face-bow transfer recording: implications for orthognathic sur-
gery. J Oral Maxillofac Surg 59:635-40. discussion 640-1. https://
doi.org/10.1053/joms.2001.23374

Xia J, Ip HH, Samman N, Wong HT, Gateno J, Wang D et al
(2001) Three-dimensional virtual-reality surgical planning and
soft-tissue prediction for orthognathic surgery. IEEE Trans Inf
Technol Biomed 5:97-107. https://doi.org/10.1109/4233.924800
Chabanas M, Marécaux C, Chouly F, Boutault F, Payan Y (2004)
Evaluating soft tissue simulation in maxillofacial surgery using
preoperative and postoperative CT scans. Int Congr Ser 1268:419—
424. https://doi.org/10.1016/j.ics.2004.03.165

Metzger MC, Hohlweg-Majert B, Schwarz U, Teschner M, Ham-
mer B, Schmelzeisen R (2008) Manufacturing splints for orthog-
nathic surgery using a three-dimensional printer. Oral Surg Oral
Med Oral Pathol Oral Radiol Endod 105:e1-7. https://doi.org/10.
1016/j.tripleo.2007.07.040

Song K-G, Baek S-H (2009) Comparison of the accuracy of the
three-dimensional virtual method and the conventional manual
method for model surgery and intermediate wafer fabrication. Oral
Surg Oral Med Oral Pathol Oral Radiol Endod 107:13-21. https://
doi.org/10.1016/j.tripleo.2008.06.002

Hsu SS-P, Gateno J, Bell RB, Hirsch DL, Markiewicz MR, Teich-
graeber JF et al (2013) Accuracy of a computer-aided surgical
simulation protocol for orthognathic surgery: a prospective mul-
ticenter study. J Oral Maxillofac Surg 71:128—-42. https://doi.org/
10.1016/j.joms.2012.03.027

Schouman T, Rouch P, Imholz B, Fasel J, Courvoisier D, Scolozzi
P (2015) Accuracy evaluation of CAD/CAM generated splints in
orthognathic surgery: a cadaveric study. Head Face Med 11:24.
https://doi.org/10.1186/s13005-015-0082-9

Bai S, Shang H, Liu Y, Zhao J, Zhao Y (2012) Computer-aided
design and computer-aided manufacturing locating guides accom-
panied with prebent titanium plates in orthognathic surgery. J Oral
Maxillofac Surg 70:2419-2426. https://doi.org/10.1016/j.joms.
2011.12.017

Mazzoni S, Badiali G, Lancellotti L, Babbi L, Bianchi A, Mar-
chetti C (2010) Simulation-guided navigation: a new approach to
improve intraoperative three-dimensional reproducibility during
orthognathic surgery. J Craniofac Surg 21:1698-1705. https://doi.
org/10.1097/SCS.0b013e3181{3c6a8

. Gander T, Bredell M, Eliades T, Riicker M, Essig H (2015) Splint-

less orthognathic surgery: a novel technique using patient-specific

@ Springer

106



Clinical Oral Investigations

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

implants (PSI). J Craniomaxillofac Surg 43:319-322. https://doi.
org/10.1016/j.jems.2014.12.003

Kraeima J, Jansma J, Schepers RH (2016) Splintless surgery: does
patient-specific CAD-CAM osteosynthesis improve accuracy of
Le Fort I osteotomy? Br J Oral Maxillofac Surg 54:1085-1089.
https://doi.org/10.1016/j.bjoms.2016.07.007

Suojanen J, Leikola J, Stoor P (2016) The use of patient-specific
implants in orthognathic surgery: a series of 32 maxillary oste-
otomy patients. J Craniomaxillofac Surg 44:1913-1916. https://
doi.org/10.1016/j.jems.2016.09.008

Stokbro K, Aagaard E, Torkov P, Bell RB, Thygesen T (2014)
Virtual planning in orthognathic surgery. Int J Oral Maxillofac
Surg 43:957-965. https://doi.org/10.1016/j.ijjom.2014.03.011
Heufelder M, Wilde F, Pietzka S, Mascha F, Winter K, Schramm
A, Rana M (2017) Clinical accuracy of waferless maxillary posi-
tioning using customized surgical guides and patient-specific
osteosynthesis in bimaxillary orthognathic surgery. J Craniomax-
illofac Surg 45:1578-1585. https://doi.org/10.1016/j.jcms.2017.
06.027

Riickschlof T, Ristow O, Miiller M, Kiihle R, Zingler S, Engel
M et al (2019) Accuracy of patient-specific implants and addi-
tive-manufactured surgical splints in orthognathic surgery - a
three-dimensional retrospective study. J Craniomaxillofac Surg
47:847-853. https://doi.org/10.1016/j.jcms.2019.02.011
RiickschloB T, Ristow O, Kiihle R, Weichel F, Roser C, Aurin K et al
(2020) Accuracy of laser-melted patient-specific implants in geni-
oplasty - a three-dimensional retrospective study. J Craniomaxillofac
Surg 48:653-660. https://doi.org/10.1016/j.jcms.2020.05.003

von Elm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Van-
denbroucke JP (2007) Strengthening the reporting of observa-
tional studies in epidemiology (STROBE) statement: guidelines
for reporting observational studies. BMJ 335:806—808. https://doi.
org/10.1136/bm;j.39335.541782.AD

Meiyappan N, Tamizharasi S, Senthilkumar KP, Janardhanan K
(2015) Natural head position: an overview. J Pharm Bioallied Sci
7:S424-S427. https://doi.org/10.4103/0975-7406.163488
Aboul-Hosn Centenero S, Hernandez-Alfaro F (2012) 3D plan-
ning in orthognathic surgery: CAD/CAM surgical splints and
prediction of the soft and hard tissues results - our experience in
16 cases. J Craniomaxillofac Surg 40:162—-168. https://doi.org/10.
1016/j.jems.2011.03.014

Badiali G, Ferrari V, Cutolo F, Freschi C, Caramella D, Bianchi
A, Marchetti C (2014) Augmented reality as an aid in maxillofa-
cial surgery: validation of a wearable system allowing maxillary
repositioning. J Craniomaxillofac Surg 42:1970-1976. https://doi.
org/10.1016/j.jcms.2014.09.001

de Riu G, Meloni SM, Baj A, Corda A, Soma D, Tullio A (2014)
Computer-assisted orthognathic surgery for correction of facial

@ Springer

27.

28.

29.

30.

31.

32.

33.

34.

asymmetry: results of a randomised controlled clinical trial. Br
J Oral Maxillofac Surg 52:251-257. https://doi.org/10.1016/j.
bjoms.2013.12.010

Li B, Zhang L, Sun H, Yuan J, Shen SGF, Wang X (2013) A novel
method of computer aided orthognathic surgery using individual
CAD/CAM templates: a combination of osteotomy and reposition-
ing guides. Br J Oral Maxillofac Surg 51:€239-e244. https://doi.
org/10.1016/j.bjoms.2013.03.007

Shehab MF, Barakat AA, AbdElghany K, Mostafa Y, Baur DA
(2013) A novel design of a computer-generated splint for vertical
repositioning of the maxilla after Le Fort I osteotomy. Oral Surg
Oral Med Oral Pathol Oral Radiol 115:€16-25. https://doi.org/10.
1016/§.0000.2011.09.035

Sun Y, Luebbers H-T, Agbaje JO, Schepers S, Vrielinck L, Lam-
brichts I, Politis C (2013) Accuracy of upper jaw positioning with
intermediate splint fabrication after virtual planning in bimaxil-
lary orthognathic surgery. J Craniofac Surg 24:1871-1876. https://
doi.org/10.1097/SCS.0b013e31829a80d9

