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Abkiirzungsverzeichnis

AlS adoleszente idiopathische Skoliose

AS All-screws-Verfahren

BR Bending-Aufnahmen

CT-Scans computertomographische Scans

CSVL central sacral vertical line

FA Funktionsaufnahmen

HSH Hybrid-Verfahren mit Schrauben und Haken
HSHB Hybrid-Verfahren mit Schrauben, sublaminaren Bandern und Haken
IP Umschlagpunkt

LIv unterster instrumentierter Wirbelkorper
MRT Magnetresonanztomographie

NSF nicht selektive Fusion

PS Pedikelschrauben

SF selektive Fusion

WSGA Wirbelsdaulenganzaufnahme
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Zusammenfassung

Die idiopathische Skoliose ist ein haufiges Krankheitsbild und tritt hauptsachlich bei Kindern
im Wachstumsalter auf. Abhdngig vom Auspragungsgrad der Deformitat wird das
Krankheitsbild operativ oder konservativ therapiert. Insbesondere die Kinder, welche operativ
behandelt werden sind im Rahmen ihrer Therapie einer ausgepragten Strahlenbelastung
ausgesetzt. Durch die Fusion mehrerer Bewegungssegmente im Rahmen der operativen
Therapie kommt es fiir die Patienten zu deutlichen Bewegungseinschrankungen, welche
eindeutig mit der Patientenzufriedenheit einhergehen. Durch moderne Konzepte der
selektiven Fusion kann hier ein deutlicher Beitrag zur Patientenzufriedenheit geliefert werden.
In den hier prasentierten Arbeiten konnte zum einem gezeigt werden, dass routinemaRig
angefertigte Schnittbildgebung zum Teil die Durchfihrung von prdoperativen
Funktionsaufnahmen obsolet machen kann, was einen erheblichen Beitrag zur Reduktion der
Strahlenbelastung fir die Patienten mit sich bringt. Ebenso wurde der Stellenwert der
Navigation und ihr Beitrag zur sicheren Positionierung von Pedikelschrauben, sowie zur
weiteren Reduktion der Strahlenbelastung fiir Patienten mit idiopathischer Skoliose
herausgestellt.

Als Beitrag zur Verbesserung der Patientenzufriedenheit wurde die selektive Fusion mit ihrer
Verkiirzung der instrumentierten Strecke und der guten Adressierung des sagittalen Profils als
sicheres Verfahren filir ausgewahlt Kurventypen bestatigt. Fiir den langfristigen Erfolg der
selektiven Fusion ist das Erzielen einer adaquaten knéchernen Fusion essenziell, hier konnte
der Einsatz von bovinen Xenografts als suffiziente Alternative fiir den Einsatz von
Beckenkammspongiosa prasentiert werden. Fiir den Erfolg der selektiven Fusion ist zudem die
Identifikation des untersten instrumentierten Wirbelkdrpers von zentraler Bedeutung. Hier
konnte gezeigt werden, dass bei der Bestimmung das sagittale Profil berlicksichtigt werden

sollte und sich dazu insbesondere der sagittale Umschlagpunkt hervorragend eignet.



Einleitung

Definition und Epidemiologie

Die aktuelle Leitlinie definiert die adoleszente idiopathische Skoliose (AIS) als eine
dreidimensionale Wirbelsdaulendeformitat mit dem Beginn im Zeitraum zwischen 10 und 18
Jahren und ohne klar erkennbare Ursache, d.h. unabhéngig von anderen Krankheiten. 7 Die
Pravalenz der AIS betragt bis zu 5,2%. Leichte Skoliosen treten bei Jungen und Madchen
anndhernd gleich haufig auf, wobei die Pravalenz von Skoliosen mit hdherem Cobb-Winkel bei

Madchen deutlich starker ansteigt als bei Jungen. 8

Einteilung und Therapiekonzepte

Elementarer Baustein der Diagnostik der Erkrankung ist bei auffalliger klinischer Untersuchung
die radiologische Diagnostik mittels Wirbelsaulenganzaufnahme (WSGA) in 2 Ebenen im
Stand. Anhand dieser Rontgenbilder kann zur Quantifizierung des AusmaRes der Skoliose die
Bestimmung des Cobb-Winkels erfolgen.”>0

Basierend auf den WSGA im Stand und zusatzlich durchgefiihrten Bending-Aufnahmen (BR)
zur Beurteilung, ob einzelne Nebenkurven struktureller oder nicht-struktureller Natur sind,
erfolgt die Einteilung der Skoliosen nach Lenke. ! Diese Klassifikation stellt aktuell die
gangigste Klassifikation dar. Sie weist eine verlassliche Planung der operativen Therapie auf
und hat zudem eine hohe intra- und interobserver Verlasslichkeit. 1213

Die Therapiekonzepte richten sich nach dem unterschiedlichen Schweregrad der AIS
gemessen am Cobb-Winkel. So wird bei jedem Patienten mit diagnostizierter AlS regelhafte
skoliosespezifische Physiotherapie und Eigenlibungen empfohlen. Am haufigsten werden die
physiotherapeutischen Konzepte nach Katharina Schroth empfohlen. Insgesamt ist die
Studienlage beziglich des Nutzens der Physiotherapie sehr heterogen und es liegt wenig
Evidenz vor. 71417 Weiterhin wird bei noch nicht stattgehabten Wachstumsabschluss und
gemessenen Cobb-Winkeln der Hauptkrimmung ab 25° thorakal bzw. ab 20° thorakolumbal
oder lumbal eine zuséatzliche Korsetttherapie empfohlen.”18-20

Ziel der Korsetttherapie ist langfristig eine Verschlechterung des Ausgangsbefundes zu
verhindern. Dauerhafte Korrekturen des Cobb-Winkels, besser als im Vergleich zu dem zu
Beginn der Behandlung gemessenen Cobb-Winkel, kénnen nur selten erreicht werden.?* Um

dieses Therapieziel zu erreichen, sollte nach Korsettanpassung eine Korrektur des Cobb-
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Winkels im Korsett um ca. 40% erreicht werden.”?? Die besten Ergebnisse kénnen durch die
Korsetttherapie erzielt werden, wenn eine Tragedauer von mindestens 18 Stunden pro Tag
erreicht wird.?326 Bezliglich des zu wahlenden Korsett-Typs besteht noch keine eindeutige
Datenlage. Die vorhandenen Daten zeigen am ehesten, dass mit rigiden Orthesen, wie zum
Beispiel einem Cheneau-Korsett die besten Korrekturen erreicht werden kénnen. 27282 Um ein
Rezidiv im Progress der Deformitat zu verhindert sollte die Korsetttherapie bis zum
Wachstumsabschluss fortgefiihrt werden.?® Grundsatzlich sollten alle Patienten mit AIS
wahrend ihres Wachstums klinisch und bei Bedarf auch radiologisch alle 4-6 Monate
kontrolliert werden.”

Laut aktueller Leitlinie sollte bei AlS-Patienten mit verbleibendem Restwachstum oder nach
Abschluss des Wachstums und Cobb-Winkeln der Hauptkriimmung > 50° thorakal bzw. > 40°
thorakolumbal oder lumbal die Indikation zur operativen Korrektur der Skoliose gestellt
werden. Zwischen 40° und 50° Cobb-Winkel thorakal kann eine OP erwogen werden.’ Bei der
Entscheidung fiir oder gegen eine OP ist auch das sagittale Profil wichtig und muss
Berlicksichtigung finden. Begriindet sind diese Grenzwerte in dem Wissen, dass
Hauptkrimmung > 50° thorakal bzw. > 40° thorakolumbal oder lumbal in den meisten Fallen
auch nach Wachstumsabschluss einen weiteren Progress aufweisen. Es wird ein
durchschnittliches Voranschreiten um ca. 1° pro Jahr beschrieben.3°32 Weiter fortschreitende
Deformitaten fiihren im Verlauf auch zu zunehmenden Einschrankungen fir die betroffenen
Patienten. Hier werden neben Schmerzen und Bewegungseinschrankungen auch deutliche
psychische Probleme, insbesondere bedingt durch die optische Deformierung, beschrieben.
Ebenso sind im Verlauf auftretende kardiale und insbesondere restriktive pulmonale
Einschrankungen, welche zur signifikanten Reduktion der Lebensqualitdt fihren konnen,

nachweisbar. 32736

Praoperative bildgebende Diagnostik

Funktionsaufnahmen

Basierend auf den aktuellen Leitlinienempfehlungen sollten nach Indikationsstellung zur
operativen Therapie Funktionsaufnahmen (FA) in beide Richtungen oder Aufnahmen unter
Traktion durchgefiihrt werden. Diese dienen dazu die Flexibilitdt der Deformitat zu bewerten.’
In der Literatur wird eine Vielzahl an verschiedenen FA bzw. BR beschrieben. 37 Die Studienlage

bezlglich der Aussagekraft und der jeweils durch die verschiedenen Aufnahmen erfassten



Parameter ist sehr heterogen, sodass letztendlich keine einheitliche Meinung dazu besteht,
welche Art von FA praoperativ angefertigt werden sollte. 738

Zu denen am haufigsten durchgefiihrten Aufnahmen zahlen unter anderem die BR. Diese
Aufnahmen kdnnen im Stehen oder in Riickenlage angefertigt werden. Dabei fiihrt der Patient
eine maximale aktive Seitneigung, jeweils nach rechts und nach links durch. Diese Art der FA
ist besonders gut geeignet zur Beurteilung der Flexibilitat von thorakolumbalen und
hochthorakalen Krimmungen. Weiterhin dienen diese Aufnahmen der Planung des untersten
instrumentieren Wirbelkoérpers (LIV). Hierfir wird die Horizontalisierung der einzelnen
Wirbelkorper beurteilt. 3°

Ebenso gangig sind die Hypomochlion- oder auch Fulcrum-Aufnahmen, welche in Seitenlage
angefertigt werden. Unter dem Scheitelbereich der jeweiligen zu analysierenden Kriimmung
wird auf die Konvexseite ein Polster als Wiederlager untergelegt. Im Vergleich zu den BR
kdnnen diese Aufnahmen insbesondere bei milderen Krimmungen die Flexibilitat der
jeweiligen Krimmung besser darstellen. Diese Aussagekraft ist flr die thorakalen
Hauptkrimmungen am validesten. 373949 Ebenso kann durch diese Art an FA das erreichbare
postoperative Korrekturergebnis am genauesten vorausgesagt werden.*142

Den Effekt der Korrektur der Hauptkrimmung auf die Nebenkrimmung kénnen am besten
push-prone-Aufnahmen nachweisen. Hierfiir wird, in Riicken- oder Bauchlage nach einem 3-
Punkte-Prinzip, die Wirbelsaule an Axilla und Becken stabilisiert und mit Hilfe von Polstern
oder der Hand Druck auf die Wirbelsaule im Scheitelbereich von konvexseitig ausgetbt. In
dieser Position wird dann eine WSGA angefertigt. 3°

Die Einstellung des koronaren Lotes kann man am besten im Rahmen von
Extensionsaufnahmen beurteilen. Diese Art der FA kann jedoch auch die Flexibilitat der Haupt-
und Nebenkurven darstellen. Insbesondere bei stark ausgepragten Kriimmungen haben diese
Aufnahmen die beste Aussagekraft. 3’ Sie kénnen im Stehen, in Bauch- oder Riickenlage sowie
unter Auslbung eines zusatzlichen manuellen Drucks erfolgen. Es gibt technische
Vorrichtungen zur Durchfiihrung dieser Aufnahmen (Cotrel-Extension) oder sie werden unter

manueller Extension durchgefiihrt. 43

Schnittbilddiagnostik

Eine praoperative Schnittbildgebung mittels Magnetresonanztomographie (MRT) der
gesamten Wirbelsdule wird in der aktuellen Leitlinie eindeutig empfohlen.

Computertomographischen Scans (CT-Scans) werden nicht als prdoperative Routine-
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Diagnostik einer AIS angesehen. Sie kdnnen aber bei klarer Fragestellung dennoch ihre
Indikation haben. ’

Grundlage fir die Empfehlung zum praoperativen MRT ist es etwaige intraspinale
Fehlbildungen, wie eine Syringomyelie, eine Arnold-Chiari-Malformation oder ein Tethered-
Cord, praoperativ aufzudecken.

Die Inzidenz von intraspinalen Fehlbildungen liegt bei bis zu 9,5%.** Eine unauffillige
Anamnese und ein klinisch unauffalliger Reflexstatus sowie normale Bauchhautreflexe allein
reichen nicht aus, um solche intraspinalen Pathologien sicher auszuschlieRen. International
werden diese Empfehlungen jedoch bisher nur eingeschrankt umgesetzt. In einer
internationalen Expertenbefragung fanden jedoch nur 54% der Befragten eine prdoperative
MRT fur notwendig. 32

Notwendige Voraussetzung fir die Durchfiihrung eines prdoperativen CT-Scans der
Wirbelsdule bei Patienten mit AIS sind exakt formulierte klinische Informationen und
Fragestellung und die damit begriindbare rechtfertigende Indikation. CT-Scans dienen
insbesondere der Darstellung der knéchernen Strukturen, der Weite des Spinalkanals sowie
der Implantatlage. Gerechtfertigt sein kann ein CT-Scan insbesondere bei voroperierten
Patienten sowie bei ausgepragten Krimmungen zur Beurteilung der knéchernen Anatomie,
z.B. von knéchernen Uberbriickungen einzelner Segmente und Planung der Instrumentation.
Im Fall einer geplanten intraoperativen Navigation kann diese auf Basis einer prdaoperativen

CT durchgefiihrt werden und somit eine solche im Vorfeld rechtfertigen.’

Strahlenbelastung

Die Strahlenbelastung welcher Patienten mit AIS wahrend ihrer Behandlung bedingt durch die
aktuell als Standard angesehenen Untersuchungen ausgesetzt sind ist immens. Diesbeziiglich
sind die operativ behandelten Patienten besonders zu beachten. Diese haben eine mehr als
10-mal héhere Strahlendosis als im Korsett behandelte oder konservativ verlaufsbeobachtete
Patienten. Der GroRteil der Strahlendosis entfallt dabei auf die perioperative Bestrahlung. 48

Die Folgen der Strahlenbelastung fiir die Patienten sind erheblich. In einem aktuellen Review
zeigte sich eine, im Vergleich zur Allgemeinbevélkerung, erhohte Rate an Mamma-
Karzinomen und eine erhéhte Tumorsterblichkeit. ° Weiterhin konnte in einer genetischen
Grundlagen-Arbeit gezeigt werden, dass bei AlS-Patienten im Vergleich zu Kontrollpatienten

signifikant haufiger rontgenstrahlenbedingte Schiaden an der DNA vorliegen. >°
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Auch die aktuelle Leitlinie weist explizit auf diese erhdhte Strahlenbelastung hin und mahnt
dazu mogliche MaBnahmen zur Reduktion der Strahlenbelastung fiir die Patienten zu prifen

und zu Ergreifen. ’

Operative Techniken und Strategien

Vergleich der ventralen und dorsalen Spondylodese

Als Ankerpunkte im Rahmen der Spondylodese von dorsal dienen Pedikelschrauben oder
Haken und Bander. Die beiden letzteres werden an den dorsalen Strukturen, insbesondere
den Laminae oder Querfortsatzen, angebracht. Von ventral konnen Wirbelkdrperschrauben
Uber eine Thorakotomie oder Lumbotomie direkt in die Wirbelkdrper eingebracht werden.
Sowohl mit ventralen als auch mit dorsalen Operationsverfahren kénnen gute Ergebnisse in
Hinblick auf Korrektur, Funktion und Patientenzufriedenheit erzielt werden.”

Vorteil der ventralen Technik ist, dass hier einfach die Bandscheiben im
Instrumentationsbereich reseziert werden kénnen. Dies fiihrt zu einem relevanten Release,
was zu einer besseren Derotation beitragt. Bei den dorsalen Verfahren muss diese Korrektur
Uber die Implantate gegen den Widerstand der in situ verbleibenden Bandscheiben
durchgefiihrt werden. ! Neuere Forschungsergebnisse zeigen jedoch, dass durch die
moderneren dorsalen Fusionssysteme ebenfalls eine adaquate und gute Derotation erzielt
werden kann.>?

Ein weiterer Vorteil, welcher den ventralen Fusionsverfahren zugeschrieben wird ist der, dass
bei diesen Verfahren in der Regel eine Instrumentation bis zum kaudalen Endwirbel einer
Kriimmung ausreichend ist. °3°* Bei der dorsalen Fusion ist meist eine Fusionsstrecke, in der
Regel bis zum kaudalen Neutralwirbel oder bis zu dem stabilen Wirbel, der von der central
sacral vertical line (CSVL) mittig geschnitten wird, notwendig. >>° Letzteres fiihrt dazu, dass
bei dorsalen Korrekturspondylodesen haufig etwas langer nach kaudal instrumentiert wird als
bei ventralen Korrekturspondylodesen. Somit kdnnen bei der ventralen OP haufig einige
kaudale Bewegungssegment eingespart werden, was in einer kiirzeren Fusionsstrecke und
einer besseren postoperativen Restbeweglichkeit miindet.

Im Rahmen der modernen Konzepte der selektiven Fusion (SF) wird insbesondere unter
Einbeziehung der FA auch bei Fusionen von dorsal zunehmend kiirzer instrumentiert.>>—>%
Somit ist keine allgemeingiltige Aussage dariiber moglich, ob eine dorsale Spondylodese per

se immer langer sein muss als eine ventrale.
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Diese kirzere Fusionsstrecke im Rahmen der selektiven Fusion ist ein zentraler Faktor,
welcher die postoperative Zufriedenheit der Patienten mit am meisten beeinflusst. Luo et al
verglichen Patienten, bei welchen eine SF durchgefihrt wurde mit Patienten, welche
herkdmmlich langstreckig fusioniert wurden. Sie konnten zeigen, dass die SF mit weniger
Schmerzen und signifikant hoheren Werten in gangigen Scores zur Patientenzufriedenheit
einhergeht °°. Weitere Untersuchungen konnten zeigen, dass die Linge der Fusionsstrecke
unter anderem von elementarer Bedeutung bezlglich der Moéglichkeit zur Riickkehr zum Sport
ist 80, Auch konnte gezeigt werden, dass ldngere Fusionsstrecken bei Frauen die
Wahrscheinlichkeit zur Notwendigkeit eines Kaiserschnittes erhéhen ©%.

Einen eindeutigen Vorteil, den die dorsale Korrekturspondylodese gegentiiber der ventralen
Spondylodese hat ist der, dass nahezu alle Krimmungen von dorsal adressierbar sind. Bei der
ventralen Korrekturspondylodese kdnnen in einer Sitzung nur einbogige Krimmungen
adressiert werden (Lenke Typ 1 oder Typ 5). Der kranialste von ventral zu erreichende
Wirbelkorper ist ca. BWK 5. 62 Als weiterer Nachteil der ventrale Korrekturspondylodese ist
zu benennen, dass bei ventralen thorakalen Verfahren ein erhéhtes Risiko fiir eine intra- oder
postoperative Verschlechterung der Lungenfunktion besteht, insbesondere wenn diese

bereits praoperativ eingeschrankt ist. 6364

Vergleich der dorsalen Spondylodeseverfahren

Pedikelschrauben sind der Standard bei der dorsalen Korrekturspondylodese und den reinen
Hakensystemen (berlegen. Sublamindare Bander haben ein &hnliches koronares
Korrekturpotential wie Pedikelschrauben. Es gibt eine Vielzahl von
Kombinationsmoglichkeiten der verschiedenen Verankerungssysteme in Rahmen von
Hybridversorgungen.

Beziglich der Implantatdichte zeigt die aktuelle Literatur, dass eine hohere Implantatdichte in
der Regel mit einer besseren Korrektur der Hauptkrimmung einher geht. ® Ob dieser
zusatzliche Korrekturgewinn mit einer gesteigerten Patientenzufriedenheit einhergeht, bleibt
jedoch unklar.®

Fir ,All-screws“-Verfahren (AS) wird durch Clement et al. eine durchschnittliche Korrektur von
bis zu 64% in der koronaren Ebene beschrieben, welche bei einer Implantatdichte von 100%
sogar bis zu 78% gesteigert werden kann. Mit Haken-Systemen wird lediglich eine Korrektur
von bis zu 55% beschrieben. Jedoch scheint durch die Haken-Systeme eine bessere

Wiederherstellung der Kyphose im Rahmen der sagittalen Balance méglich zu sein.
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Die Verwendung von zusatzlichen sublamindren Bandern im Rahmen der operativen Therapie
der AIS wurde von Mazda et al. erstmals beschrieben. Er baute einen Rahmen aus zwei Stiaben,
die er mit Querverbindern verband und befestigte ihn lumbal an Pedikelschrauben und
proximal an Haken. Dann flhrte er eine Translation der BWS zum Stab aus. Thorakal
korrigierte er so die Skoliose um 63%. Die Kyphose nahm bei dieser Prozedur um 9° zu. ¢’
Durch die Kombination aus lumbalen Schrauben und thorakalen Pedikelhaken kann
durchschnittlichen eine Korrektur von bis zu 60% im koronaren Profil erreicht werden. Dieser
scheint das Vorgehen mit lumbalen Schrauben und thorakalen sublaminaren Bandern mit
einer Korrektur von bis zu 75% im koronaren Profil und besserer Korrektur des sagittalen
Profils Gberlegen zu sein. %8 Insbesondere scheint durch die Verwendung von sublaminaren
Bandern im Vergleich zu den anderen Verankerungsmoglichkeiten eine deutlich verbesserte
Korrektur der thorakalen Kyphose méglich zu sein. 8970

Die Stabeigenschaften (Steifigkeit, Durchmesser und Material) haben einen Einfluss auf die
coronare und vor allem auf die sagittale Korrektur. All diese Eigenschaften treten jedoch in
Kombination mit anderen Faktoren wie Verankerungsmethode, Implantatdichte und
Krimmungseigenschaften auf. Von zentraler Bedeutung ist hier, dass der passende Stab fir
die gewahlte Verankerungsmethode, das geplante Repositionsmandver und die jeweiligen
Krimmungseigenschaften der Deformitat gewahlt wird. 7174

Bezlglich der Frage nach der Implantationstechnik flir die Pedikelschrauben besteht weiterhin
keine einheitliche Empfehlung. Zur Verfligung stehen neben der klassischen Freihandtechnik
sowie der Bildwandler gestlitzten Technik mittlerweile eine Vielzahl von Navigation gestiitzten
oder Roboter gestiitzten Techniken. Die Bandbreite der Studienergebnisse in Bezug auf Rate
an Schraubenfehllagen und Strahlenbelastung der verschiedenen Techniken ist immens und
lasst keine einheitliche Bewertung zu. In einem aktuellen Review beziiglich dieser Thematik
von Ansorge et al. aus 2023 wird jedoch eine klare Empfehlung zum Nutzen der Navigation
bzw. der Robotik fiir komplexe Deformitdten oder Revisionseingriffe ausgesprochen. 7>

Um eine sichere und langfristige kndcherne Fusion zu erreichen ist neben einer dorsalen
Dekortikation die Anlage von autologer Spongiosa indiziert. Da insbesondere bei langen
Fusionsstrecken, wie bei der operativen Therapie der AIS die lokal, z.B. im Rahmen der
durchgefiihrten Osteotomien gewinnbare Spongiosa haufig nicht ausreichend ist, war es lange

Zeit Goldstandard zusatzlich Beckenkammspongiosa anzulagern. 7678 Da dieses Verfahren
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jedoch mit einer deutlichen Entnahmemorbiditat einhergeht werden heutzutage meist

Knochenersatzmaterialien additiv verwendet. 7882

Bestimmung der notwendigen Fusionsstrecke im Rahmen der selektiven Fusion

Das unter anderem von Lenke et al. propagierte und heutzutage bei entsprechender
Deformitdt regelhaft durchgefiihrte Konzept der SF basiert darauf, dass sich die
Fusionsstrecke auf die strukturelle Hauptkurve beschrankt und sich die nicht instrumentierten
nicht-strukturellen Nebenkurven passiv mit korrigieren, 183-8>

Elementar fiir den Erfolg dieses Verfahrens ist die addquate Auswahl des LIV. >° Die Festlegung
des optimalen LIV erfolgt unter anderem anhand der prdoperativen Bildgebung. Welche
radiologischen Parameter sich jedoch am besten zur Festlegung des LIV, insbesondere bei
thorakalen Kurven eignen ist weiterhin nicht abschlieBend geklart. Lange Zeit galt der
Wirbelkdrper, welcher mittig von der CSVL getroffen wird als Marker zur Festlegung des LIV.
556 |m weiteren Verlauf wurde dann der letzte Wirbelkdrper, welcher noch von der CVSL
berlhrt wird als moglicherweise optimaler LIV beschrieben. Die geringere Fusionsstrecke hier
geht jedoch mit einer gering erhohten Rate an sekundarem Progress der Deformitat einher.
Dies konnte insbesondere bei noch deutlicher Wachstumsreserve beobachtet werden, zeigte
sich letztendlich jedoch klinisch nicht relevant.>”>® Wang et al. empfehlen weiterhin den
Wirbelkérper als LIV zu wahlen, welcher als erster Wirbelkdrper kranial des Sakrums einen
Abstand von mehr als 10 mm von der CVSL aufweist. Hier beobachteten Sie in ihrem
Patientenkollektiv das beste Verhaltnis zwischen Risiko eines sekundaren Progresses der
Deformitat und lumbaler Restbeweglichkeit. 8 Dubousset beschreibt den kranialsten
Wirbelkdrper, welcher folgende Eigenschaften aufweist als optimalen LIV: Neutralitdt in Form
von parallelen Pedikeln im frontalen Rontgenbild; Lage innerhalb einer Zone zwischen zwei
parallelen vertikalen Linien ausgehend von den lumbosakralen Facettgelenken; Lage
unmittelbar oberhalb der Bandscheibe, welche sich im Rahmen der Bending-Aufnahmen als
Flexibel zeigt; Segmentale Kyphose im lateralen Réntgenbild unter 10°. 8 Sun et al. schreiben
dem Endwirbel der Deformitat zentrale Bedeutung in der Wahl des LIV zu. Sie differenzieren
zudem noch abhangig von der Schwere der Deformitat. Flir Deformitdaten mit einem Cobb-
Winkel kleiner 60° empfehlen Sie den Endwirbel als LIV zu wahlen, flr Deformitaten liber 60°

hingegen empfehlen sie einen Wirbelkdrper distal des Endwirbels als LIV zu wahlen.®
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Rizkallah et al. verglichen verschiedene Verfahren zur Auswahl des LIV miteinander um kamen
zum Schluss, dass die Ubereinstimmung der basierend auf den gewihlten Verfahren
identifizierten LIV's nur moderat ist. Sie empfehlen am ehesten mehrere Verfahren zu
kombinieren, der Wirbelkdrper mit den meisten Ubereinstimmungen aus verschiedenen
Verfahren beschreiben sie als besten LIV. Von den Einzelverfahren zur Bestimmung des LIV
sehen sie die meisten Vorteile bei dem Verfahren nach Dubousset.?’

Fischer et al. untersuchten die grofSten Risikofaktoren fiir einen sekundaren Progress der
Deformitéat. Sie beschrieben hier die Wahl eines LIV, welcher nicht in Kontakt mit CSVL steht
oder eines LIV 3 oder mehr Level kranial des neutralen Wirbelkoérpers, als grofite
Risikofaktoren. Weiterhin sahen sie insgesamt ein hoheres Risiko des sekundaren Progresses
der Deformitdt bei noch deutlicher Wachstumsreserve und dem Vorliegen eines lumbalen

Modifiers Typ C nach Lenke. *°
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Eigene Studien und Ergebnisse

Ziel der eigenen Studien war es zum einen MalRnahmen zur Reduktion der Strahlenbelastung
von Patienten mit idiopathischer Skoliose zu etablieren. Hierfiir wurde zum einen geprift, ob
die praoperative Schnittbildgebung Teile der strahlenintensiven nativen Rontgendiagnostik
ersetzten kann und weiterhin wurde der Nutzen der Navigation in Bezug auf die Reduktion
der Strahlenbelastung geprift. Als zweites Ziel wurden Strategien zur Optimierung der
selektiven Fusion geprift. Hierzu wurde zum einen ein neuer Parameter der Bestimmung des
LIV identifiziert, die zu Verfigung stehenden Verankerungsmoglichkeiten analysiert und der

sichere Einsatz von bovinen Xenografts zum Erzielen der knéchernen Fusion bestatigt.

1. Kénnen praoperative Bending-Aufnahmen bei Patienten mit idiopathischer
Skoliose durch ein CT im Liegen ersetzt werden?

Prost M, Windolf J, Konieczny MR. May bending radiographs be replaced by recumbent CT
scans in patients with adolescent idiopathic scoliosis? Eur Spine J. 2021

Im Rahmen der modernen Konzepte der SF im Rahmen der operativen Therapie von Patienten
mit AIS haben prdaoperative BR aktuell einen elementaren Stellenwert. Sie dienen der
Klassifikation von Nebenkurven als Strukturell und Nicht-Strukturell.1*838% Es gibt eine Vielzahl
an verschiedenen Techniken zur Durchfiihrung von BR. Alle haben gemeinsam, dass sie mit
zusatzlicher Strahlenbelastung fir den Patienten und teilweise auch dem Personal
einhergehen.823 Heutzutage werden praoperativ hiufig CT-Scans durchgefiihrt, um
entweder die Operation detaillierter zu planen oder als Grundlage fiir die Navigation dienen.
Ziel dieser Studie war es zu untersuchen, ob diese CT-Scans die prdoperativen BR ersetzen
kdnnen.

Hierflr wurden retrospektiv die Bilddaten von 39 Patienten, welche praoperativ in unserer
Klinik sowohl ein CT-Scan als auch BR erhalten haben analysiert. In den nativen praoperativen
Rontgenbildern, den praoperativen BR sowie den praoperativen CT-Scans wurden samtliche
Cobb-Winkel der Haupt- und Nebenkurven miteinander bestimmt und miteinander

verglichen. Siehe dazu beispielhaft Abbildung 1.