Xia JJ, Gateno J, Teichgraeber JF, Christensen AM, Lasky RE,
Lemoine JJ, Liebschner MAK (2007) Accuracy of the computer-
aided surgical simulation (CASS) system in the treatment of
patients with complex craniomaxillofacial deformity: a pilot study.
J Oral Maxillofac Surg 65:248-254. https://doi.org/10.1016/j.
joms.2006.10.005

Zinser MJ, Mischkowski RA, Sailer HF, Zoller JE (2012) Com-
puter-assisted orthognathic surgery: feasibility study using mul-
tiple CAD/CAM surgical splints. Oral Surg Oral Med Oral Pathol
Oral Radiol 113:673-687. https://doi.org/10.1016/j.0000.2011.11.
009

Marchetti C, Bianchi A, Bassi M, Gori R, Lamberti C, Sarti A
(2006) Mathematical modeling and numerical simulation in max-
illo-facial virtual surgery (VISU). J Craniofac Surg 17:661-7. dis-
cussion 668. https://doi.org/10.1097/00001665-200607000-00009
Herndndez-Alfaro F, Guijarro-Martinez R (2013) New protocol
for three-dimensional surgical planning and CAD/CAM splint
generation in orthognathic surgery: an in vitro and in vivo study.
Int J Oral Maxillofac Surg 42:1547-1556. https://doi.org/10.
1016/j.ijom.2013.03.025

Baan F, Liebregts J, Xi T, Schreurs R, de Koning M, Bergé S,
Maal T (2016) A new 3D tool for assessing the accuracy of bimax-
illary surgery: the orthognathic analyser. PLoS One 11:¢0149625.
https://doi.org/10.1371/journal.pone.0149625

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

107



journal of the mechanical behavior of biomedical materials 144 (2023) 105960

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

)

ELSEVIER

journal homepage: www.elsevier.com/locate/jmbbm

Check for

Biomechanical simulation of forces and moments of initial orthodontic
tooth movement in dependence on the used archwire system by ROSS
(Robot Orthodontic Measurement & Simulation System)

Benedikt Dotzer *, Thomas Stocker *, Andrea Wichelhaus “, Mila Janjic Rankovic®,
Hisham Sabbagh

2 Department of Orthodontics and Dentofacial Orthopedics, University Hospital, LMU Munich, Goethestrasse 70, Munich 80336, Germany

ARTICLE INFO ABSTRACT

Keywords: Objectives: Aim of this study was to determine the forces and moments during simulated initial orthodontic tooth
Biomechanics movements using a novel biomechanical test setup.
Robotics

Methods: The test setup consisted of an industrial precision robot with a force-torque sensor, a maxillary model
and a control computer and software. Forces and moments acting on the corresponding experimental tooth
during the motion simulations were dynamically measured for two 0.016” NiTi round archwires (Sentalloy
Light/Sentalloy Medium). Intrusive (#1), rotational (#2) and angular (#3) tooth movements were simulated by
a control program based on the principle of force control and executed by the robot. The results were statistically
analysed using K-S-test and Mann-Whitney U test with a significance level of a = 5%.

Results: Sentalloy Medium archwires generated higher forces and moments than the Sentalloy Light archwires in
all simulations. In simulation #1 the mean initial forces/moments reached 1.442 N/6.781 Nmm for the Light
archwires and 1.637 N/9.609 Nmm for the Medium archwires. In movement #2 Light archwires generated mean
initial forces/moments of 0.302 N/—8.271 Nmm whereas Medium archwires generated 0.432 N/—9.653 Nmm.
Simulation #3 showed mean initial forces/moments of —0.122 N/8.477 Nmm from the Light archwires
compared to —0.300 N/11.486 Nmm for the Medium archwires.

Significance: The measured forces and moments were suitable for initial orthodontic tooth movement in simu-
lations #2 and #3, however inadequate in simulation #1. Reduced archwire dimensions (<0.016") should be
selected for initial leveling of vertical malocclusions.

Orthodontic simulation
Orthodontic tooth movement
Force control

Leveling archwire

2021).
However, in clinical practice, it is often difficult for the practitioner

1. Introduction

Orthodontic multibracket appliances are widely used for the treat-
ment of malocclusions (Graber et al., 2022; Proffit et al., 2007). In these
systems, archwires can be used to apply forces and moments to the teeth
to induce tooth movements (Burstone and Koenig, 1974). Orthodontic
tooth movement is achieved by a biological reaction in terms of bone
remodeling, as a result of a complex interaction between the cells of the
periodontal ligament, the bone matrix, hormones, cytokines, and growth
factors (Xu et al., 2022; Zhang et al., 2022; Jeon et al., 2021). For a
clinically efficient tooth movement with minimal hyalinization and
pain, as well as a reduced risk of apical root resorption (ARR), the
application of suitable force and moment magnitudes is required (Rei-
tan, 1957, 1960, 1967, 1985; Wichelhaus, 2013; Wichelhaus et al.,
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E-mail address: hisham.sabbagh@med.uni-muenchen.de (H. Sabbagh).
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to accurately estimate the magnitude and direction of the forces and
moments that will develop within an orthodontic appliance (Koenig
et al., 1980). Since intraoral measurements are limited, in-vitro studies
have been conducted in the field of biomechanics to investigate ortho-
dontic appliances, mostly applying biomechanical test stands or finite
element (FE) simulations (Friedrich et al., 1999; Mascarenhas et al.,
2018; Rajgopal, 2022; Adel et al., 2021).

Numerical methods such as the finite element method (FEM) are
increasingly being applied due to advances in computer technology, as
they allow the simulation of complex and adaptive models of biological
systems and processes (Cicciu, 2020; Cervino et al., 2020; Singh et al.,
2016; Ahuja et al., 2018; de Brito et al., 2019). These digital simulations
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are usually performed based on experimentally determined parameters,
but also on simplified assumptions (Hayashi et al., 2007; Romanyk et al.,
2020; Wanjun et al., 2015; Ammar et al., 2011). Biomechanical test
stands, on the other hand, are less adaptable than computer models, but
allow the investigation of the actual underlying physical properties of
materials, specimens and appliances without the influence of subjec-
tively determined parameters. One difficulty, however, is the biome-
chanical simulation of dynamic processes as they occur during
orthodontic treatment, since the resulting force-moment systems are
constantly changing due to the continuous tooth movements. To over-
come these limitations, more complex, computerized and robotic
biomechanical test stands have been developed. (Bourauel et al., 1992;
Fuck and Drescher, 2006; Fansa et al., 2009; Pandis et al., 2009; Badawi
et al., 2009; Chen et al., 2007, 2010). In 1992, the “OMSS — Orthodontic
Measurement and Simulation System” was introduced to conduct
computer-assisted examinations of tooth movements in relation to the
forces and moments acting on them (Bourauel et al., 1992). In 2006 the
“Robotic Measurement System” (RMS) was introduced, using a robot in
the experimental setup to investigate the initial force systems generated
by different leveling archwires (Fuck and Drescher, 2006). However,
due to the static experimental setup, it was not possible to track the
dynamic changes of the archwire forces and moments. By programming
feedback between measured force-moment values and movements
executed automatically by robots, dynamic motion sequences can be
simulated. The conduct of such biomechanical investigations is com-
plex, thus only few test stands have been validated and employed to date
(Badawi et al., 2009; Liu et al., 2014).

Aim of this study is to determine the forces and moments of a fixed
multibracket appliance dynamically during simulated initial tooth
movements using a novel biomechanical test setup.