17



Abbildung 1 Messung der Cobb-Winkel

Messung der Cobb-Winkel von Haupt-, sowie kranialer und kaudaler
Nebenkurve in einer Wirbelsdulenganzaufnahme a.p. im Stand. Mit
freundlicher Genehmigung durch Univ.-Prof. Dr. G. Antoch, Institut fiir
diagnostische und interventionelle Radiologie.

stehend

Die statistische Auswertung ergab eine signifikante Korrelation der Messwerte fiir die Cobb-
Winkel der Haupt- bzw. der Nebenkurven sowohl zwischen den WSGA im Stand und den CT-
Scans (r=0.746, p < 0.01 bzw. r=0.671, p < 0.01) als auch fiir die Cobb-Winkel der Haupt- bzw.
der Nebenkurven zwischen den BR und den CT-Scans (r=0.806, p < 0.01 bzw. r=0.601, p < 0.01).

Die Korrelationen werden beispielhaft in Abbildung 2 gezeigt.
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Abbildung 2. Korrelationsanalyse zwischen den verschiedenen Cobb-Winkeln

Korrelation zwischen dem Cobb-Winkel der Hauptkurve im CT-Scan (CTS), sowie der Wirbelsaulenganzaufnahme
(FSR) (Bild A) bzw. den Bending-Aufnahmen (PPR) (Bild B). Auf der X-Achse ist der Cobb-Winkel der Hauptkurve
im FSR (Bild A) bzw. der Hauptkurve im PPR (Bild B) und auf der Y-Achse der Cobb-Winkel der Hauptkurve im CTS
dargestellt. Mit freundlicher Genehmigung von Springer Nature im Rahmen der Open Acess Veroffentlichung
unter Creative Commons Lizenz.
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Weiterhin wurden im Rahmen einer Subgruppenanalyse alle Patienten mit einer Nebenkurve
von kleiner 40° in der WSGA betrachtet. Hier zeigte sich, dass diese Patienten immer, wenn
sie einen Cobb-Winkel von kleiner 25° in den BR hatten (Definition fir nicht-strukturelle
Kurven) einen Cobb-Winkel im CT-Scan von kleiner 35° hatten.

Zusammenfassend konnte in dieser Studie gezeigt werden, dass die Messung der Cobb-Winkel
im CT-Scan signifikant mit den Messungen der Winkel in der anderen Bildgebung korrelieren
und das Kurven im CT-Scan mit einem Cobb-Winkel von kleiner 35° als nicht

-strukturell definierbar sind und in Bezug auf diese Fragestellung ein praoperativer CT-Scan
die praoperativen BR ersetzen kann. Einen Beitrag zum Strahlenschutz fiir den Patienten hat

dieses Ergebnis, sofern ein CT im Rahmen der prdaoperativen Planung notwendig ist.

2. K6nnen praoperative Bending-Aufnahmen bei Patienten mit idiopathischer
Skoliose durch ein MRT im Liegen ersetzt werden?

Prost M, Rockner ME, Taday R, Windolf J, Konieczny MR. May bending radiographs be
replaced by magnetic resonance imaging in patients with adolescent idiopathic scoliosis? Eur
Spine J. 2023

Die aktuell gangige Leitlinie zur Therapie von AIS empfiehlt eine praoperative MRT der
gesamten Wirbelsdule zur OP-Planung.” Ebenso ist bekannt, dass Patienten wihrend ihrer
Behandlung fir die AIS einer immensen Strahlenbelastung mit messbaren Folgeschaden
ausgesetzt sind.’*®> Basierend auf dieser Empfehlung, den Langzeitfolgen der
Strahlenbelastung und basierend auf den Ergebnissen der Vorladuferstudie zur Untersuchung,
ob BR durch praoperative CT-Scans ersetzt werden kénnen,! fihrten wir diese Studie durch
um zu eruieren, ob auch ein praoperatives MRT die prdoperativen Bending-Aufnahmen
ersetzten kann.

Anlaog zum Protokoll der Vorlauferstudie wurden auch hier retrospektiv die Bilddaten von 25
Patienten, welche praoperativ in unserer Klinik sowohl ein MRT als auch BR erhalten haben
analysiert. In den nativen prdoperativen Rontgenbildern, den praoperativen BR sowie den
prdoperativen MRT-Scans wurden samtliche Cobb-Winkel der Haupt- und Nebenkurven

miteinander bestimmt und miteinander verglichen. Siehe dazu beispielhaft Abbildung 3.
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Abbildung 3 Messung des Cobb-Winkels der Hauptkurve in einem MRT Schnitt

Bild A koronare Rekonstruktion eines kranialen Abschnittes eines MRT’s der Wirbelsaule (T2 gewichtet). Es wird
der kraniale Endwirbel der Kurve bestimmt und der Winkel zwischen seiner Deckplatte und der Horizontalen
gemessen (hier 33,9°). Bild B koronare Rekonstruktion eines kaudalen Abschnittes eines MRT’s der Wirbelsaule
(T2 gewichtet). Es wird der kaudale Endwirbel der Kurve bestimmt und der Winkel zwischen seiner Grundplatte
und der Horizontalen gemessen (hier 29,4°). Die Summe der in A und B gemessenen Winkel ergibt den Cobb-
Winkel der jeweiligen Kurve (hier 63,3°). Mit freundlicher Genehmigung durch Univ.-Prof. Dr. G. Antoch, Institut
flr diagnostische und interventionelle Radiologie.

Die statistische Auswertung der Messwerte zeigte erneut eine signifikante Korrelation
zwischen der Messwerte fiir die Cobb-Winkel der Haupt- bzw. der Nebenkurven sowohl
zwischen den WSGA im Stand und den MRT-Scans (p < 0.05, CorrCoeff=0.41 bzw. p < 0.05,
CorrCoeff=0.47) als auch fir die Cobb-Winkel der Haupt- bzw. der Nebenkurven zwischen den
BR und den MRT-Scans (p < 0.05, CorrCoeff=0.41 bzw. p < 0.001, CorrCoeff=0.9). Ebenso
wurden erneut im Rahmen einer Subgruppenanalyse alle Patienten mit einer Nebenkurve von
kleiner 40° in der WSGA betrachtet. Hier zeigte sich, dass diese Patienten immer, wenn sie
einen Cobb-Winkel von kleiner 25° in den BR hatten (Definition fir nicht-strukturelle Kurven)
einen Cobb-Winkel im MRT von kleiner 30° aufwiesen.

Zusammenfassend konnte in dieser Studie gezeigt werden, dass auch die Messung der Cobb-
Winkel im MRT mit den Messungen der Winkel in der anderen Bildgebung korrelieren und das
Nebenkurven im MRT mit einem Cobb-Winkel von kleiner 30° als nicht-strukturell definierbar
sind und in Bezug auf diese Fragestellung das praoperative MRT die prdaoperativen BR ersetzen
kann. Hierdurch konnte durch die Erweiterung der Aussagekraft eines praoperativen MRTs,

ein Beitrag zur Reduktion der Strahlenbelastung fiir die Patienten erzielt werden.
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3. Effektive Strahlendosis pro Schraube in der operativen Therapie von
Skoliosen. Matched-Pair Analyse von 293 in 3 verschiedenen Techniken
implantierten Pedikelschrauben

Konieczny MR, Boos J, Steuwe A, Schleich C, Prost M, Krauspe R. Effective dose of radiation
per screw in surgery of adolescent idiopathic scoliosis: matched pair analysis of 293 pedicle
screws inserted using three different techniques. J Child Orthop. 2020.

Der Einsatz von Navigationsverfahren zum Einbringen von Pedikelschrauben (PS) weist in den
vorliegenden Studien eine deutlich reduzierte Anzahl an Schraubenfehllagen im Vergleich zur
klassischen bildwandlergestitzten Technik auf. Insbesondere im Bereich der thorakalen
Wirbelsdule wird eine 5-fach héhere Prazision der Schraubenlage beschrieben.®®=%° Ebenso
gibt es klare Daten, die zeigen, dass es durch die Navigation zu einer signifikanten Reduktion
der Strahlenbelastung fiir das OP-Team kommt. 19°-102 Uneinheitliche Aussagen gibt es jedoch
in Bezug auf den Einfluss des Einsatzes der Navigation bei der Implantation von PS auf die
Strahlenbelastung des Patienten. 102-106

Um dieser Fragestellung nachzugehen, wurden in dieser Studie im Rahmen einer matched-
pair Analyse Patienten eingeschlossen, die in unserer Abteilung mittels dorsaler
Korrekturspondylodese bei AIS versorgt wurden. Es wurden Subgruppen gebildet (PS-
Implantation mittels Bildwandler, PS-Implantation mittels Navigation und praoperativen CT-
Scan sowie PS-Implantation mittels Navigation und intraoperativem 3D-Scan) und die
Strahlenbelastung pro implantierte Schraube in der jeweiligen Technik bestimmt. Insgesamt
wurden 293 Schrauben implantiert.

Im Rahmen der statistischen Auswertung konnte gezeigt werden, dass die Implantation von
PS gestlitzt auf eine Navigation mit intraoperativem 3D-Scan, sowohl gegeniiber der
Navigation mit praoperativen CT-Scan (0.025 mSv vs. 1.0 mSy; p < 0.0001) als auch gegentiber
dem klassischen Bildwandler gestiitzten Verfahren (0.025 mSv vs. 0.781 mSv; p < 0.001) mit
einer signifikanten Reduktion der Strahlendosis pro implantierter PS einhergeht, welcher der
Patient ausgesetzt ist. Auch ist bei der Implantation von PS gestiitzt auf eine Navigation mit
intraoperativem 3D-Scan die intraoperative Strahlungsdauer im Vergleich zur klassischen
bildwandlergestitzten Verfahren signifikant verringert (13,5 sec pro PS vs. 24,1 sec pro PS; p
< 0.0001). Zu klinisch relevanten Schraubenfehllagen kam es lediglich im Rahmen der
klassischen bildwandlergestiitzten Technik.

Zusammenfassend konnte in dieser Studie gezeigt werden, dass die Implantation von PS

gestitzt auf die Navigation mit intraoperativen 3D-Scan bei Patienten mit AIS ein sicheres
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Verfahren ist, was zur signifikanten Reduktion der Strahlenbelastung fur die Patienten fihrt.

Dieses Verfahren ist seit dieser Studie Standard in unserer Klinik geworden.

4. Einfluss verschiedener OP-Techniken auf die Korrektur der frontalen Kurve
sowie der sagittalen Balance bei Patienten mit idiopathischer Skoliose

Prost M, Denz P, Windolf J, Konieczny MR. Impact of Different Operative Techniques for
Patients with Adolescent Idiopathic Scoliosis on Frontal Curve Correction and Sagittal Balance.
Int J Spine Surg. 2024

Nach Indikationsstellung zur operativen Therapie bei AlS kann diese mittels einer Vielzahl von
moglichen Techniken ausgefihrt werden. Aktueller Standard hierfir st die
Korrekturspondylodese, welche von ventral oder haufiger von dorsal durchgefiihrt werden
kann. 7 Bei der dorsalen Korrekturspondylodese kann wiederrum, basierend auf den
verwendeten Implantaten, zwischen AS-Verfahren, Hybrid-Verfahren mit Schrauben und
Haken (HSH) sowie Hybrid-Verfahren mit Schrauben, sublaminaren Bandern und Haken
unterscheiden werden (HSHB).17-111 Weiterhin muss basierend auf der Lange der fusionierten
Strecke zwischen einer SF, bei welcher nur die strukturelle Hauptkurve adressiert wird und
einer nicht-selektiven Fusion (NSF), bei welcher auch nicht-strukturelle Nebenkurven
adressiert werden, unterschieden werden.8:8485112113 7ja| djeser Arbeit war den Einfluss
dieser verschiedenen Techniken auf das zu erreichende Korrekturpotential der Haupt- und
Nebenkurve im frontalen Profil sowie auf das sagittale Profil der Patienten zu analysieren.
Hierflr fUhrten wir eine retrospektive Datenanalyse durch, in welche wir konsekutiv 55
Patienten einschlossen, die bei AIS mittels dorsaler Korrekturspondylodese in den
verschiedenen oben aufgefiihrten Verfahren operativ in unserem Hause versorgt wurden. In
den pra- und postoperativen Rontgenbildern wurde jeweils der Cobb-Winkel der Haupt- und
Nebenkurve bestimmt, sowie als Paramater fiir die sagittale Balance die thorakale Kyphose,
die lumbale Lordose als auch die pelvic incidence ermittelt.

In Abbildung 4 sind exemplarisch pra- und postoperative Rontgenbilder von mittels

verschiedener Verfahren versorgten Patienten aufgefihrt.
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Abbildung 4. Vergleich der radiologischen Ergebnisse verschiedener Spondylodeseverfahren
Wirbelsdulenganzaufnahme eines Patienten versorgt mit Hybrid-Verfahren mit Schrauben, sublaminaren
Bdndern und Haken (A prdoperativ, B Postoperativ), eines Patienten versorgt mit Hybrid-Verfahren mit
Schrauben und Haken (C prdoperativ und D postoperativ) und eines Patienten versorgt mittels ,All-Screw*-
Technik (E praoperativ und F postoperativ). Mit freundlicher Genehmigung durch Univ.-Prof. Dr. G. Antoch,
Institut fir diagnostische und interventionelle Radiologie.

Bei Betrachtung des Korrekturpotentials flir Haupt- und Nebenkurven sowie fiir das sagittale
Profil zeigten sich zwischen dem AS-Verfahren, dem HSH-Verfahren und dem HSHB-Verfahren
weder umgehend postoperativ noch wahrend des mittleren 3-Jdhrigen Follow-Ups

signifikante Unterschiede. Abbildung 5 fasst diese Ergebnisse zusammen.
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Abbildung 5. Erreichtes Korrekturpotential in Abhangigkeit der Spondylodesetechnik
Dargestellt wird das erreichte Korrekturpotential in Grad des Cobb-Winkels sowohl der Haupt- als auch der
Nebenkurve in Abhangigkeit der verschiedenen Spondylodesetechniken. Eigene Abbildung.

Bezlglich des Korrekturpotentials der Hauptkurve und auch in Bezug auf das sagittale Profil
zeigte sich zwischen SF und NSF ebenfalls kein signifikanter Unterschied. Bezliglich des

Korrekturpotentials der Nebenkurve zeigt die NSF ein signifikant besseres Ergebnis (26,9° vs.
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15,1°; P < 0.05). Jedoch kommt es auch durch die SF, welche mit einer deutlich kiirzeren
Fusionsstrecke und einer somit deutlich besseren postoperativen Beweglichkeit einhergeht zu
einer Korrektur der Nebenkurve um durchschnittlich 43,9%. Abbildung 6 fasst diese

Ergebnisse zusammen.
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Abbildung 6. Erreichtes Korrekturpotential in Abhangigkeit der Fusionsldange

Dargestellt wird das erreichte Korrekturpotential in Grad des Cobb-Winkels sowohl der Haupt- als auch der
Nebenkurve in Abhdngigkeit, ob eine selektive- oder eine nicht selektive Fusion durchgefiihrt wurde. Eigene
Abbildung.

Zusammenfassend ladsst sich festhalten, dass Hybridverfahren im Vergleich zum AS- Verfahren
in Bezug auf das zu erreichende Korrekturpotential als gleichwertig zu erachten sind; dass
durch die NSF auf Kosten der postoperativen Beweglichkeit eine signifikant bessere Korrektur
der Nebenkurve als bei der SF erreichbar ist; und dass die SF bei ausgewdhlten Patienten
jedoch ebenso zu einer deutlichen perioperativen Korrektur, der nicht adressierten
Nebenkurve um ca. 40% fuhrt und dabei durch die kiirzere Fusionsstrecke dennoch eine gute

postoperative Beweglichkeit erhalt.

5. Einfluss des untersten instrumentierten Wirbelkorpers auf die Korrektur der
Nebenkurve im Rahmen der selektiven Fusion bei Patienten mit idiopathischer
Skoliose

Prost M, Denz P, Windolf J, Konieczny MR. The Impact of the Lowest Instrumented Vertebra
on the Correction of the Minor Curve During Selective Fusion in Patients with Adolescent
Idiopathic Scoliosis. Clin Spine Surg. 2024

Das unter anderem von Lenke et al. propagierte und heutzutage bei entsprechender

Deformitat regelhaft durchgefiihrte Konzept der SF basiert auf einer deutlich verkiirzten
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Fusion, bei welcher lediglich die strukturelle Hauptkurve adressiert wird.}884 Die
nichtstrukturellen Nebenkurven korrigieren sich passiv.8> Der Vorteil dieses Verfahrens ist
eine bessere postoperative Beweglichkeit bedingt durch die kirzere Fusionsstrecke.!1411>
Elementar fir den Erfolg dieses Verfahrens ist die adaquate Auswahl des LIV.>* Bisher ist noch
nicht abschlieBend geklart, inwieweit sich die Auswahl des LIV auf die Korrektur der
Nebenkurve, sowie auf die Korrektur der sagittalen Balance auswirkt. Dies zu untersuchen war
Ziel dieser retrospektiven Arbeit.

Hierflir flhrten wir eine Datenanalyse durch, fiir welche wir konsekutiv 47 Patienten
einschlossen, die bei AIS mittels dorsaler Korrekturspondylodese, durchgefiihrt als SF operativ
in unserem Hause versorgt wurden. In den pra- und postoperativen Réntgenbildern wurde
jeweils der Cobb-Winkel der Haupt- und Nebenkurve bestimmt sowie als Paramater fiir die
sagittale Balance die thorakale Kyphose, die lumbale Lordose als auch die pelvic incidence
ermittelt. Weiterhin wurden in den pra- und postoperativen Aufnahmen die Endwirbel und
die stabilen Wirbel der jeweiligen Kurven, als auch der sagittale Umschlagpunkt (IP) und der
Scheitelpunkt der lumbalen Lordose bestimmt. Sdmtliche Parameter wurden in Abhangigkeit
des jeweils gewdhlten LIV analysiert.

Im Rahmen der statistischen Auswertung ergab sich eine hohe Korrelation (0.701) zwischen
der perioperativ erreichten Korrektur der Hauptkurve und der anschlieBenden passiven
Korrektur der Nebenkurve. Weiterhin zeigte sich jeweils eine signifikant verbesserte Korrektur
der Nebenkurve, wenn mehr als 5 Level zwischen LIV und Endwirbel oder 4 Level zwischen LIV
und stabilen Wirbel der Hauptkurve lagen (p>0,001 bzw. p>0,01). Weiterhin konnte gezeigt
werden, dass die Wahl des LIV mit Abstand von 2 oder mehr Wirbelkérpern vom IP eine
signifikant bessere Korrektur der Nebenkurve erbrachten (p>0,01). Dies wir beispielhaft in

Abbildung 7 dargestellt.
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Abbildung 7. Darstellung des Einflusses des Abstandes des untersten Instrumentierten Wirbelkorpers vom
sagittalen Umschlagpunkt auf die Korrektur der Nebenkurve.

Zwei Beispiele fiir den Einfluss des Abstandes des untersten Instrumentierten Wirbelkdrpers (LIV) vom sagittalen
Umschlagpunkt (IP) auf die Korrektur der Nebenkurve. In beiden Fallen wurde die Nebenkurve praoperativ als
nichtstrukturell identifiziert. A-D zeigen die pra- und postoperativen Rontgenbilder eines Patienten bei welchen
der LIV und der IP auf demselben Leven gewahlt wurden. Hier wurde eine Korrektur der Nebenkurve von 37° auf
25°(32,5%) erzielt. E-H zeigen die pra- und postoperativen Rontgenbilder eines Patienten, bei welchem zwischen
LIV und IP 3 Level Abstand gewahlt wurden. Hier wurde eine Korrektur der Nebenkurve von 48° auf 28° (41,7%)
erzielt. Mit freundlicher Genehmigung durch Univ.-Prof. Dr. G. Antoch, Institut fir diagnostische und
interventionelle Radiologie.

Zusammenfassend konnte in dieser Studie herausgestellt werden, dass nicht nur Parameter
des frontalen Profils eine Rolle bei der Auswahl des LIV darstellen, sondern Parameter des
sagittalen Profils bei der Auswahl des LIV berticksichtigt werden sollten. Diesbezliglich wurde

durch uns hier erstmals die Relevanz des sagittalen IP bei der Wahl des LIV nachgewiesen.

6. Bovine Xenografts sind sichere Knochenersatzmaterialien bei der
multisegmentalen instrumentierten spinalen Fusion

Prost M, Windolf J, Konieczny MR. Bovine-derived xenograft is a viable bone graft substitute
in multilevel, instrumented, spinal fusion. Orthop Rev (Pavia). 2022

Um eine sichere und langfristige knocherne Fusion bei langstreckiger dorsaler
Korrekturspondylodese, wie sie zum Beispiel im Rahmen der operativen Therapie von
Patienten mit AIS durchgefihrt wird, zu erreichen wurde lange Zeit eine dorsale Dekortikation
sowie die Anlagerung von autologer Spongiosa, am ehesten vom Beckenkamm, als
Goldstandard angesehen.”®?7.78 Dieses Verfahren fiihrt zu sehr geringen Pseudarthroseraten,
geht jedoch mit einer deutlich erhéhten Entnahmemorbiditat einher.”8%82 Daher werden

heutzutage regelhaft Knochenersatzmaterialen, wie zum Beispiel bovine Xenograft als
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Alternative herangezogen. Es existieren bereits Daten, die den erfolgreichen und sicheren
Einsatz in Bezug auf die Erzielung einer kndchernen Fusion durch diese Xenografts bei
kurzstreckigen Spondylodesen belegen.116-118 Zjel| dieser Arbeit war es nun zu untersuchen ob
auch bei langstreckigen Korrekturspondylodesen, wie bei der operativen Therapie der AlS
Ublich, durch Xenografts eine sichere Fusion erzielt und Pseudarthrosen mit sekundarem
Korrekturverlust vermieden werden kdénnen.

Es wurden die Daten von 28 Patienten, bei welchen aufgrund einer AIS eine langstreckige
dorsale Korrekturspondylodese durchgefiihrt wurde und bei welchen bovine Xenografts als
Knochenersatz verwendet wurde, analysiert. Als Marker fiir eine Pseudarthrose bzw. eine
ausbleibende kndcherne Fusion liber einen Zeitraum von 2 Jahren wurde ein moglicher
Korrekturverlust im Bereich der instrumentierten Hauptkurve festgelegt. Hierfiir wurden die
Cobb-Winkel der Hauptkurve und die thorakale Kyphose in den vorhandenen Rontgenbildern
bestimmt.

Es konnte gezeigt werden, dass es nach initialer perioperativer Korrektur des Cobb-Winkels
der Hauptkurve sowie der thorakalen Kyphose im Rahmen des Follow-ups Uber 2 Jahren zu
keiner signifikanten Veranderung der gemessenen Cobb-Winkel der Hauptkurven und der
thorakalen Kyphose kam und somit in beiden Ebenen kein Korrekturverlust als Marker fiir eine
Pseudarthrose beobachtet werden konnte. Diese Ergebnisse bezliglich der Cobb-Winkel der

Hauptkurven werden in Abbildung 8 dargestellt.
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Abbildung 8. Veranderung des Cobb-Winkels der Hauptkurve perioperativ und im postoperativen Verlauf
Dargestellt wir der Cobb-Winkel der Hauptkurve (MC) in Grad sowohl prdoperativ als auch umgehend
postoperativ und in den Kontrollen 6, 12 und 24 Monate postoperativ. Mit freundlicher Genehmigung von
Scholistica im Rahmen der Open Access Veroffentlichung unter Creative Commons Lizenz.
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Zusammenfassend hat diese Studie gezeigt, dass bovine Xenografts als Knochenersatzmaterial
in dem untersuchten Patientenkollektiv eine sichere Alternative zur Verwendung von
autologer Beckenkammspongiosa in Bezug auf die Pravention eines etwaigen Korrekturverlust

darstellt.
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Diskussion

Skoliosen, insbesondere AlS sind haufig und betreffen bis zu jedes 20. Kind beziehungsweise
Jugendlichen. 8 Die Tatsache, dass meist ansonsten gesunde Kinder und Jugendliche betroffen
sind macht es umso wichtiger, dass die jeweilige Therapieentscheidungen auf fundierter Basis
getroffen werden, da die Patienten bei fehlerhafter oder unzureichender Therapie potenziell
mehrere Jahrzehnte darunter leiden missen. So gibt es eine Vielzahl an Arbeiten, welche
vermehrt Rickenschmerzen, kardiopulmonale Symptome und psychische Einschrankungen
bei Patienten insbesondere mit gréReren thorakalen Kriimmungen beschreiben.3233:36,119,120
Deshalb ist es auch umso wichtiger, die gangigen Therapiekonzepte regelhaft anhand der
neuesten Kenntnisse der Wissenschaft zu priifen und weiterzuentwickeln.

So ist eine Thematik, welche aktuell Gegenstand der Forschung ist, die praoperative Planung
mittels FA. Allein die Tatsache, dass Uber 10 verschiedene Techniken zur Anfertigung von FA
beschrieben sind und basierend auf den aktuellen Daten, keine hier umfanglich in Hinsicht auf
alle Gesichtspunkte den anderen Typen von FA Uberlegen ist, zeigt, dass hier noch weitere
Untersuchungen notwendig sind. 73738 Ein signifikanter Nachteil, den alle aktuell gidngigen
Techniken zur Anfertigung von FA gemein haben ist, dass alle mit einer zusatzlichen
Strahlenbelastung fiir die Patienten einhergehen. Mehrere Studien belegen die im Vergleich
zur Allgemeinbevdélkerung erh6hte Rate an Karzinomen und eine erhéhte Tumorsterblichkeit,
insbesondere im Fokus stehen hier Mamma-Karzinome #°°4121 ynd Endometriumkarzinome
%, Weiterhin sind réntgenstrahlenbedingte Schiden an der DNA von Patienten mit AIS
nachweisbar. *° Die Erforschung von Alternativen zu strahlenbelastenden nativradiologischen
Aufnahmen ist somit ein elementarer Bestandteil zur Verbesserung der Therapie von
Patienten mit AIS.

Im Zuge der vorgelegten Arbeiten wurde daher analysiert, ob Daten, welche im Rahmen von
routinemalig praoperativ angefertigten CT-Scans oder MRT’s genutzt werden kénnen, um
prdoperative FA zu ersetzen und somit einen Beitrag zum Strahlenschutz zu leisten. Die
Ergebnisse der beiden Arbeiten zeigten, dass insbesondere die Fragestellung, ob Nebenkurven
struktureller oder nicht-struktureller Natur sind mit Hilfe der beiden bildgebenden

Modalititen beantwortet werden kann. 21

Diese Fragestellung ist wichtig, um die
Deformitaten zu klassifizieren oder wenn im Rahmen der praoperativen Planung entschieden
werden muss, ob eine SF durchgefiihrt werden kann oder nicht.128 Weitere Arbeiten, welche

die Ergebnisse der hier veroffentlichen Arbeiten bereits heranzogen, konnten ebenso zeigen,

29



dass die Daten, welche aus einem praoperativen MRT oder CT generiert werden, dazu genutzt
werden konnen die zu erwartende postoperative Korrektur vorherzusagen. 2?2 Weitere
Informationen, welche zum Teil aus den FA gewonnen werden und welche insbesondere der
Planung des LIV dienen, konnen die beiden bildgebenden Modalitaten, basierend auf den
publizierten Ergebnissen jedoch nicht liefern. 8 Somit ist nach aktuellem Stand noch kein
vollstandiger Ersatz von FA moglich. Dennoch kann, wenn zum Beispiel die Planung des LIV
unabhangig von FA erfolgen kann und es primdr um die Beurteilung des strukturellen
Charakters der Nebenkurven geht, ein praoperatives MRT die prdaoperativen FA ersetzen. So
konnen die Ergebnisse dieser Arbeit einen wichtigen Baustein zur Reduktion der
Strahlenbelastung liefern. Ansdatze um hier die Aussagekraft eines praoperativen MRT’s
gegebenenfalls noch zu erweitern stellen zum Beispiel biochemische MRT Sequenzen dar. Hier
gibt es bereits Daten, dass die Bandscheiben von Patienten mit AIS hier signifikante
Unterschiede im Vergleich zu einem gesunden Vergleichskollektiv aufweisen. 123

Eine weitere hier vorgelegte Arbeit befasst sich ebenso mit der Thematik der Reduktion der
Strahlenbelastung. Hier wurden insbesondere Strahlenschutzaspekte im Rahmen des Nutzens
von intraoperativer Navigation beleuchtet. Der Einsatz von Navigation und Robotik wird
aktuell weiterhin kontrovers diskutiert. Die Angaben zur Rate an Schraubenfehllagen fir die
einzelnen verschiedenen Techniken variieren stark im Rahmen der vorliegenden Literatur. So
werden fir die Schraubenimplantation mittels Navigation Fehllagen zwischen 1.9-11%
beschrieben. 124125 Klare Empfehlungen fiir die Navigation bzw. Robotik gibt es aktuell nur fiir
den Einsatz bei komplexen Deformitdten oder Revisionseingriffen. 7> Ein Kritikpunkt an der
navigierten Implantation von PS ist, dass sie vermeintlich zu einer Erhéhung der
Strahlenbelastung fiir die Patienten fiihrt. 126128 Dies konnte durch die hier vorgelegte Arbeit
widerlegt werden. Es konnte gezeigt werden, dass in der von uns angewandten Technik die
navigierte Schraubenimplantation gegeniber dem klassischen bildwandlegestiitzten
Verfahren (0.025 mSv vs. 0.781 mSv; p < 0.001) mit einer signifikanten Reduktion der
Strahlendosis pro implantierter PS einhergeht. 3 Die Rate an Schraubenfehllagen zeigte sich
ebenfalls signifikant reduziert. Somit konnte auch diese Arbeit mit der Bestdtigung, der
Sicherheit der navigierten Implantation von PS und der gleichzeitig damit einhergehenden
Reduktion der Strahlenbelastung einen wichtigen Bestandteil zur Verbesserung der
Versorgung von Patienten mit AIS liefern. Eine Problematik, welche die eingeschrankte

Vergleichbarkeit vieler veroffentlichter Arbeiten bedingt ist, dass die Haufigkeit des Einsatzes
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der intraoperativen Bildgebung stark variiert und insbesondere von der genutzten Technik
und Erfahrung des Operateurs abhéngt. > Dies resultiert in deutliche Schwankungen in der
dokumentierten Strahlenbelastung zwischen den verschiedenen Studien. Weiter zu beachten
ist, dass die verschiedenen Gerate zur Akquirierung von intraoperativen Bildern ebenfalls alle,
technisch bedingt, verschiedenen Strahlenbelastungen erzeugen. Angebracht werden muss
an dieser Stelle auch der Strahlenschutzaspekt fiir den Operateur und das OP-Team, hier gibt
es eindeutige Daten die sicher eine signifikante Reduktion der Strahlenbelastung durch den
Einsatz von Navigationsverfahren belegen 101, Letztendlich muss festgehalten werden, dass
der Einsatz von Navigation im Vergleich zur bildwandlergestltzten Technik nicht zwangslaufig
zu einer erhohten Strahlenbelastung fir den Patienten fiihrt, sondern dies insbesondere auch
abhangig vom Operateur und seiner eingesetzten Technik sowie seiner Erfahrung ist. So kann
der routinemalRige Einsatz der Navigation in Handen eines erfahrenen Operateurs gar zur
Reduktion der Strahlenbelastung fiir die Patienten fiihren und gleichzeitig ebenso die Rate an
Schraubenfehllagen senken.