2. Materials and methods
2.1. Development of the test stand

The test setup used was developed in the Biomechanics Laboratory of
the Department of Orthodontics and Dentofacial Orthopedics of the
LMU University Hospital. The core component of the setup was an in-
dustrial precision robot KUKA KR 5-sixx R650 (KUKA Roboter GmbH,
Germany) with six degrees of freedom. At the top of the robot, a FTS
Nano 17 SI-12-0.12 force-torque sensor (ATI Industrial Automation,
USA), which can detect forces along the three spatial axes with a reso-
lution of 0.0031 N and moments with 0.0156 Nmm, was attached via an

Journal of the Mechanical Behavior of Biomedical Materials 144 (2023) 105960

aluminium flange. The experimental tooth on which the acting forces
and moments were to be measured, a central upper incisor (11), was
attached to the sensor via an adapter plate with a threaded rod. In order
to investigate the force systems at a physiological oral or application
temperature, the whole experimental setup including the associated
Kavo Typodont model, which was attached to an aluminium profile via
SAM® Axiosplit® mounting plates (SAM Prazisionstechnik GmbH,
Germany), was surrounded by a thermal chamber (Fig. 1A).

By employing a temperature sensor close to the experimental tooth
and a corresponding temperature controller REX-C100 PID (RKC In-
strument Inc., Japan), a constant experimental temperature of 37.0 +
0.5 °C was maintained throughout the experiment. Active self-ligating
0.022" slot straightwire brackets with MBT prescription (Bioquick,
Forestadent GmbH, Germany) were placed on the Kavo Typodont model
and the experimental tooth. The brackets were positioned using a pas-
sive pre-bent 0.021” x 0.025" steel wire and then fixed with a two-
component epoxy adhesive.

2.2. Biomechanical measurements and simulation

Forces and moments during orthodontic tooth movement were
simulated for three different scenarios: an extruded tooth, a rotated
tooth, and an angulated tooth. For the simulation of the intrusion, the
tooth was extruded from its idealized position in the dental arch by 1.6
mm. In the rotational movement, the starting position of the experiment
corresponded to a mesial rotation of the tooth by 6°. In the final series of
experiments, the starting position was defined by angulating the tooth
by 10° mesially. The respective misalignments were programmed into
the robot’s control software, allowing them to be driven to the same
starting position for all experiments. Forces and moments were deter-
mined for two 0.016" Nickel-Titanium (NiTi) leveling archwires Sen-
talloy Light and Sentalloy Medium (GC Corporation, Japan). Five wires
of each type were examined in independent measurement cycles. The
sensor’s coordinate system was configured such that its x-axis corre-
sponds to the mesiodistal axis, the y-axis corresponds to the oro-
vestibular axis, and the z-axis corresponds to the vertical axis of the
orthogonally aligned bracket slot (Fig. 1B). Consequently, a measured
moment about the x-axis corresponds to a root moment, in the case of
the y-axis to an angulation moment, and for the z-axis to a rotation
moment. Furthermore, a positive F, corresponds to an intrusive force,
and a positive My corresponds to a protrusive moment.

Before engaging the archwire into the brackets, no forces or moments
were acting on the test tooth or the corresponding sensor. Mathematical

Fig. 1. A: ROSS: KUKA KR 5-sixx R650 Industrial
robot (1), robot end effector with force-torque sensor
and test tooth (2), KAVO Typodont model (3) within
the reference frame constructed for the experiment
including the thermocamber (4). B: Close-up of the
experimental setup: KAVO Typodont model made of
high-strength titanium alloy, force-torque sensor
(indicated by a red vertical line), robot end effector
and test tooth 11 with a schematic representation of
the spatial coordinate system of the sensor. The di-
rection of the measurement components along the x-
(mesiodistal), y- (orovestibular), and z- (vertical) axis
are shown by the arrows.

109



B. Dotzer et al.

corrections within the robot program also ensured that distortions of the
measurement data due to gravity or the robot’s own weight or move-
ment could be excluded. The measured force and moment values were
transformed to the bracket slot or the center of force (CoF) and the
center of resistance (CoR) of the tooth. This transformation was per-
formed by geometrically measuring the distances and angles between
the plane of the force/torque sensor and those of the center of force/
resistance using the 3D CAD program Autodesk Inventor (Autodesk
GmbH, Germany). The transformation matrix used, based on the x-y'—z"
convention, describes the coordinate transformations from the original
coordinate system of the force/torque sensor to that of the center of
force/resistance. The data was transmitted to the connected measure-
ment computer through the robot control. After the start of the experi-
ment, the control program calculated position corrections and the robot
moved the attached tooth according to the calculated specifications,
intending to cyclically reduce the forces and moments. No additional
forces or moments, other than those of the archwire, were produced by
the position adjustments since the robot only moved in the direction of
the applied force vectors in order to reduce the forces and moments
acting on it. This principle of adaptive compliance is also called force
control and is an effective method that enables a robot to adapt to
changing forces and moments during a task. Feedback parameters pro-
grammed into the force control determined the robot’s movement
sensitivity by assigning movement amplitudes to the respective force
systems. The data exchange within the experiment took place until a
termination condition was reached, which was defined by an asymptotic
course of the forces and moments. In addition, a time limit of 10 min for
communication between the robot and computer or control program
was defined. The described test stand was named - “3-D Robot Ortho-
dontic Measurement & Simulation System” (ROSS).

2.3. Statistical analysis

The Kolmogorov-Smirnov test was used to verify normal distribu-
tion, which was true for the majority of the calculated values. Therefore,
the Mann-Whitney U test was applied as a non-parametric test for in-
dependent samples. Calculations were performed using IBM SPSS 27
(IBM Corp., Armonk, NY, USA), with a significance level of a = 5%.

3. Results
3.1. Intrusion

The simulated intrusion of the experimental tooth showed that, in
addition to the intrusive force F,, a protruding moment My around the
mesio-distal x-axis occurred. The evaluation of the results showed
correspondingly higher initial forces and moments for the Sentalloy
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Medium archwires with F, = 1.637 N and M = 9.609 Nmm compared to
the Light archwire measurement series with F, = 1.442 N and My =
6.781 Nmm. These initial moments of the tested archwires differed
significantly (p = 0.008). The course of the individual graphs showed
that forces and moments decreased in relatively equal extent for both
archwires. The scaling of the x-axis was set to a reference distance of 0.8
mm to eliminate retreats towards the end of the experiment to facilitate
a comparable interpretation (Fig. 2). The realized intrusion distances
only slightly differed from an average of z=1.089 mm to z = 1.139 mm
(p = 0.690). An intrusion over the full distance of 1.6 mm from the
extruded position to the idealized physiological position was not ach-
ieved in any of the test series. The maximum intrusion was 1.346 mm
(Table 1).

Additional movements in the other spatial planes occurred during
the simulated intrusion. From the start of the experiment, the tooth was
continuously moved mesially along the x-axis until a maximum deflec-
tion of x = —0.101 mm (Fig. 3A). In addition, there was a vestibular
directed shift of the tooth along the oro-vestibular y-axis. The tooth was
moved vestibularly by up to y = 0.169 mm (Sentalloy Light archwires)
or within a range of y = +0.044 mm (Sentalloy Medium archwires)
(Fig. 3B).

3.2. Rotation

The simulated rotations showed significant differences between the
Sentalloy Light and Medium archwires regarding the acting forces (p =
0.008) and moments (p = 0.008). Values of rotational moment M, and
the force in the oro-vestibular direction Fy, corresponding to a rotational
movement, are presented relative to the rotation R; of the tooth about its
longitudinal z-axis for illustration (Fig. 4). Forces in the oro-vestibular
direction (Fy) showed initial forces of Fy = 0.432 N (Sentalloy Me-
dium), compared to Fy = 0.302 N (Sentalloy Light) (Table 2).

Sentalloy Light archwires showed lower initial values of M, =
—8.271 Nmm compared to the Sentalloy Medium archwires with M, =
-9.653 Nmm. Additionally, the experimental tooth was derotated about
0.4° further by the Sentalloy Medium archwires compared to the sim-
ulations with the Sentalloy Light archwires (p = 0.008). However, a
complete rotation of R, = 6° was not achieved.

Additionally, movements in the mesio-distal (x) and vestibulo-oral
(y) direction were observed (Fig. 5). When moving along the x-axis,
the tooth was initially deflected mesially by up to x = —0.119 mm before
moving distally by up to x = 0.339 mm in the further course of the
experiment (Fig. 5A and B). The deflection of the tooth in the vestibular
direction reached its peak with up to y = 0.371 mm after a rotation of Rz
= 1.5-2.0°. Subsequently, the tooth moved back towards the starting
position but did not fully reach it by the end of the simulation, resulting
in a slightly vestibular position of the tooth in all cases (Fig. 6B).
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0.0 0.2 0.4 0.6 0.8

Displacement z [mm]

Fig. 2. A: Correlation between protrusion moment [My] and intrusion distance [z] B: Correlation between intrusion force [F,] and intrusion distance [z] — Shown are
the averaged curves of each archwire system with a graphically visualized standard deviation range.
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Table 1
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Means, maximum values (Max.), and respective standard deviations (SD) of the initial intrusion forces F, [N], the initial protrusion moments My [Nmm], and realized
intrusion distances z [mm] for Sentalloy Light and Medium 0.016" archwires.

Archwire [Inch] F, [N] M, [Nmm] z [mm]
Mean SD Max Mean SD Max. Mean SD Max.
Sentalloy .016 Light 1.442 +0.127 1.545 6.781 +0.937 8.152 1.139 +0.173 1.346
Sentalloy .016 Medium 1.637 +0.328 2.163 9.609 +0.871 10.790 1.089 +0.016 1.113
p-Value* 0.222 0.008" 0.690
*Mann-Whitney U test.
Statistically significant difference.
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Fig. 3. A: Correlation between displacement along the mesio-distal axis [x] and the intrusion [z]. B: Correlation between displacement along the vestibulo-oral axis
[y] and the intrusion [z] - Shown are the individual curves of the ten measured archwires.
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Table 2

Means, maximum values (Max.), and respective standard deviations (SD) of the initial oro-vestibular forces Fy [N], the initial rotational moments M, [Nmm] and

realized rotations R, [°] for Sentalloy Light and Medium 0.016" archwires.

Archwire [Inch] Fy [N] M, [Nmm] R, ['1

Mean SD Max Mean SD Max. Mean SD Max
Sentalloy .016 Light 0.302 +0.036 0.349 —-8.271 +0.243 —8.477 —4.853 +0.154 —5.056
Sentalloy .016 Medium 0.432 +0.049 0.509 —9.653 +0.512 —10.076 —-5.316 +0.098 —5.452
p-Value* 0.008f 0.008" 0.008"

*Mann-Whitney U test.

Statistically significant difference.

Movements along the tooth axis (z) also occurred in two phases or di-

rections. At the beginning of the rotation, the front tooth was intruded
by up to z = 0.122 mm, before it extruded in the further course of the
experiment (Fig. 5C). After the end of the experiment, the tooth was

therefore on average in a position extruded by z = —0.081 mm (Table 2).
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3.3. Angulation

The simulated angulation movements showed significant differences
regarding the measured forces (p = 0.008) and moments (p = 0.008)
between the Light and Medium archwires respectively. The main pa-
rameters of this simulation were moments around the oro-vestibular y-
axis (My) and the force along the tooth or z-axis (F,), corresponding to an
uprighting of the experimental tooth.

Sentalloy Medium archwires produced higher moments and forces
compared to the Sentalloy Light archwires (Fig. 6). Regarding the
moment around the oro-vestibular y-axis, the initial values of the Sen-
talloy Medium archwires, with an average of My = 11.486 Nmm, were

about 3 Nmm above the values of the Sentalloy Light archwires, with My,
= 8.477 Nmm. Regarding the initial force F,, which acts in the direction
of the tooth axis, the Sentalloy Medium archwires (F, = —0.300 N)
produced forces nearly three times as high as the Sentalloy Light arch-
wires (F, = —0.122 N). Furthermore, the Sentalloy Medium archwires
were able to upright the experimental tooth further, with an average of
Ry = 8.636°, compared to the Sentalloy Light archwires with Ry =
6.383°. Despite a maximum root angulation of up to Ry = 8.710°,
complete up-righting of the tooth was not achieved (Table 3).

In Fig. 7 the displacements of the tooth along the three spatial axes
during the simulation of the movement are represented. With approxi-
mately x = 1.466 mm and x = 1.936 mm, mainly a distally directed
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Table 3
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Means, maximum values (Max.), and respective standard deviations (SD) of the initial up-righting forces along the tooth axis F, [N], the initial angulation moments My,
[Nmm] and realized angulations Ry [°] for Sentalloy Light and Medium .016" archwires.

Archwire [Inch] F, [N] My [Nmm] Ry [’1
Mean SD Max. Mean SD Max Mean SD Max.
Sentalloy .016 Light —-0.122 +0.014 —0.138 8.477 +0.447 8.984 6.383 +0.303 6.773
Sentalloy .016 Medium —0.300 +0.036 —0.331 11.486 +0.161 11.655 8.636 +0.045 8.710
p-Value* 0.008" 0.008" 0.008"
*Mann-Whitney U test.
'Statistically significant difference.
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movement along the x-axis occurred (Fig. 7A). Additionally, the tooth
was often initially deflected towards the buccal side by up to y = 0.247
mm after the start of the simulation before the movement direction
reversed and turned back towards the point of origin. At the end of the
simulation, the tooth had almost reached its starting position or slightly
exceeded it (Fig. 7B). Furthermore, an extrusion movement of up to z =
—0.458 mm or z = —0.570 mm along the z- or tooth-axis took place
(Fig. 7C).

4. Discussion

Employing the newly developed biomechanical test stand ROSS,
forces and moments were dynamically measured for three different
typical scenarios of orthodontic tooth movement with a multibracket
appliance during the leveling phase: rotation, angulation and intrusion.

The investigation of the force systems generated by the archwires
showed that in all the experiments performed, the resulting forces and
moments of the Sentalloy Medium archwires were higher than those of
the Sentalloy Light. This can be explained by the fact that, due to their

material properties, the Medium archwires apply a greater force at
comparable deflection than the Light versions. Furthermore, for each of
the three motion simulations conducted, it was shown that the tooth did
not fully return to its starting position after the completion of the trial.
This is primarily attributable to the mismatch of the used archwire di-
mensions and the slot size of the brackets used. The angle (6.) by which
the wire can move maximally in the slot can be calculated from the
mathematical relationship between the slot width (slot), the diameter of
the wire used (size), and the length of the bracket slot in mesio-distal
extent (width) (Kusy and Whitley, 1999). In the conducted experi-
ments, two round archwires with a dimension of 0.016” were used,
which resulted in a maximum loss- or critical contact angle of approx-
imately 6. = 3°, taking into account the 0.022" slot width and a
measured mesio-distal slot length of 0.112". In the simulated rotation
and angulation movements, the physiological ideal positions were
missed by 0.586-3.92°, which was close to the calculated value. In the
investigated intrusion, a play of 0.006" resulted from the mismatch be-
tween the slot width (0.022") and archwires (0.016"), due to the vertical
movement pattern. However, the remaining intrusion distance was
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partially up to 0.021". This can be attributed to the fact that the tooth
and bracket were tilted vestibularly from their neutral position due to
the observed protruding moment My, resulting in an increased mismatch
between the slot size and archwire dimension in the protruded state.