In der hier aufgefiihrten Arbeit beziglich der gewahlten OP-Technik konnte gezeigt werden,
dass in dem hier untersuchten Patientenkollektiv das Hybridverfahren im Vergleich zum AS-
Verfahren in Bezug auf das zu erreichende Korrekturpotential als gleichwertig zu erachten
war.”> Vergleichbare Arbeiten schreiben hingegen den AS-Verfahren deutlich bessere
Korrekturpotentiale in Bezug auf die Korrektur des frontalen Profils zu, welche insbesondere
bei einer hohen Implantatdichte zum Tragen kommt.  Ob diese zusatzliche Korrektur die
Lebensqualitdt und das Outcome der Patienten verbessert bleibt unklar. ¢Tsirikos et al.
beschrieben in ihrer Untersuchung im Gegensatz dazu und dhnlich zu der hier aufgefihrten
Arbeit, dass mit standardisierten Hybrid-Verfahren gute Korrekturergebnisse sowie eine gute
Patientenzufriedenheit erzielbar ist und weiterhin es zu einer signifikanten Reduktion der OP-
Zeit, des Blutverlustes und auch der Implantatkosten kommt. 12° Dieser erhdhte Kostenaspekt
fur die AS-Verfahren konnte auch durch andere Autoren bestatigt werden 30, Bezuglich der
Korrektur des sagittalen Profils scheinen die Hybridtechniken den AS-Techniken geringfiigig
iiberlegen. 109131132

In dem durch uns untersuchten Patientenkollektiv konnte auch liber ein Follow-up von 3
Jahren kein signifikanter sekundarer Korrekturverlust und kein Unterschied in Bezug auf die
Rate an Revisionseingriffen beobachtet werden °. Andere Arbeiten, welche ein lingeres

Follow up aufwiesen, zeigten jedoch eine signifikant erhohte Rate an Revisionsoperationen
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bei Hybridverfahren deren Ursache dann meist eine Implantatdislokation oder eine
Pseudarthrose waren 1327134 |etztendlich |4sst sich festhalten, dass Hybridverfahren eine
kostenglinstigere Alternative zu den AS-Verfahren sind und Ulber welche eine adaquate
Korrektur der Deformitdt erreicht werden kann. Der Einsatz dieses Verfahrens sollte
insbesondere bei ausgepragten Deformitdten mit stark dysplastischen Pedikeln, bei welchen
eine adaquate Schraubenplatzierung haufig kaum maoglich ist, in Betracht gezogen werden.
Das erhohte Risiko insbesondere an Pseudarthrosen muss berticksichtigt werden. Hier sollten
insbesondere MaRnahmen zur Verbesserung der dorsalen Fusion betrachtet werden. Eine
suffiziente dorsale Fusion ist insbesondere auch im Rahmen des Konzeptes der SF, welches
mit klirzeren instrumentierten Strecken einhergeht, relevant.

Daher befasste sich eine Weitere der hier vorgelegten Arbeiten mit
Optimierungsmoglichkeiten der dorsalen Fusion. Elementar zum Erreichen der Fusion ist
neben der dorsalen Dekortikation die Anlagerung von osteoinduktivem bzw.
osteokonduktivem Material. Der als lange Standard angesehene Einsatz von
Beckenkammspongiosa gerat mehr und mehr in Kritik, da ihm insbesondere eine deutlich
erhohte Entnahmemorbiditdt einhergehend mit erhdohtem intraoperativem Blutverlust,
verlangerter OP-Zeit und verstarkten postoperativen Schmerzen zugeschrieben werden.
798182 Es gilt daher Alternativen zur klassischen Beckenkammspongiosaentnahme zu
etablieren, da dies bedingt durch kiirzere OP-Zeit, weniger Blutverlust und insbesondere
durch ein geringeres postoperatives Schmerzniveau, zu einer deutlichen Verbesserung der
Patientenzufriedenheit filhren kann. Eine Vielzahl an verschiedenen Allografts oder
Knochenersatzmaterialien werden bereits als Alternative zur Beckenkammspongiosa zur
Erzielung einer dorsalen kndchernen Fusion eingesetzt. Auch fir den Einsatz bei AlS gibt es
schon vielversprechende Daten. 7° Die hier vorgelegte Arbeit bestatigte diese hervorragenden
Ergebnisse in Bezug auf die Erreichbarkeit einer knéchernen Fusion fiir den Einsatz von
bovinen Xenograft . Vergleichbare Ergebnisse zeigte Nickoli et al. fir den Einsatz von
keramischen Knochenersatzmaterialien im Rahmen von lumbalen Spondylodesen 3>, Weber
et al. fir den Einsatz von bovinen Xenografts in der Erzielung einer Fusion im Rahmen der
Traumaversorgung 3¢ oder Garin et al. fir den Einsatz von bovinen Xenografts in einem
Patientenkollektiv mit gemischten Indikationen 37, Letztendlich kann festgehalten werden,
dass es eine Vielzahl von suffizienten Ersatzmoglichkeiten fir den Einsatz von

Beckenkammspongiosa zum Erreichen einer dorsalen Fusion gibt. Diese hier vorgelegte Arbeit
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stellt erstmalig heraus, dass auch bovine Xenografts eine suffiziente Ersatzmoglichkeit
darstellen. lhr Einsatz kann dazu fiihren, dass keine Notwendigkeit mehr zur schmerzhaften
Entnahme von Beckenkammspongiosa besteht.

Zwei weitere hier vorgelegte Arbeiten befassen sich unter anderem mit der SF versus NSF und
der damit einhergehenden Fragestellung nach der korrekten Auswahl des LIV. Beziiglich des
Vergleichs der SF und der NSF konnte gezeigt werden, dass die NSF erwartungsgemal ein
hoheres Korrekturpotential in Bezug auf die Nebenkurven hat, aber die SF auch zu einer
deutlichen passiven Korrektur der Nebenkurve fiihrt. > Das die NSF ein hdheres
Korrekturpotential auf die Nebenkurven hat wurde durch andere Autoren ebenfalls bestatigt.
113 Dje deutlichen Ergebnisse unserer Arbeit bezliglich der ausgepragten passiven Korrektur
der Nebenkurve um bis zu 40 % im Rahmen der SF sind dquivalent zu den Daten welche Lenke
et al. diesbezliglich prasentierten. 88 Zum Erreichen einer guten Patientenzufriedenheit ist
nicht ein maximales Korrekturergebnis, wie es bei der NSF der Fall wire, notwendig. ©°

Die kiirzere Fusionsstrecke im Rahmen der SF geht mit nachweisbaren Vorteilen einher, so ist
zum Beispiel die Lange der Fusionsstrecke ein klarer Einflussgeber auf die Moglichkeit zur
Riickkehr zum Sport . Weiter konnte gezeigt werden, dass ldngere Fusionsstrecken bei
Frauen die Wahrscheinlichkeit zur Notwendigkeit eines Kaiserschnittes erhéhen. ® Mehrere
aktuelle Reviews stellten nochmals heraus, welchen Stellenwert neben der Korrektur des
frontalen Profils auch die adaquate Wiederherstellung der sagittalen Balance im Rahmen der
operativen Therapie hat, insbesondere auch in Hinblick auf die anschlieBende
Patientenzufriedenheit 13%13°, Hier konnte durch die vorgelegte Arbeit nachgewiesen werden,
dass zum Erreichen eines addquaten sagittalen Profils nicht eine langstreckige Fusion im Sinne
einer NSF notwendig ist. Auch durch die SF lasst sich eine suffiziente Korrektur des sagittalen
Profils erzielen. > Somit kann der SF neben der kiirzeren Fusionsstrecke auch eine suffiziente
sagittale Korrektur als wichtiger Parameter der Patientenzufriedenheit zugeschrieben
werden.

Schlussendlich lasst sich festhalten, dass die SF insbesondere fiir ausgewahlten Kurventypen
ein sicheres Verfahren ist. Das Verfahren fiihrt zu einer guten Korrektur der Haupt- und auch
der Nebenkurven sowie auch des sagittalen Profils und erhoht letztendlich die
Patientenzufriedenheit. Unabdinglich fiir den Erfolg der SF ist die richtige Identifikation des
LIV. Die praoperative Identifikation des am besten geeigneten LIV gestaltet sich weiterhin

komplex. Es soll auf der einen Seite erreicht werden die instrumentierte Strecke so kurz wie
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moglich zu halten, um eine bestmogliche postoperative Beweglichkeit zu erreichen und auf
der anderen Seite muss ein sekundarer Progress der Deformitat, bedingt durch eine zu kurze
instrumentierte Strecke, vermieden werden. Es gibt eine Vielzahl an Arbeiten, die
verschiedenste radiologische Parameter zur Identifikation des LIV benennen. >6-58383,84,86,88,140
Liu et al. stellen zudem in ihrem Review aus 2020 dar, dass neben den radiologischen
Parametern auch immer die gewahlte Operationstechnik einen Einfluss auf die adaquate
Auswahl des LIV hat, was die Auswahl noch weiter erschwert. 14!

Fast alle der benannten radiologischen Richtwerte sind Parameter des frontalen Profils. Die
hier vorgelegte Arbeit prasentiert nun mit dem sagittalen IP einen relevanten Parameter des
sagittalen Profils, welcher basierend auf den Daten ebenfalls zur Identifikation des korrekten
LIV herangezogen werden sollte. * Die Relevanz der Beachtung des sagittalen Profils im
Rahmen der operativen Therapie wurde bereits weitgehend belegt. 138132 Somit ist es aus
unserer Sicht elementar das sagittale Profil in die praoperative Planung miteinzubeziehen.
Rizkallah et al. verglichen verschiedene Verfahren zur Auswahl des LIV miteinander und
konnten zeigen, dass es anhand verschiedener Verfahren haufig zur ldentifikation von
unterschiedlichen LIVs kam. 8 Sie kommen weiter zu dem Schluss, dass der LIV, welcher
Ubereinstimmend durch die meisten Verfahren identifiziert wird in der Regel auch der LIV war,
welcher postoperativ zu den besten Resultaten fiihrte. In Bezug auf die Einzelverfahren
konnte dieser LIV am haufigsten durch die Methodik nach Dubousset identifiziert werden.
Diese Methodik ist eine der wenigen, die bereits zuvor auch mit der Bewertung der
segmentalen Kyphose im lateralen Rontgenbild einen Parameter des sagittalen Profils mit in
die Findung des LIV einbezieht. &’

Letztendlich konnte aktuell noch kein ein-eindeutiger Parameter zur Auswahl des richtigen
LIV festgestellt werden, multiple radiologische Parameter sowie auch das geplante operative
Vorgehen miissen berlicksichtigt werden. Insbesondere aber auch Parameter des sagittalen
Profils sollten Einfluss in die Auswahl des LIV finden, um die dreidimensionalen

Eigenschaften einer Skoliose dazustellen. Hier konnte die vorgelegte Arbeit erstmalig den
sagittalen IP als relevanten Marker fir die Auswahl des LIV zur Optimierung der
Durchflihrung einer SF prasentieren. Die biochemisch sensitive MRT-Bildgebung zur
verbesserten und friihzeitigen Beurteilung von strukturellen Veranderungen der
Bandscheiben kann in Zukunft eventuell weitere Parameter liefern, die die Auswahl des

geeignetsten LIV vereinfachen.
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Schlussfolgerung und Ausblick

Die hier dargestellten und diskutierten Arbeiten konnten zeigen, dass bei Vorliegen eines
praoperativen MRT’s oder praoperativen CT-Scans in Bezug auf die Fragestellung, ob
Nebenkurven struktureller oder nicht- struktureller Natur sind, auf FA verzichtet werden kann
und so zur Reduktion der Strahlenbelastung der Patienten beigetragen werden kann. Es
konnte auch gezeigt werden, dass der Einsatz der Navigation im Rahmen der Implantation von
Pedikelschrauben zur Reduktion der Strahlenbelastung fir die Patienten fiihren und
gleichzeitig ebenso die Rate an Schraubenfehllagen senken kann. Es konnte auch gezeigt
werden, dass Hybridverfahren eine kostenglinstigerer Alternative zu den AS-Verfahren sind
und Uber diese eine addquate Korrektur der Deformitat erreicht werden kann. Der Einsatz
dieser Verfahren sollte insbesondere bei ausgepragten Deformitaten mit stark dysplastischen
Pedikeln in Betracht gezogen werden.

Ebenso wurde dargestellt, dass es mit bovine Xenografts ein weiteres suffizientes
Knochenersatzmaterial zum Erreichen einer knochernen Fusion im Rahmen der operativen
Therapie von Skoliosen gibt, welches die schmerzhafte Entnahme von Beckenkammspongiosa
unnotig machen kann.

Die SF wurde als sicheres Verfahren fir ausgewahlt Kurventypen bestatigt, welches durch eine
Verkirzung der instrumentierten Strecke und durch eine adaquate Korrektur des sagittalen
Profils zwei elementare Faktoren in Bezug auf die langfristige Patientenzufriedenheit positiv
beeinflusst.

AbschlieBend konnte noch dargelegt werden, dass bei der fiir die SF elementaren korrekten
Identifikation des LIV unabdingbar ist das sagittale Profil zu berilcksichtigen. Diesbeziiglich
wurde der sagittale IP erstmals als relevanter Parameter benannt.