The force systems of the three different motion simulations must be
evaluated separately. For rotational and angular movements with tooth
misalignments of 6° and 10° as starting positions, the applied forces and
moments averaged at 0.432 N and 0.3 N and 9.653 Nmm and 11.486
Nmm, which is within the physiologically acceptable range for the
corresponding tooth movements (Proffit et al., 2007; Ricketts, 1976;
Reitan et al., 1989). In a comparable biomechanical study, derotation
movements were simulated using aligners with rotational moments of
up to 71.8 Nmm, exceeding the suitable load of approximately 20 Nmm
by a factor of 3.6 (Proffit et al., 2007; Hahn et al., 2010). In another
study investigating thinner aligners with a thickness of only 0.3 mm,
which are clinically considered inadequate due to their insufficient
dimensional stability, acceptable rotational moments of 17.48 Nmm
were measured, however with an intrusive force of 3.58 N as a side effect
(Elkholy et al., 2017). Such high forces and moments would be expected
to cause significant overloading of periodontal structures and apical root
resorption (Barbagallo et al., 2008). As described in the literature, or-
thodontic tooth derotation with superelastic NiTi leveling archwires is
more effective, biomechanically favorable and shows a lower risk of
adverse effects compared to tooth derotations with aligners (Simon
et al., 2014; Rossini et al., 2015; Charalampakis et al., 2018; Griinheid
etal., 2017; Papadimitriou et al., 2018). Although the results of different
biomechanical studies are not directly comparable, this view is sup-
ported by the results of Elkholy et al. and the results of this study in
terms of the forces and moments that occur (Elkholy et al., 2017). With
regard to angulation movements, no comparable biomechanical studies
are available to the authors’ knowledge.

In contrast to the simulation of rotation and angulation movements
with suitable force and moment ranges, inadequate forces up to 1.5 N
were measured for the simulated intrusion movements starting with an
initial extrusion of 1.6 mm. Since the force during an axial or vertical
tooth movement is only distributed over approximately 10% of the total
root surface, even forces of 0.3-0.5 N may already cause increased root
resorptions (Wichelhaus, 2013; Sander et al., 2011; Kurol and
Owman-Moll, 1998). Consequently, the 0.016" NiTi archwires tested do
not appear to be suitable for leveling a tooth extruded by 1.6 mm. One
way to reduce the magnitude of the acting forces and moments while
keeping the archwire dimensions constant is to use different alloys with
lower force levels. However, in the case of intrusion simulation, even the
Light archwires applied averaging initial forces of 1.442 N, which were
significantly higher than the recommended values. Therefore, archwires
with smaller diameters can be used to reduce the forces (Reddy et al.,
2016; Gabersek, 2007). Reducing the archwire diameter by 0.002" was
found to decrease the deflection force plateau of about 50%, and
reducing the diameter by 0.004", from 0.016" to 0.012", by about 150%
(Lombardo et al., 2012).

Even though the simulations with the newly developed test stand
ROSS allow the investigation of the dynamic course of forces and mo-
ments of orthodontic multibracket appliances, the results of in vitro
studies can only reflect the clinical situation to a limited extent (Sifa-
kakis and Eliades, 2017). The measurements in this study refer to data
transformed to the idealized center of resistance of the experimental
tooth, since the forces and moments present at that point are decisive for
the resulting tooth movement. Relevant clinical parameters such as the
individual tooth anatomy, the dynamic shift of the center during tooth
movement or the damping effect of the periodontal ligament during the
initial deflection of the tooth could not be considered (Wichelhaus,
2013). Furthermore, it should be noted that the described experimental
approach represents a simplification of orthodontic tooth movements, as
the constant values used as feedback parameters for the robot’s move-
ment do not capture the complexity of the individual movement phases,
where the velocity of tooth movement may vary (Reitan, 1957, 1960).
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The archwire diameter and starting positions for the experiments were
selected based on the available literature (Elkholy et al., 2017; Sander
et al., 2011; Perrey et al., 2015; Jain et al., 2021; Mandall et al., 2006;
Ong et al., 2011; Wang et al., 2010). However, three simplified mis-
alignments of an experimental tooth in combination with two archwires
were simulated, which does not represent the multitude of possible force
systems for individual more complex malocclusions and different arch-
wire and bracket systems.

Despite the limitations of in vitro studies, they present a valid
method to investigate the behaviour of orthodontic appliances and to
derive conclusions for their clinical application. The results of the pre-
sent investigation show that 0.016” NiTi archwires produced forces
beyond the recommended ranges for orthodontic tooth movement dur-
ing simulated intrusion movements for the complete motion sequence
(Wichelhaus, 2013; Ricketts, 1976; Reitan et al., 1989; Sander et al.,
2011; Faltin et al., 1998). Although super-elastic 0.016" NiTi archwires
have been proposed for initial leveling (Jain et al., 2021; Mandall et al.,
2006; Ong et al., 2011; Wang et al., 2010), practitioners should consider
using reduced archwire diameters (<0.016") when vertical deviations
are present.

5. Conclusions

A novel biomechanical test stand was developed to measure the
dynamic course of forces and moments during simulated orthodontic
tooth movement with multibracket appliances. Within the limits of the
study, 0.016" NiTi archwires generated suitable forces and moments for
a derotation of 6° and an angulation of 10° of the experimental tooth,
whereas forces were inadequate for a simulated intrusion of 1.6 mm.
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Abstract: This study aimed to investigate the dynamic behavior of different torque archwires for
fixed orthodontic treatment using an automated, force-controlled biomechanical simulation system.
A novel biomechanical simulation system (HOSEA) was used to simulate dynamic tooth move-
ments and measure torque expression of four different archwire groups: 0.017” x 0.025" torque
segmented archwires (TSA) with 30° torque bending, 0.018" x 0.025” TSA with 45° torque bending,
0.017"” x 0.025" stainless steel (SS) archwires with 30° torque bending and 0.018” x 0.025” SS with 30°
torque bending (1 = 10/group) used with 0.022” self-ligating brackets. The Kruskal-Wallis test was
used for statistical analysis (p < 0.050). The 0.018" x 0.025” SS archwires produced the highest initial
rotational torque moment (My) of —9.835 Nmm. The reduction in rotational moment per degree
(My /Ry) was significantly lower for TSA compared to SS archwires (p < 0.001). TSA 0.018" x 0.025”
was the only group in which all archwires induced a min. 10° rotation in the simulation. Collateral
forces and moments, especially Fy, F, and My, occurred during torque application. The measured
forces and moments were within a suitable range for the application of palatal root torque to incisors
for the 0.018” x 0.025” archwires. The 0.018” x 0.025” TSA reliably achieved at least 10° incisal

rotation without reactivation.

Keywords: orthodontics; 3D measurement; force control; biomechanics; hexapod

1. Introduction

In orthodontic therapy with fixed appliances, biological tooth movement is achieved
by applying forces and moments to the teeth and further to the surrounding structures
involved—the periodontal ligament and alveolar bone [1-3]. For efficient tooth movement
and avoidance of adverse effects such as pain, extensive hyalinization and root resorption,
knowledge and control of orthodontically applied forces and moment magnitudes is
required [4,5].

While force magnitudes can be accurately determined for some components used
with fixed appliances, such as elastic chains, nickel-titanium springs, cantilevers, and
intermaxillary elastics, the resulting forces of more complex archwire bends are difficult to
determine or even estimate in vivo [6]. However, this knowledge is particularly important
for critical orthodontic tooth movements frequently leading to apical root resorption, such
as orthodontic torque application [7]. Clinically, the application of palatal root torque is
indicated for orthodontically correct incisor inclination or to maintain it, e.g., during incisor
retraction [7]. To obtain information about forces, moments, movements or similar, two
methods of in vitro investigations are established in orthodontic science: digital, finite
element (FE) simulation and biomechanical experiments [8-10].