Die biochemisch sensitive MRT-Bildgebung zur verbesserten und friihzeitigen Beurteilung von
strukturellen Veranderungen der Bandscheiben kann in Zukunft eventuell weitere Parameter
liefern, die die Auswahl des geeignetsten LIV vereinfachen und gleichzeitig zur weiteren

Reduktion der Strahlenbelastung beitragen.

35



Literaturverzeichnis

1. Prost M, Windolf J, Konieczny MR. May bending radiographs be replaced by recumbent CT scans in patients
with adolescent idiopathic scoliosis? Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv
Spine Res Soc. 2021;30(12):3490-3497. doi:10.1007/s00586-021-06945-7

2. Prost M, Réckner ME, Taday R, Windolf J, Konieczny MR. May bending radiographs be replaced by magnetic
resonance imaging in patients with adolescent idiopathic scoliosis? Eur Spine J Off Publ Eur Spine Soc Eur
Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2023;32(5):1771-1776. doi:10.1007/s00586-023-07659-8

3. Konieczny MR, Boos J, Steuwe A, Schleich C, Prost M, Krauspe R. Effective dose of radiation per screw in
surgery of adolescent idiopathic scoliosis: matched pair analysis of 293 pedicle screws inserted using three
different techniques. J Child Orthop. 2020;14(6):554-561. doi:10.1302/1863-2548.14.200148

4. Prost M, Denz P, Windolf J, Konieczny MR. The Impact of the Lowest Instrumented Vertebra on the Correction
of the Minor Curve During Selective Fusion in Patients With Adolescent Idiopathic Scoliosis. Clin Spine Surg.
Published online September 3, 2024. doi:10.1097/BSD.0000000000001686

5. Prost M, Denz P, Windolf J, Konieczny MR. Impact of Different Operative Techniques for Patients With
Adolescent Idiopathic Scoliosis on Frontal Curve Correction and Sagittal Balance. Int J Spine Surg.
2024;18(3):322-328. doi:10.14444/8602

6. Prost M, Windolf J, Konieczny MR. Bovine-derived xenograft is a viable bone graft substitute in multilevel,
instrumented, spinal fusion. Orthop Rev. 2022;14(3):37576. d0i:10.52965/001¢.37576

7. 151-002I_Sk_Adoleszente-ldiopathische-Skoliose_2023-03.pdf. Accessed October 2, 2024.
https://register.awmf.org/assets/guidelines/151-002]_Sk_Adoleszente-Idiopathische-Skoliose_2023-03.pdf

8. Konieczny MR, Senyurt H, Krauspe R. Epidemiology of adolescent idiopathic scoliosis. J Child Orthop.
2013;7(1):3-9. doi:10.1007/s11832-012-0457-4

9. COBB J. Outline for the study of scoliosis. Instr Course Lect Ann Arbor. 1948;5:261.

10.Langensiepen S, Semler O, Sobottke R, et al. Measuring procedures to determine the Cobb angle in idiopathic
scoliosis: a systematic review. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res
Soc. 2013;22(11):2360-2371. doi:10.1007/s00586-013-2693-9

11.Lenke LG, Betz RR, Harms J, et al. Adolescent idiopathic scoliosis: a new classification to determine extent of
spinal arthrodesis. J Bone Joint Surg Am. 2001;83(8):1169-1181.

12.Hosseinpour-Feizi H, Soleimanpour J, Sales JG, Arzroumchilar A. Lenke and King classification systems for
adolescent idiopathic scoliosis: interobserver agreement and postoperative results. Int J Gen Med.
2011;4:821-825. doi:10.2147/1JGM.S25403

13.Lenke LG, Edwards CC, Bridwell KH. The Lenke classification of adolescent idiopathic scoliosis: how it organizes
curve patterns as a template to perform selective fusions of the spine. Spine. 2003;28(20):5199-207.
doi:10.1097/01.BRS.0000092216.16155.33

14.Zhou Z, Liu F, Li R, Chen X. The effects of exercise therapy on adolescent idiopathic scoliosis: An overview of
systematic reviews and meta-analyses. Complement Ther Med. 2021;58:102697.
doi:10.1016/j.ctim.2021.102697

15.Kuru T, Yeldan i, Dereli EE, Ozdingler AR, Dikici F, Colak I. The efficacy of three-dimensional Schroth exercises
in adolescent idiopathic scoliosis: a randomised controlled clinical trial. Clin Rehabil. 2016;30(2):181-190.
doi:10.1177/0269215515575745

16.Negrini S, Zaina F, Romano M, Negrini A, Parzini S. Specific exercises reduce brace prescription in adolescent
idiopathic scoliosis: a prospective controlled cohort study with worst-case analysis. J Rehabil Med.
2008;40(6):451-455. doi:10.2340/16501977-0195

17.Anwer S, Alghadir A, Abu Shaphe M, Anwar D. Effects of Exercise on Spinal Deformities and Quality of Life in
Patients with Adolescent Idiopathic Scoliosis. BioMed Res Int. 2015;2015:123848. d0i:10.1155/2015/123848

18.Rowe DE. THE SCOLIOSIS RESEARCH SOCIETY BRACE MANNUAL INTRODUCTION.

36



19.Negrini S, Donzelli S, Lusini M, Minnella S, Zaina F. The effectiveness of combined bracing and exercise in
adolescent idiopathic scoliosis based on SRS and SOSORT criteria: a prospective study. BMC Musculoskelet
Disord. 2014;15:263. d0i:10.1186/1471-2474-15-263

20.Richards BS, Bernstein RM, D’Amato CR, Thompson GH. Standardization of criteria for adolescent idiopathic
scoliosis brace studies: SRS Committee on Bracing and Nonoperative Management. Spine. 2005;30(18):2068-
2075; discussion 2076-2077. doi:10.1097/01.brs.0000178819.90239.d0

21.Wanke-Jellinek L, Krenauer A, Wuertinger C, Storzer B, Haasters F, Mehren C. Predictive Parameters for
Chéneau Brace Efficacy in Patients with Adolescent Idiopathic Scoliosis. Glob Spine J. 2024;14(2):519-525.
doi:10.1177/21925682221114051

22.Seifert J, Thielemann F, Bernstein P. [Adolescent idiopathic scoliosis : Guideline for practical application].
Orthopade. 2016;45(6):509-517. d0i:10.1007/s00132-016-3274-5

23.Weinstein SL, Dolan LA, Wright JG, Dobbs MB. Effects of bracing in adolescents with idiopathic scoliosis. N
Engl J Med. 2013;369(16):1512-1521. doi:10.1056/NEJMo0al1307337

24.Katz DE, Richards BS, Browne RH, Herring JA. A comparison between the Boston brace and the Charleston
bending brace in adolescent idiopathic scoliosis. Spine. 1997;22(12):1302-1312. do0i:10.1097/00007632-
199706150-00005

25.Katz DE, Herring JA, Browne RH, Kelly DM, Birch JG. Brace wear control of curve progression in adolescent
idiopathic scoliosis. J Bone Joint Surg Am. 2010;92(6):1343-1352. d0i:10.2106/JBJS.1.01142

26.Howard A, Wright JG, Hedden D. A comparative study of TLSO, Charleston, and Milwaukee braces for
idiopathic scoliosis. Spine. 1998;23(22):2404-2411. doi:10.1097/00007632-199811150-00009

27.Rivard CH. Re: Wong MS, Cheng JC, Lam TP, et al. The effect of rigid versus flexible spinal orthosis on the
clinical efficacy and acceptance of the patients with adolescent idiopathic scoliosis. Spine 2008;33:1360-5.
Spine. 2008;33(25):2837; author reply 2837-2838. doi:10.1097/BRS.0b013e31818e28f7

28.Wong MS, Cheng JCY, Lam TP, et al. The effect of rigid versus flexible spinal orthosis on the clinical efficacy
and acceptance of the patients with adolescent idiopathic scoliosis. Spine. 2008;33(12):1360-1365.
doi:10.1097/BRS.0b013e31817329d9

29.Cheung PWH, Cheung JPY. Sanders stage 7b: Using the appearance of the ulnar physis improves decision-
making for brace weaning in patients with adolescent idiopathic scoliosis. Bone Jt J. 2021;103-B(1):141-147.
doi:10.1302/0301-620X.103B1.BJJ-2020-1240.R1

30.Weinstein SL, Zavala DC, Ponseti IV. Idiopathic scoliosis: long-term follow-up and prognosis in untreated
patients. J Bone Joint Surg Am. 1981;63(5):702-712.

31.Weinstein SL. The Natural History of Scoliosis in the Skeletally Mature Patient. lowa Orthop J. 1986;6:44-52.

32.Danielsson AJ. Natural history of adolescent idiopathic scoliosis: a tool for guidance in decision of surgery of
curves above 50°. J Child Orthop. 2013;7(1):37-41. d0i:10.1007/s11832-012-0462-7

33.Weinstein SL. The Natural History of Adolescent Idiopathic Scoliosis. J Pediatr Orthop. 2019;39(Issue 6,
Supplement 1 Suppl 1):544-546. doi:10.1097/BP0.0000000000001350

34.Newton PO, Faro FD, Gollogly S, Betz RR, Lenke LG, Lowe TG. Results of preoperative pulmonary function
testing of adolescents with idiopathic scoliosis. A study of six hundred and thirty-one patients. J Bone Joint
Surg Am. 2005;87(9):1937-1946. doi:10.2106/JBJS.D.02209

35.Branthwaite MA. Cardiorespiratory consequences of unfused idiopathic scoliosis. Br J Dis Chest.
1986;80(4):360-369. doi:10.1016/0007-0971(86)90089-6

36.Bjure J, Nachemson A. Non-treated scoliosis. Clin Orthop. 1973;(93):44-52. doi:10.1097/00003086-
197306000-00007

37.He C, Wong MS. Spinal Flexibility Assessment on the Patients With Adolescent Idiopathic Scoliosis: A
Literature Review. Spine. 2018;43(4):E250-E258. doi:10.1097/BRS.0000000000002276

38.de Kleuver M, Lewis SJ, Germscheid NM, et al. Optimal surgical care for adolescent idiopathic scoliosis: an
international consensus. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc.
2014;23(12):2603-2618. doi:10.1007/s00586-014-3356-1

37



39.Klepps SJ, Lenke LG, Bridwell KH, Bassett GS, Whorton J. Prospective comparison of flexibility radiographs in
adolescent idiopathic scoliosis. Spine. 2001;26(5):E74-79. doi:10.1097/00007632-200103010-00002

40.Hamzaoglu A, Talu U, Tezer M, Mirzanli C, Domanic U, Goksan SB. Assessment of curve flexibility in adolescent
idiopathic scoliosis. Spine. 2005;30(14):1637-1642. doi:10.1097/01.brs.0000170580.92177.d2

41.Cheung KM, Luk KD. Prediction of correction of scoliosis with use of the fulcrum bending radiograph. J Bone
Joint Surg Am. 1997;79(8):1144-1150. doi:10.2106/00004623-199708000-00005

42.Khodaei M, Pachéco-Pereira C, Trac S, Chan A, Le LH, Lou E. Radiographic methods to estimate surgical
outcomes based on spinal flexibility assessment in patients who have adolescent idiopathic scoliosis: A
systematic  review. Spine J Off J North Am  Spine Soc. 2018;18(11):2128-2139.
doi:10.1016/j.spinee.2018.06.344

43.Nachemson A, Nordwall A. Effectiveness of preoperative Cotrel traction for correction of idiopathic scoliosis.
J Bone Joint Surg Am. 1977;59(4):504-508.

44 .Lee RS, Reed DW, Saifuddin A. The correlation between coronal balance and neuroaxial abnormalities
detected on MRI in adolescent idiopathic scoliosis. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc
Eur Sect Cerv Spine Res Soc. 2012;21(6):1106-1110. doi:10.1007/s00586-012-2175-5

45.Singhal R, Perry DC, Prasad S, Davidson NT, Bruce CE. The use of routine preoperative magnetic resonance
imaging in identifying intraspinal anomalies in patients with idiopathic scoliosis: a 10-year review. Eur Spine J
Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2013;22(2):355-359.
doi:10.1007/s00586-012-2538-y

46.Swarup |, Silberman J, Blanco J, Widmann R. Incidence of Intraspinal and Extraspinal MRl Abnormalities in
Patients With Adolescent Idiopathic Scoliosis. Spine Deform. 2019;7(1):47-52. doi:10.1016/].jspd.2018.06.006

47.Xu W, Zhang X, Zhu Y, et al. An analysis of clinical risk factors for adolescent scoliosis caused by spinal cord
abnormalities in China: proposal for a selective whole-spine MRI examination scheme. BMC Musculoskelet
Disord. 2020;21(1):187. d0i:10.1186/s12891-020-3182-z

48.Presciutti SM, Karukanda T, Lee M. Management decisions for adolescent idiopathic scoliosis significantly
affect patient radiation exposure. Spine J Off J North Am Spine Soc. 2014;14(9):1984-1990.
doi:10.1016/j.spinee.2013.11.055

49.Luan FJ, Wan Y, Mak KC, Ma CJ, Wang HQ. Cancer and mortality risks of patients with scoliosis from radiation
exposure: a systematic review and meta-analysis. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur
Sect Cerv Spine Res Soc. 2020;29(12):3123-3134. d0i:10.1007/s00586-020-06573-7

50.Himmetoglu S, Guven MF, Bilsel N, Dincer Y. DNA damage in children with scoliosis following X-ray exposure.
Minerva Pediatr. 2015;67(3):245-249.