FE simulations are based on computer-aided numerical methods and can perform
analyses on a virtual model [11,12]. However, FE simulations have limitations implement-
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ing complex structures consisting of multiple components and reflect dynamic material
interactions [13]. Simplifications are necessary during the modeling process, thus the
clinical implications of FE simulations are to be interpreted carefully and may require
experimental verification in more complex cases [14].

Biomechanical experiments, on the other hand, can serve to investigate material char-
acteristics, such as geometrical accuracy, Young’s modulus, surface properties and frictional
behavior, among others [15-17]. Biomechanical simulation systems can additionally ad-
dress complex dynamic physical behaviors and material interactions during simulated
clinical procedures. Most biomechanical simulation systems focus mainly on specific
individual tooth movements, such as distalization or mesialization [18] or static torque
expression and rotating movements [15,19]. Only a few experimental setups are designed
to simulate complex motion sequences, such as dynamic torque expression [20,21].

HOSEA is a novel biomechanical simulation system based on a hexapod platform
with a parallel kinematics positioning system that allows coordinated multi-axis motion
in all six degrees of freedom. Controlled by a force-moment-dependent algorithm, this
platform can move autonomously with respect to defined points such as the center of force
or center of resistance to simulate the dynamic behavior of orthodontic mechanics.

The aim of this study was to investigate the dynamic torque expression of different
orthodontic torque archwires during tooth movement using an automated, force-controlled
biomechanical simulation system.

2. Materials and Methods
2.1. Biomechanical Simulation System

A hexapod or Stewart platform HP-550 (PI GmbH, Karlsruhe, Germany) was used as
central motion element of HOSEA. The integrated six linear actuators are able to move a
platform in six degrees of freedom (three translational and three rotational) with the highest
precision and almost play-free. A computer and a control unit (Geobrink LV 8-axis, Delta
Tau Data Systems Inc., Chatsworth, LA, USA) were used to control the Stewart platform.
The control software was developed using LabView 12 (NI, Austin, TX, USA). As the main
part of the software, an algorithm was implemented to allow force-controlled movement.
This enables the platform to move autonomously, depending on the continuously measured
forces and moments. A six-axis force-torque sensor was integrated into HOSEA to measure
forces and moments (Nano17 SI-50-0.5, ATI Industrial Automation, New York, NY, USA).
It is able to measure a force range of 70 N in the axial direction and 50 N for the two
space vectors at a resolution of 1/80 N. The measuring range for the torsional moment is
500 Nmm in all spatial planes at a resolution of 1/16 Nmm (Figure 1a).

All experiments were conducted at ¥ = (36 £ 1) °C in a temperature chamber with a
temperature controller (TOHO TM-105, TOHO electronics, Sagamihara, Japan), because of
the temperature-dependent material characteristics of the nickel-titanium component of
the investigated archwires. HOSEA as a whole was housed in this chamber.

An experimental plaster model was made based on a typodont (Frasaco GmbH,
Tettnang, Germany). Simulating an extraction therapy case, the first premolars were
removed and replaced by canines. The model was divided into two segments, an anterior
(teeth 12,11, 21, 22) and one posterior segment (teeth 13-17, 23-27). The anterior segment
was attached to the sensor and the posterior segment to the Stewart platform by a SAM
articulator plate and base (SAM Praezisionstechnik GmbH, Munich, Germany) (Figure 1).
The sensor and the anterior segment are fixed onto a strut of the housing, while the posterior
segment is moved by the hexapod. The interbracket distance between the first molar and
the lateral incisor was set at 28 mm on both sides.

Subsequently, the experimental model and four plastic incisors (ANA-4 ZP, Frasaco
GmbH, Tettnang, Germany) were digitized using a desktop 3D scanner (Everest Scan,
KaVo Dental GmbH, Biberach an der Rifs, Germany). The scans of the incisors were post-
processed with modeling software (Autodesk Meshmixer Version 3.5, Autodesk Inc., San
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Rafael, CA, USA). The length of the incisors’ roots were set according to average length
values [22].

(b)

Figure 1. (a) Plaster model in the examination chamber of HOSEA; the force-torque sensor is

attached to the anterior segment, while the posterior segment is connected to the moving Stewart
platform. (b) Plaster model in the starting position, with superimposed coordinate system used for
the measurements.

The model scan and the tooth scans were matched with MeshLab [23] using an iterative
closest point algorithm. Afterwards, MeshLab was utilized to determine the root surface
barycenter which was identified as the center of resistance of the anterior segment of the
four incisors. This center of resistance was set as the pivot point of HOSEA. Additionally,
root surfaces were used to calculate the coefficients of a transformational matrix to specify
the movement for each spatial direction. To describe directions of forces and moments,
a coordinate system was defined on the anterior segment of the teeth (Figure 1b). It is
aligned in such a way that its origin matches the center of the sensor. The position has
been designed to coincide with the position of the calculated center of resistance. The
sensor has a coordinate system determined by the manufacturer. The manufacturer’s
coordinate system was adapted to the anterior tooth coordinate system by employing
mathematical transformation. As a result, the data measured by the sensor can be described
in anterior segment system coordinates. Vertical movements are defined in the coordinate
system along the z-axis, while anteroposterior movements are defined along the x-axis. The
distance between the sensor center and the center of force of the anterior tooth segment
was considered mathematically.

Self-ligating orthodontic brackets (0.022”, In-Ovation R, Dentsply Sirona, New York,
NY, USA) were passively bonded to the plaster model using a 0.021” x 0.025” stainless steel
archwire aligned along the marked FACC points [24].

The starting position of the mounted model in the experimental setup was determined
with the help of the previously utilized 0.021” x 0.025” stainless steel archwire to obtain
a fully passive fit. It is important to point out that in the given experimental setup, the
position of the anterior segment is fixed while the posterior jaw segment is moved by the
HOSEA system.

2.2. Measurements and Biomechanical Simulation of Tooth Movement

For the measurements and biomechanical simulations, pre-torqued archwires were
ligated to the jaw model after passive alignment and initial calibration with supplementary
steel ligatures (Forestadent GmbH, Pforzheim, Germany) in the starting position of the
experimental setup of HOSEA.
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In total, 40 torque archwires were examined. Four groups of ten samples were bent
and adapted to the model by the same experienced clinician (Table 1). The measurement
cycle was finished as soon as the anterior segment stopped rotating. All experiments were
conducted at the lowest velocity to reduce the effect of the movements on the measurements.

Table 1. Sample groups used for the investigations, their material composition, the archwire dimen-
sions and the amount of applied torque bends.

Archwire Material Material Identification Applied Torque Sample Size Archwire Size
Stainless steel X10CrNi 18-8 30° 10 0.017" x 0.025”
Stainless steel X10CrNi 18-8 30° 10 0.018" x 0.025”

. X5CrNi 18-10 o 1" 1"
Torque-segmented archwire Nickel Titanium 30 10 0.017"" x 0.025
Torque-segmented archwire X5CrNi 18-10 45° 10 0.018" x 0.025”

Nickel Titanium

2.3. Statistical Analysis

Graphs were generated using OriginPro 2020b (OriginLab Corporation, Northampton,
MA, USA), and tables were prepared using Microsoft Excel 2016 (Microsoft Corporation,
Redmond, WA, USA).

For statistical analysis, Kruskal-Wallis test with a significant value of « = 0.050 was
conducted in IBM SPSS Statistics 26 (International Business Machines Corporation, Armonk,
NY, USA).

3. Results

Figure 2 illustrates the rotational moment My in relation to the rotation of the anterior
segment Ry. Each of the four graphs represents a single archwire category, in which the
10 archwires are individually identified by different colors. The results of the measurements
are presented according to the implemented Tweed coordinate system for the anterior tooth
segment (Figure 1b). Since forces and moments were calculated at the center of resistance
of the segment, the resulting force and moment values’ direction indicate specific tooth
movements. Negative values of My resemble the rotational moment resulting in a palatal
root torque expression. Initial moments and forces were measured at 0.1° of rotation
to reduce initial irregularities. Figure 2 and Table 2 show that larger wire dimensions
account for higher rotational moments, initially and throughout the rotation, compared to
smaller dimensions. The SS archwires have a tendency towards higher rotational moments.
The highest rotational moment was observed in the SS 0.018” x 0.025” group, measuring
—9.835 Nmm at 1° rotation on average.

The four graphs (Figure 2) also illustrate a difference in rotation achievable through
archwires within each group. To investigate this further, Table 2 differentiates between cer-
tain degrees of rotation (2.5°, 5° and 10°), the according rotational moment My and the num-
ber of archwires successfully achieving rotation to the respective degree. Within a group,
some samples failed to rotate to a certain degree. All investigated 0.018” x 0.025” TSA arch-
wires successfully managed to rotate the segment for 10°. In contrast, in the 0.018” x 0.025”
SS group, only four archwires reached this amount of rotation. The 0.017” x 0.025” SS
and TSA archwires failed to reach this mark. Only a reduced number of 0.017” x 0.025"”
archwires caused a 5° rotation. Within the TSA 0.017” x 0.025” group, eight archwires
achieved a 2.5° rotation (Table 2).
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Figure 2. Graphs depicting rotational moments (Nmm) at the center of force in relation to the rotation
of the segment (°). All measurements started at a rotational angle of 0° with an initial moment My,
(Ry =0.1°). HOSEA rotates the posterior segment until My has come to an equilibrium position and
rotation has stopped. Every colored curve corresponds to the measurement of one archwire. Each
graph represents the archwires within a sample group.

Table 2. Mean rotational moments at the center of force at different stages of rotation for the different
archwires investigated. Each archwire category consisted of 10 archwires. The number of archwire
samples per group succeeding to rotate the anterior segment by a certain degree (1°,2.5°, 5°, 10°) are
shown in the line “No. of samples”. Only the successful samples were included in the calculation
at the defined rotational position of the anterior segment. If the amount of rotation was not been
reached by any of the archwire samples in the respective group this is indicated by “-“.

. Torque My (Nmm) (SD) My (Nmm) (SD) My (Nmm) (SD) My (Nmm) (SD)
Archwire Category di
Bending Ry =1° Ry = 2.5° Ry = 5° Ry = 10°
0.018” x 0.025" TSA 450 8.468 (1.330) —8.207 (1.372) —7.297 (1.576) —3.927 (3.753)
No. of samples 10 10 10 10
0.018" x 0.025" SS 200 —9.835 (1.701) —8.604 (1.563) —6.393 (1.414) —2.579 (0.916)
No. of samples 10 10 10 4
0.017" x 0.025" SS 300 —4.914 (1.648) —4.004 (1.547) —3.571 (0.664) )
No. of samples 10 10 5
0.017" x 0.025" TSA 2300 —2.284 (0.906) —1.903 (0.879) 0.022 (0.022) ]
No. of samples 10 8 3

In general, all four types of archwires had a reduction in the rotational moment as
soon as the anterior segment rotates (Figure 2). However, the rate of rotational moment
decrease varied depending on the archwire group. SS archwires showed a significantly
higher moment reduction per degree (My/Ry) than TSA archwires (Table 3). Statistical
analysis revealed a difference between the two material classifications but not between the
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archwire sizes (p = 0.006 for 0.017” x 0.025" wire dimensions, p < 0.001 for 0.018” x 0.025”).
Furthermore, the rotational moment depletion rate of the TSA groups showed a smaller
standard deviation than the SS groups (Table 3).

Table 3. Rotational moment depletion rate for the different archwire categories. The sample size for
each archwire category was n = 10.

Archwire Category Torque Bending My/Ry (Nmm/°) SD p
0.018" x 0.025"” TSA 45° —0.405 0.045

<0.001
0.018” x 0.025” SS 30° —0.898 0.108
0.017" x 0.025” TSA 30° —0.396 0.083 0.006
0.017" x 0.025” SS 30° -0.717 0.136 ’

During rotation, collateral forces and moments were observed. The initial values of
these forces and moments at 1° rotation are reported in Table 4. The 0.018” x 0.025” SS
group showed the highest values for the collateral force Fy of —0.788 N. Statistical analysis
showed that the two SS archwire groups differed significantly (p = 0.042) (Table 4). They
were also both different from the 0.017” x 0.025” (30° torque) TSA group (p = 0.037 for
0.017” x 0.025”, p = 0.000 for 0.018” x 0.025”). A significant difference (p = 0.010) could also
be observed among the TSA groups. There was no significant difference between the SS
0.018” x 0.025" (30° torque) and TSA 0.018” x 0.025” (45° torque) groups (p = 0.137). Focus-
ing on the extrusive force F,, larger values could be observed in the 0.018” x 0.025” archwire
groups (Table 4). A significant difference was observed between the 0.017” x 0.025” and
0.018” x 0.025" archwire dimensions in each material group (p = 0.003 for SS, p = 0.001 for
TSA). The SS group showed higher mean values and standard deviations compared to the
two TSA groups (Table 4). My corresponds to a rotational movement that leads to extrusion
on one side of the incisal segment and intrusion on the other.

Table 4. Average initial forces and moments for the different archwire categories in and around the
three spatial dimensions (X, y, z). The superscripts correspond to a significant difference between the
measured variable and the examined sample of the corresponding archwire categories titled variables
@b, ¢, dy according to the Kruskal-Wallis test with « = 0.050. The sample size of each archwire category

was n = 10.
. Torque  F(N) Fy (N) F,(N) My (Nmm) My (Nmm) M, (Nmm)

Archwire Category Bending (SD) (SD) (SD) (SD) (SD) (SD)

. p . —0.399 ~0.195 —0.083 2.099 —4914 0.018
H B ] —0.788 ~0.193 —0.300 2.104 —9.835 —0.079
b 00187 x0.025"5S 30 (0.159) (0.260) (0.089) 2 (2.723) (1.701) (0.173)
. p . ~0.150 0.070 —0.113 —0.586 —2.084 —0.070
¢ 00177x0025"TSA 30 00554 (0100)%  (0.069) %4 (1.189)°  (0.906)%4  (0.194)
,, B . —0.457 0.078 —0.325 0.051 —8.468 —0.886
d  0018"x0025"TSA 45 0.160)¢  (0.156)%  (0.081)% (1.664) (1.330)¢  (0.881)°

Figure 3 depicts the measured collateral forces Fx, representing a retractive force, and
F,, corresponding to an extrusive force. Focusing on Fy, both SS groups showed a linear
force reduction during the rotation of the anterior segment. In contrast, in the TSA groups,
the extrusive force increased at the beginning of the rotation, peaked during the course of
movement and then decreased. The measured retractive Force Fx ranged from a minimum
of 0N to a maximum of —1.0 N and was lowest in the TSA 0.017" x 0.025” group.
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Figure 3. Graphs depicting collateral forces Fx and F; at the center of force in relation to the rotation

of the segment (°). All measurements started at a rotational angle of 0° with an initial moment My (Ry

=0.1°). Every colored curve corresponds to the measurement of one archwire. Each graph represents

the archwires within a sample group.