51.Muschik MT, Kimmich H, Demmel T. Comparison of anterior and posterior double-rod instrumentation for
thoracic idiopathic scoliosis: results of 141 patients. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc
Eur Sect Cerv Spine Res Soc. 2006;15(7):1128-1138. doi:10.1007/s00586-005-0034-3

52.Vavruch L, Brink RC, Malmqvist M, et al. Surgical Outcomes of Anterior Versus Posterior Fusion in Lenke Type
1 Adolescent Idiopathic Scoliosis. Spine. 2019;44(14):E823-E832. doi:10.1097/BRS.0000000000002984

53.Luo M, Wang W, Shen M, Xia L. Anterior versus posterior approach in Lenke 5C adolescent idiopathic scoliosis:
a meta-analysis of fusion segments and radiological outcomes. J Orthop Surg. 2016;11(1):77.
doi:10.1186/s13018-016-0415-9

54.Liu Y, Li M, Zhu XD, et al. Retrospective analysis of anterior correction and fusion for adolescent idiopathic
thoracolumbar/lumbar scoliosis: the relationship between preserving mobile segments and trunk balance. Int
Orthop. 2009;33(1):191-196. doi:10.1007/s00264-007-0489-4

55.Fischer CR, Lenke LG, Bridwell KH, Boachie-Adjei O, Gupta M, Kim YJ. Optimal Lowest Instrumented Vertebra
for Thoracic Adolescent Idiopathic Scoliosis. Spine Deform. 2018;6(3):250-256.
d0i:10.1016/j.jspd.2017.10.002

56.Suk SI. Pedicle screw instrumentation for adolescent idiopathic scoliosis: the insertion technique, the fusion
levels and direct vertebral rotation. Clin Orthop Surg. 2011;3(2):89-100. doi:10.4055/cios.2011.3.2.89

38



57.Qin X, He Z, Yin R, Qiu Y, Zhu Z. Selecting the Last Substantially Touching Vertebra as Lowest Instrumented
Vertebra in Lenke type 2A-R and 2A-L Curves. Spine. 2020;45(5):309-318.
doi:10.1097/BRS.0000000000003254

58.0hrt-Nissen S, Luk KDK, Samartzis D, Cheung JPY. Selection of the lowest instrumented vertebra in main
thoracic adolescent idiopathic scoliosis: Is it safe to fuse shorter than the last touched vertebra? Eur Spine J
Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2020;29(8):2018-2024.
doi:10.1007/s00586-020-06398-4

59.Luo C, Deng Z, Li J, et al. Health-related Quality of Life (HRQOL) Outcomes of Selective/Nonselective Thoracic
Fusion for Lenke 1C Adolescent Idiopathic Scoliosis (AIS) Patients with a Minimum 4-year Follow-up. Orthop
Surg. 2024;16(2):429-436. d0i:10.1111/0s.13977

60.Fabricant PD, Admoni S har, Green DW, lpp LS, Widmann RF. Return to athletic activity after posterior spinal
fusion for adolescent idiopathic scoliosis: analysis of independent predictors. J Pediatr Orthop.
2012;32(3):259-265. d0i:10.1097/BP0.0b013e31824b285f

61.Swany L, Larson AN, Shah SA, Grabala P, Milbrandt T, Yaszemski MJ. Outcomes of pregnancy in operative vs.
nonoperative adolescent idiopathic scoliosis patients at mean 30-year follow-up. Spine Deform.
2020;8(6):1169-1174. doi:10.1007/s43390-020-00158-6

62.Ruf M, Drumm J, Jeszenszky D. Anterior instrumented fusion for adolescent idiopathic scoliosis. Ann Transl
Med. 2020;8(2):31. doi:10.21037/atm.2019.11.84

63.Chen L, Sun Z, He J, et al. Effectiveness and safety of surgical interventions for treating adolescent idiopathic
scoliosis: a Bayesian meta-analysis. BMC Musculoskelet Disord. 2020;21(1):427. doi:10.1186/s12891-020-
03233-1

64.Bullmann V, Schulte TL, Schmidt C, Gosheger G, Osada N, Liljengvist UR. Pulmonary function after anterior
double thoracotomy approach versus posterior surgery with costectomies in idiopathic thoracic scoliosis. Eur
Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2013;22 Suppl 2(Suppl
2):5164-171. doi:10.1007/s00586-012-2316-x

65.Clements DH, Betz RR, Newton PO, Rohmiller M, Marks MC, Bastrom T. Correlation of scoliosis curve
correction with the number and type of fixation anchors. Spine. 2009;34(20):2147-2150.
doi:10.1097/BRS.0b013e3181adb35d

66.Larson AN, Polly DW, Diamond B, et al. Does higher anchor density result in increased curve correction and
improved clinical outcomes in adolescent idiopathic scoliosis? Spine. 2014;39(7):571-578.
doi:10.1097/BRS.0000000000000204

67.Mazda K, Ilharreborde B, Even J, Lefevre Y, Fitoussi F, Pennec¢ot GF. Efficacy and safety of posteromedial
translation for correction of thoracic curves in adolescent idiopathic scoliosis using a new connection to the
spine: the Universal Clamp. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res
Soc. 2009;18(2):158-169. doi:10.1007/s00586-008-0839-y

68.Ghayem Hassankhani E, Omidi-Kashani F, Moradkhani S, Ghayem Hassankhani G, Shakeri MT. Comparison of
Clinical and Radiologic Outcome of Adolescent Idiopathic Scoliosis Treated with Hybrid Hook-Screw
Instrumentation versus Universal Clamp System. Adv Med. 2016;2016:7639727. doi:10.1155/2016/7639727

69.Sale de Gauzy J, Jouve JL, Accadbled F, Blondel B, Bollini G. Use of the Universal Clamp in adolescent idiopathic
scoliosis for deformity correction and as an adjunct to fusion: 2-year follow-up. J Child Orthop. 2011;5(4):273-
282.d0i:10.1007/s11832-011-0357-z

70.La Rosa G, Giglio G, Oggiano L. The Universal Clamp hybrid system: a safe technique to correct deformity and
restore kyphosis in adolescent idiopathic scoliosis. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc
Eur Sect Cerv Spine Res Soc. 2013;22 Suppl 6(Suppl 6):5823-828. doi:10.1007/s00586-013-3014-z

71.Etemadifar MR, Andalib A, Rahimian A, Nodushan SMHT. Cobalt chromium-Titanium rods versus Titanium-
Titanium rods for treatment of adolescent idiopathic scoliosis; which type of rod has better postoperative
outcomes? Rev Assoc Medica Bras 1992. 2018;64(12):1085-1090. doi:10.1590/1806-9282.64.12.1085

72.Giudici F, Galbusera F, Zagra A, Wilke HJ, Archetti M, Scaramuzzo L. Determinants of the biomechanical and
radiological outcome of surgical correction of adolescent idiopathic scoliosis surgery: the role of rod
properties and patient characteristics. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv
Spine Res Soc. 2017;26(Suppl 4):524-532. doi:10.1007/s00586-017-5148-x

39



73.Sabah Y, Clément JL, Solla F, Rosello O, Rampal V. Cobalt-chrome and titanium alloy rods provide similar
coronal and sagittal correction in adolescent idiopathic scoliosis. Orthop Traumatol Surg Res OTSR.
2018;104(7):1073-1077. doi:10.1016/j.0tsr.2018.07.018

74.Sia U, Tan BB, Teo YY, Wong CC. Post-implantation Deformation of Titanium Rod and Cobalt Chrome Rod in
Adolescent Idiopathic Scoliosis. Malays Orthop J. 2019;13(1):14-19. doi:10.5704/M0J.1903.002

75.Ansorge A, Sarwahi V, Bazin L, Vazquez O, De Marco G, Dayer R. Accuracy and Safety of Pedicle Screw
Placement for Treating Adolescent Idiopathic Scoliosis: A Narrative Review Comparing Available Techniques.
Diagn Basel Switz. 2023;13(14):2402. doi:10.3390/diagnostics13142402

76.Korovessis P, Koureas G, Zacharatos S, Papazisis Z, Lambiris E. Correlative radiological, self-assessment and
clinical analysis of evolution in instrumented dorsal and lateral fusion for degenerative lumbar spine disease.
Autograft versus coralline hydroxyapatite. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect
Cerv Spine Res Soc. 2005;14(7):630-638. doi:10.1007/s00586-004-0855-5

77.D’Souza M, Macdonald NA, Gendreau JL, Duddleston PJ, Feng AY, Ho AL. Graft Materials and Biologics for
Spinal Interbody Fusion. Biomedicines. 2019;7(4):75. doi:10.3390/biomedicines7040075

78.Betz RR, Petrizzo AM, Kerner PJ, Falatyn SP, Clements DH, Huss GK. Allograft versus no graft with a posterior
multisegmented hook system for the treatment of idiopathic scoliosis. Spine. 2006;31(2):121-127.
do0i:10.1097/01.brs.0000194771.49774.77

79.Kirzner N, Hilliard L, Martin C, Quan G, Liew S, Humadi A. Bone graft in posterior spine fusion for adolescent
idiopathic scoliosis: a meta-analysis. ANZ J Surg. 2018;88(12):1247-1252. d0i:10.1111/ans.14551

80.Xu XM, Zhang G, Wang F, Wei XZ, Li M. Bone Graft Options for Spine Fusion in Adolescent Patients with
Idiopathic Scoliosis. Chin Med J (Engl). 2016;129(1):105-107. d0i:10.4103/0366-6999.172605

81.Sawin PD, Traynelis VC, Menezes AH. A comparative analysis of fusion rates and donor-site morbidity for
autogeneic rib and iliac crest bone grafts in posterior cervical fusions. J Neurosurg. 1998;88(2):255-265.
doi:10.3171/jns.1998.88.2.0255

82.Kim DH, Rhim R, Li L, et al. Prospective study of iliac crest bone graft harvest site pain and morbidity. Spine J
Off J North Am Spine Soc. 2009;9(11):886-892. doi:10.1016/j.spinee.2009.05.006

83.Lenke LG, Betz RR, Haher TR, et al. Multisurgeon Assessment of Surgical Decision-Making in Adolescent
Idiopathic Scoliosis: Curve Classification, Operative Approach, and Fusion Levels. Spine. 2001;26(21):2347.

84.King HA, Moe JH, Bradford DS, Winter RB. The selection of fusion levels in thoracic idiopathic scoliosis. J Bone
Joint Surg Am. 1983;65(9):1302-1313.

85.Lenke LG, Betz RR, Bridwell KH, Harms J, Clements DH, Lowe TG. Spontaneous lumbar curve coronal correction
after selective anterior or posterior thoracic fusion in adolescent idiopathic scoliosis. Spine. 1999;24(16):1663-
1671; discussion 1672. doi:10.1097/00007632-199908150-00007

86.Wang Y, Hansen ES, Hgy K, Wu C, Biinger CE. Distal adding-on phenomenon in Lenke 1A scoliosis: risk factor
identification and treatment strategy comparison. Spine. 2011;36(14):1113-1122.
doi:10.1097/BRS.0b013e3181f51e95

87.M R, AS, KK, G K. Selecting the lowest instrumented vertebra in adolescent idiopathic scoliosis: Comparison
of the Lenke, Suk, and Dubousset criteria. Orthop Traumatol Surg Res OTSR. 2018;104(5).
doi:10.1016/j.0tsr.2017.12.007

88.Sun Z, Qiu G, Zhao Y, WangY, Zhang J, Shen J. Lowest instrumented vertebrae selection for selective posterior
fusion of moderate thoracolumbar/lumbar idiopathic scoliosis: lower-end vertebra or lower-end vertebra+1?
Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2014;23(6):1251-1257.
doi:10.1007/s00586-014-3276-0

89.Vaughan JJ, Winter RB, Lonstein JE. Comparison of the use of supine bending and traction radiographs in the
selection of the fusion area in adolescent idiopathic scoliosis. Spine. 1996;21(21):2469-2473.
doi:10.1097/00007632-199611010-00012

90.Aronsson DD, Stokes IA, Ronchetti PJ, Richards BS. Surgical correction of vertebral axial rotation in adolescent
idiopathic scoliosis: prediction by lateral bending films. J Spinal Disord. 1996;9(3):214-219.

40



91.Cheung KM, Luk KD. Prediction of correction of scoliosis with use of the fulcrum bending radiograph. J Bone
Joint Surg Am. 1997;79(8):1144-1150. doi:10.2106/00004623-199708000-00005

92.Kleinman RG, Csongradi JJ, Rinksy LA, Bleck EE. The radiographic assessment of spinal flexibility in scoliosis: a
study of the efficacy of the prone push film. Clin Orthop. 1982;(162):47-53.

93.Rodrigues LMR, Ueno FH, Gotfryd AO, Mattar T, Fujiki EN, Milani C. Comparison between different
radiographic methods for evaluating the flexibility of scoliosis curves. Acta Ortop Bras. 2014;22(2):78-81.
doi:10.1590/1413-78522014220200844

94.Morin Doody M, Lonstein JE, Stovall M, et al. Breast Cancer Mortality After Diagnostic Radiography: Findings
From the U.S. Scoliosis Cohort Study. Spine. 2000;25(16):2052.

95.Simony A, Hansen EJ, Christensen SB, Carreon LY, Andersen MO. Incidence of cancer in adolescent idiopathic
scoliosis patients treated 25 years previously. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect
Cerv Spine Res Soc. 2016;25(10):3366-3370. d0i:10.1007/s00586-016-4747-2

96.Seller K, Wild A, Urselmann L, Krauspe R. [Prospective screw misplacement analysis after conventional and
navigated pedicle screw implantation]. Biomed Tech (Berl). 2005;50(9):287-292. doi:10.1515/BMT.2005.043

97.Jin M, Liu Z, Liu X, et al. Does intraoperative navigation improve the accuracy of pedicle screw placement in
the apical region of dystrophic scoliosis secondary to neurofibromatosis type I: comparison between O-arm
navigation and free-hand technique. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv
Spine Res Soc. 2016;25(6):1729-1737. doi:10.1007/s00586-015-4012-0

98.Hecht N, Yassin H, Czabanka M, et al. Intraoperative Computed Tomography Versus 3D C-Arm Imaging for
Navigated Spinal Instrumentation. Spine. 2018;43(5):370-377. doi:10.1097/BRS.0000000000002173

99.Waschke A, Walter J, Duenisch P, Reichart R, Kalff R, Ewald C. CT-navigation versus fluoroscopy-guided
placement of pedicle screws at the thoracolumbar spine: single center experience of 4,500 screws. Eur Spine
J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2013;22(3):654-660.
doi:10.1007/s00586-012-2509-3

100. Smith HE, Welsch MD, Sasso RC, Vaccaro AR. Comparison of radiation exposure in lumbar pedicle screw
placement with fluoroscopy vs computer-assisted image guidance with intraoperative three-dimensional
imaging. J Spinal Cord Med. 2008;31(5):532-537. doi:10.1080/10790268.2008.11753648

101. Konieczny MR, Krauspe R. Navigation Versus Fluoroscopy in Multilevel MIS Pedicle Screw Insertion:
Separate Analysis of Exposure to Radiation of the Surgeon and of the Patients. Clin Spine Surg.
2019;32(5):E258-E265. doi:10.1097/BSD.0000000000000807

102. Tabaraee E, Gibson AG, Karahalios DG, Potts EA, Mobasser JP, Burch S. Intraoperative cone beam-
computed tomography with navigation (O-ARM) versus conventional fluoroscopy (C-ARM): a cadaveric study
comparing accuracy, efficiency, and safety for spinal instrumentation. Spine. 2013;38(22):1953-1958.
doi:10.1097/BRS.0b013e3182a51d1e

103. Mirza SK, Wiggins GC, Kuntz C, et al. Accuracy of thoracic vertebral body screw placement using standard
fluoroscopy, fluoroscopic image guidance, and computed tomographic image guidance: a cadaver study.
Spine. 2003;28(4):402-413. doi:10.1097/01.BRS.0000048461.51308.CD

104. Pennington Z, Cottrill E, Westbroek EM, et al. Evaluation of surgeon and patient radiation exposure by
imaging technology in patients undergoing thoracolumbar fusion: systematic review of the literature. Spine J
Off J North Am Spine Soc. 2019;19(8):1397-1411. doi:10.1016/j.spinee.2019.04.003

105. Kaminski L, Cordemans V, Cartiaux O, Van Cauter M. Radiation exposure to the patients in thoracic and
lumbar spine fusion using a new intraoperative cone-beam computed tomography imaging technique: a
preliminary study. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc.
2017;26(11):2811-2817. doi:10.1007/s00586-017-4968-z

106. Kim CW, Lee YP, Taylor W, Oygar A, Kim WK. Use of navigation-assisted fluoroscopy to decrease
radiation exposure during minimally invasive spine surgery. Spine J Off J North Am Spine Soc. 2008;8(4):584-
590. doi:10.1016/j.spinee.2006.12.012