The measured extrusive force F, was generally larger in the 0.018” x 0.025” archwire
groups. For SS 0.018” x 0.025” archwires, extrusive force F, values ranged between —0.1 N
and —0.45 N. For TSA 0.018” x 0.025” archwires, F, values ranged between —0.15 N and
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—0.6 N. In comparison, measured forces for the SS 0.017” x 0.025” archwire group ranged
between 0.1 N and —0.2 N, while the extrusive force of TSA remained in the negative
section between 0 N and —0.3 N.

In general, large variations in Fx and F, between archwires within all groups were evident.

4. Discussion

The dynamic course of torque expression of different orthodontic torque archwires
was investigated using the fully automated and force-controlled biomechanical simulation
system HOSEA.

Clinically, the application of rotational moments between 5 and 20 Nmm has been
recommended to achieve adequate torque on the incisors [25,26]. In this study, mean values
for rotational moments (My) ranged between 2.284 Nmm and 9.835 Nmm, where none of
the samples exceeded the upper limit of 20 Nmm. This is in line with the lower range of
comparable torque measurements in the literature [15,21,27]. Based on the archwire-bracket
configurations used, higher values would have been expected. Theoretically, the torsional
play between bracket and archwire can be calculated through geometric considerations [28].
However, the manufacturer’s specifications for the dimensions of both, bracket as well
as archwire, often do not correspond to the actual sizes due to manufacturing tolerances.
Studies have shown that bracket slots may be oversized by up to 24% in some areas [29].
Additionally, archwire examinations have shown that archwire sizes are outside lower
tolerance limits given by the relevant normative standards [30]. In this context, the results
of the present study suggest that more torsional play effectively occurs than theoretically
anticipated [31,32], leading to a significant loss of rotational moment.

As can be seen in Figure 2, the torsional moments from the TSA samples with the
smaller dimensions are very low, leading to the conclusion that the chosen configuration
of 0.017” x 0.025” with 30° of torque in combination with a 0.022” slot is not suitable to
perform incisor torque movements. Therefore, the sample group based on this combination
will not be considered further in this discussion.

In addition to the magnitude of the applied rotational moments, the rotational moment
reduction rate (My/Ry) is of particular clinical importance. In this regard, significant
differences were found between the groups investigated. The present study compared SS
with TSA archwires, in which the posterior segment was made of stainless steel and the
anterior segment was made of a superelastic nickel-titanium alloy. Compared to stainless
steel alloys, nickel-titanium alloys exhibit a low Young’s Modulus and show constant
force-deflection plateaus over rather long deflection ranges [33,34]. This was also reflected
in the results of this study, as the TSA groups showed a lower rotational moment depletion
rate (around 0.4 Nmm/°) compared to the SS groups (between 0.7 and 0.9 Nmm/°).

Furthermore, the need for reactivations of treatment mechanics is clinically relevant.
Reactivation becomes necessary when suitable moments are no longer exerted by the
orthodontic appliance. In this study, some specimens failed to achieve a reasonable amount
of rotation during the simulations, while the 0.018” x 0.025” TSA was the most reliable in
achieving a rotation of at least 10°. On the other side, depending on the magnitude of initial
starting moment My, the achievable rotational angle may also range up to 17.5° under the
same experimental conditions. It was shown that the final rotational angle depends on
the initial rotational moment My and the moment depletion rate. Clinically, this fact may
be of concern, especially because a similar wide spread of final rotational angles was also
found in all sample groups. One possible explanation for the wide range of initial rotational
moments My can be found in the manual torque bending and measuring procedure, which
is performed through a visual template comparison. Even though all archwires were bent
by the same experienced clinician, visual inspection cannot exclude slight variations in
torque bends and bends to adjust the archwire shape to the template. Although the anterior
segments in the TSA group were pre-torqued, these archwires were also adapted to the
shape of the template and a comparable pattern was found here as well. This probably also
explains the wide variation in the measured extrusive and retractive collateral forces in all
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archwire groups investigated. A calibrated measuring device for the effectively applied
torque angle is under development and will be validated for further research.

In addition to the measured rotational moment My resulting in palatal torque move-
ment of the incisors, significant collateral forces and moments were observed in F,, Fx and
M. This corresponds to an extrusion, as well as a mesio-distal movement and a rotation
around the y-axis. Extrusion and retraction of the anterior segment must generally be
anticipated biomechanically during torque application [7,35]. The sideways movement and
rotation are more likely to result from asymmetrical adjustment of the archwires. This effect
may be more pronounced in contrast to the clinical situation, as contacts between bracket
and archwire cannot be released by chewing forces and, in absence of lubricating saliva,
more pronounced frictional phenomena may occur. The measured collateral moment My
was higher for the SS groups with values of 2.099 Nmm and 2.104 Nmm compared to
the TSA groups with values ranging between —0.586 Nmm and 0.051 Nmm. The differ-
ence between the groups supports the assumptions, since TSAs are prefabricated in the
anterior segment and thus show lower asymmetry In comparison with the manually bent
SS archwires.

In vitro investigations with biomechanical test devices such as HOSEA are limited to
purely mechanical simulations and cannot reproduce orthodontic tooth movements as a
biological process. In addition to the absence of a periodontal ligament (PDL) and saliva,
simplifying assumptions were made in the simulations by using a standardized model
and in defining a static center of resistance of the anterior segment. Although the setup
used cannot simulate a PDL, the software allows the integration of previously calculated
characteristics, such as the center of resistance and the root resistance, into the simulated
movement. Despite the fact that, at present, it is recognized that each tooth has a unique
center of resistance, in this study, in order to simulate the movement of the anterior block
of teeth, a joint center of resistance was calculated as proposed in previous studies [36,37].
It was determined on the basis of indications in the literature at 10.324 mm apically of the
combined center of force of the four incisors [2,37,38].

Compared to in silico FE analysis, HOSEA allows the observation and analysis of the
biomechanical properties of physical orthodontic appliances, whereas FE analyses are solely
based on calculative models [3,39]. FE simulations calculate forces and moments generated
by mechanically idealized orthodontic appliances or archwires. The present investigations
can thus be perceived as an addition and validation to FE studies by providing values for
respective computations and allowing comparisons between investigation methods. The
presented setup can perform force-controlled simulations of different tooth movements in
terms of dynamic three-dimensional measurements, which is rare in orthodontic research to
date [10,20,40]. Furthermore, it is possible to conduct these measurements on real patient’s
dental casts in order to validate treatment plans in highly complex cases.

Considering the results and limitations of this study, the following clinical implications
can be derived:

e  The 0.017” x 0.025" archwires in combination with 0.022” slot brackets produced
forces and moments that were too low to achieve adequate palatal incisor root torque,
regardless of material group. Therefore, the use of 0.018” x 0.025” archwires with 30°
torque bends (SS) or 45° torque bends (TSA) are recommended for clinical use.

e  Although higher initial moments (My) were measured for the 0.018” x 0.025" SS
archwires, the 0.018"” x 0.025" TSA archwires exhibited a lower moment reduction
rate, indicating a reduced need for reactivation and appearing to be more suitable for
applying more constant rotational moments. Due to collateral effects such as extrusive
forces occurring during torque expression, the application of compensatory vertical
bends should be considered.

5. Conclusions

The dynamic course of torque expression of SS and TSA archwires during force-
controlled simulation of orthodontic tooth movement was investigated using the novel
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biomechanical test stand HOSEA. Both SS and TSA archwires produced suitable moment
magnitudes for palatal root movements at 0.018” x 0.025” dimensions in combination
with 0.022"” slot brackets. In contrast, 0.017” x 0.025” archwires did not produce sufficient
moment magnitudes and thus did not achieve adequate palatal root torque regardless of
the material. TSA archwires showed significantly lower rotational moment reduction rate
over time in comparison with SS archwires.
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