107. Kim YJ, Lenke LG, Kim J, et al. Comparative analysis of pedicle screw versus hybrid instrumentation in
posterior  spinal fusion of adolescent idiopathic scoliosis.  Spine.  2006;31(3):291-298.
do0i:10.1097/01.brs.0000197865.20803.d4

41



108. Ruiz JNM, Kandwal P, Lau LL, Liu GKP, Thambiah J, Wong HK. Selective Thoracic Fusion for Idiopathic
Scoliosis: A Comparison of Three Surgical Techniques with Minimum 5-year Follow-up. Spine.
2022;47(7):E272-E282. d0i:10.1097/BRS.0000000000004250

109. Di Silvestre M, Bakaloudis G, Lolli F, Vommaro F, Martikos K, Parisini P. Posterior fusion only for thoracic
adolescent idiopathic scoliosis of more than 80 degrees: pedicle screws versus hybrid instrumentation. Eur
Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect Cerv Spine Res Soc. 2008;17(10):1336-1349.
doi:10.1007/s00586-008-0731-9

110. Tsirikos Al, McMillan TE. All Pedicle Screw versus Hybrid Hook-Screw Instrumentation in the Treatment
of Thoracic Adolescent Idiopathic Scoliosis (AIS): A Prospective Comparative Cohort Study. Healthc Basel
Switz. 2022;10(8):1455. d0i:10.3390/healthcare10081455

111. Crawford AH, Lykissas MG, Gao X, Eismann E, Anadio J. All-pedicle screw versus hybrid instrumentation
in adolescent idiopathic scoliosis surgery: a comparative radiographical study with a minimum 2-Year follow-
up. Spine. 2013;38(14):1199-1208. d0i:10.1097/BRS.0b013e31828ce597

112. Bizzoca D, Piazzolla A, Solarino G, Moretti L, Moretti B. Subjective perception of spinal deformity after
selective versus non-selective fusion of Lenke 1C curves. Spine Deform. 2022;10(4):855-863.
doi:10.1007/s43390-022-00479-8

113. Boniello AJ, Hasan S, Yang S, Jalai CM, Worley N, Passias PG. Selective versus nonselective thoracic fusion
in Lenke 1C curves: a meta-analysis of baseline characteristics and postoperative outcomes. J Neurosurg
Spine. 2015;23(6):721-730. doi:10.3171/2015.1.SPINE141020

114. Sanchez-Raya J, Bago J, Pellise F, Cuxart A, Villanueva C. Does the lower instrumented vertebra have an
effect on lumbar mobility, subjective perception of trunk flexibility, and quality of life in patients with
idiopathic scoliosis treated by spinal fusion? J Spinal Disord Tech. 2012;25(8):437-442.
doi:10.1097/BSD.0b013e3182318622

115. Uehara M, Takahashi J, lkegami S, et al. Correlation of Lower Instrumented Vertebra With Spinal Mobility
and Health-related Quality of Life After Posterior Spinal Fusion for Adolescent Idiopathic Scoliosis. Clin Spine
Surg. 2019;32(7):E326-E329. doi:10.1097/BSD.0000000000000794

116. Gupta A, Kukkar N, Sharif K, Main BJ, Albers CE, EI-Amin lii SF. Bone graft substitutes for spine fusion: A
brief review. World J Orthop. 2015;6(6):449-456. doi:10.5312/wjo0.v6.i6.449

117. Kinaci A, Neuhaus V, Ring DC. Trends in bone graft use in the United States. Orthopedics.
2014;37(9):e783-788. doi:10.3928/01477447-20140825-54

118. Nandi SK, Roy S, Mukherjee P, Kundu B, De DK, Basu D. Orthopaedic applications of bone graft & graft
substitutes: a review. Indian J Med Res. 2010;132:15-30.

119. Nilsonne U, Lundgren KD. Long-term prognosis in idiopathic scoliosis. Acta Orthop Scand.
1968;39(4):456-465. doi:10.3109/17453676808989663

120. Asher MA, Burton DC. Adolescent idiopathic scoliosis: natural history and long term treatment effects.
Scoliosis. 2006;1(1):2. d0i:10.1186/1748-7161-1-2

121. Simony A, Hansen EJ, Christensen SB, Carreon LY, Andersen MO. Incidence of cancer in adolescent
idiopathic scoliosis patients treated 25 years previously. Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform
Soc Eur Sect Cerv Spine Res Soc. 2016;25(10):3366-3370. doi:10.1007/s00586-016-4747-2

122. Zhang M, Chen W, Wang S, Du Y, Zhang J, Pu F. Correlation between supine flexibility and postoperative
correction in adolescent idiopathic scoliosis. BMC Musculoskelet Disord. 2023;24(1):126. doi:10.1186/s12891-
023-06227-x

123. Wollschlager LM, Nebelung S, Schleich C, et al. Evaluating Lumbar Intervertebral Disc Degeneration on
a Compositional Level Using Chemical Exchange Saturation Transfer: Preliminary Results in Patients with
Adolescent Idiopathic Scoliosis. Diagn Basel Switz. 2021;11(6):934. doi:10.3390/diagnostics11060934

124. Cui G, Wang Y, Kao TH, et al. Application of intraoperative computed tomography with or without
navigation system in surgical correction of spinal deformity: a preliminary result of 59 consecutive human
cases. Spine. 2012;37(10):891-900. doi:10.1097/BRS.0b013e31823aff81

125. Sakai Y, Matsuyama Y, Nakamura H, et al. Segmental pedicle screwing for idiopathic scoliosis using
computer-assisted surgery. J Spinal Disord Tech. 2008;21(3):181-186. doi:10.1097/BSD.0b013e318074d388

42



126. Urbanski W, Jurasz W, Wolanczyk M, et al. Increased Radiation but No Benefits in Pedicle Screw Accuracy
With Navigation versus a Freehand Technique in Scoliosis Surgery. Clin Orthop. 2018;476(5):1020-1027.
do0i:10.1007/511999.0000000000000204

127. Aw S, Al M, Ba S, et al. How Does Patient Radiation Exposure Compare With Low-dose O-arm Versus
Fluoroscopy for Pedicle Screw Placement in Idiopathic Scoliosis? J Pediatr Orthop. 2017;37(3).
doi:10.1097/BP0.0000000000000608

128. Dabaghi Richerand A, Christodoulou E, Li Y, Caird MS, Jong N, Farley FA. Comparison of Effective Dose
of Radiation During Pedicle Screw Placement Using Intraoperative Computed Tomography Navigation Versus
Fluoroscopy in Children With Spinal Deformities. J Pediatr Orthop. 2016;36(5):530-533.
doi:10.1097/BP0.0000000000000493

129. Tsirikos Al, McMillan TE. All Pedicle Screw versus Hybrid Hook-Screw Instrumentation in the Treatment
of Thoracic Adolescent Idiopathic Scoliosis (AIS): A Prospective Comparative Cohort Study. Healthc Basel
Switz. 2022;10(8):1455. doi:10.3390/healthcare10081455

130. Jaquith BP, Chase A, Flinn P, et al. Screws versus hooks: implant cost and deformity correction in
adolescent idiopathic scoliosis. J Child Orthop. 2012;6(2):137-143. doi:10.1007/s11832-012-0400-8

131. Crawford AH, Lykissas MG, Gao X, Eismann E, Anadio J. All-pedicle screw versus hybrid instrumentation
in adolescent idiopathic scoliosis surgery: a comparative radiographical study with a minimum 2-Year follow-
up. Spine. 2013;38(14):1199-1208. d0i:10.1097/BRS.0b013e31828ce597

132. Luo M, Li N, Shen M, Xia L. Pedicle screw versus hybrid instrumentation in adolescent idiopathic scoliosis.
Medicine (Baltimore). 2017;96(27):e7337. doi:10.1097/MD.0000000000007337

133. Samdani AF, Belin EJ, Bennett JT, et al. Unplanned return to the operating room in patients with
adolescent idiopathic scoliosis: are we doing better with pedicle screws? Spine. 2013;38(21):1842-1847.
doi:10.1097/BRS.0b013e3182a42a99

134. Kuklo TR, Potter BK, Lenke LG, Polly DW, Sides B, Bridwell KH. Surgical revision rates of hooks versus
hybrid versus screws versus combined anteroposterior spinal fusion for adolescent idiopathic scoliosis. Spine.
2007;32(20):2258-2264. doi:10.1097/BRS.0b013e31814b1bab

135. Nickoli MS, Hsu WK. Ceramic-based bone grafts as a bone grafts extender for lumbar spine arthrodesis:
a systematic review. Glob Spine J. 2014;4(3):211-216. doi:10.1055/s-0034-1378141

136. Weber S, Acklin YP, Jenni R, Bereiter H, Broger I. Bio-Derived Apatite As a Bone Graft for Vertebral
Trauma. Surg Technol Int. 2020;37:427-431.

137. Garin C, Boutrand S. Natural hydroxyapatite as a bone graft extender for posterolateral spine
arthrodesis. Int Orthop. 2016;40(9):1875-1882. doi:10.1007/s00264-016-3140-4

138. Katzouraki G, Vasiliadis ES, Kaspiris A, Evangelopoulos DS, Grivas TB, Pneumatikos SG. Sagittal Balance
Parameters and Proximal Junctional Kyphosis in Adolescent Idiopathic Scoliosis. J Clin Med. 2024;13(7):1895.
do0i:10.3390/jcm13071895

139. Ilharreborde B. Sagittal balance and idiopathic scoliosis: does final sagittal alignment influence
outcomes, degeneration rate or failure rate? Eur Spine J Off Publ Eur Spine Soc Eur Spinal Deform Soc Eur Sect
Cerv Spine Res Soc. 2018;27(Suppl 1):48-58. doi:10.1007/s00586-018-5472-9

140. CrF, Lg L Kh B, OBA M G, Yj K. Optimal Lowest Instrumented Vertebra for Thoracic Adolescent
Idiopathic Scoliosis. Spine Deform. 2018;6(3). d0i:10.1016/j.jspd.2017.10.002

141. Liu CW, Lenke LG, Tan LA, et al. Selection of the Lowest Instrumented Vertebra and Relative Odds Ratio
of Distal Adding-on for Lenke Type 1A and 2A Curves in Adolescent Idiopathic Scoliosis: A Systematic Review
and Meta-analysis. Neurospine. 2020;17(4):902-909. doi:10.14245/ns.2040234.117

43



Danksagung

Es gibt viele Menschen, die mich in der Erstellung der vorliegenden Arbeit begleitet haben und
denen ich an dieser Stelle meinen Dank sagen mdéchte.

Mein erster Dank gilt meinem Chef und Klinikdirektor Herrn Univ.-Prof. Dr. med. Joachim
Windolf. Er stand mir sowohl bei der klinischen als auch wissenschaftlichen Tatigkeit stets bei,
ermutigte mich immer die nachsten Schritte zu gehen und schenkte mir dabei stets seine
uneingeschrankte Unterstitzung.

Ein groBer Dank geht auch an Herrn PD Dr. med. Markus Konieczny, welcher mich kurz nach
meinem Berufsstart sowohl klinisch als auch wissenschaftlich an die Hand nahm und mir half
hier meine ersten Schritte zu gehen. Ohne diesen wichtigen Grundstein ware ich heute nicht
da, wo ich jetzt stehe.

Ein ebenso grolRer Dank gilt Herrn Prof. Dr. med. Max Scheyerer, mit welchem ich in den
letzten Jahren sowohl klinisch als auch wissenschaftlich eng zusammengearbeitet habe. Er hat
mir geholfen, mich auf beiden Feldern stetig weiterzuentwickeln und ist dabei zu einem guten
Freund und Vertrauten geworden.

Allen nicht namentlich genannten Kolleginnen und Kollegen der Klinik fiir Orthopadie und
Unfallchirurgie, vor allem dem Team der Fach- und Assistenzarzte, mochte ich ausdriicklich
fir die groRartige Zusammenarbeit und den unzerbrechlichen Teamgeist in den letzten Jahren
danken. Ohne euch waren manch anstrengende schwere Stunden in der Klinik kaum zu
meistern gewesen.

Ebenso mochte ich dir lieber Michael danken. Ohne den bedingungslosen Riickhalt durch dich,
wadre es mir nicht moglich gewesen diese Arbeit zu schreiben und die dafiir nétigen Schritte
zu gehen. Du unterstitzt und motivierst mich in jeder Lebenslage.

AbschlieBend mochte ich meinen Eltern, Angelika Prost und Ludger Prost, sowie auch meinen
Groleltern, die leider nicht mehr unter uns Weilen, fiir ihre Unterstlitzung danken. Von klein
auf habt ihr immer zu mir gestanden und mich unterstitzt. |hr seid das Fundament fiir alles,

was ich in meinem Leben bisher erreichen konnte.

Danke

44



Eidesstattliche Erklarung

Hiermit erklare ich, Dr. med. Max Prost, geboren am 03.09.1991 in Dusseldorf, an Eides
statt, dass:

e Die von mir vorgelegte schriftliche Habilitationsleistung eigenstandig und nur unter
Verwendung der angegebenen Hilfsmittel und Quellen angefertigt wurde;

e Bei den wissenschaftlichen Untersuchungen, die Gegenstand der von mir vorgelegten
schriftlichen Habilitationsleistung sind, ethische Grundsatze und die Grundsatze und
Empfehlungen zur Sicherung guter wissenschaftlicher Praxis beriicksichtigt wurden;

e An keiner anderen Hochschule ein Habilitationsverfahren von mir eingeleitet oder
erfolglos beendet wurde.

M

Dusseldorf, den 20.10.2024 Dr. med. Max Prost

45



Anlagen

Beitragende Originalarbeiten

Die Sonderdrucke erfolgen entweder im Rahmen der Autorenrechte im Rahmen der Open

Access Veroffentlichung unter Creative Commons Lizenz.

Bezliglich der Publikation ,,Prost M, Denz P, Windolf J, Konieczny MR. The Impact of the Lowest
Instrumented Vertebra on the Correction of the Minor Curve During Selective Fusion in
Patients with Adolescent Idiopathic Scoliosis. Clin Spine Surg. 2024 Sep 3. doi:
10.1097/BSD.0000000000001686. Epub ahead of print. PMID: 39226153” wurde durch den
Verlag Wolters Kluwer lediglich der Abdruck des finalen peer reviewed Manuskriptes

genehmigt.

46



INTERNATIONAL

JOURNAL

SPINE

SURGERY

Impact of Different Operative Techniques for Patients With
Adolescent Idiopathic Scoliosis on Frontal Curve Correction
and Sagittal Balance

Max Prost, Philip Denz, Joachim Windolf and Markus Rafael Konieczny

Int J Spine Surg 2024, 18 (3) 322-328
doi: https://doi.org/10.14444/8602
https://www ijssurgery .com/content/18/3/322

This information is current as of September 29, 2024.

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://ijssurgery.com/alerts

The International Journal of Spine Surgery INTERNATIONAL
2397 Waterbury Circle, Suite 1, ot SPINE SURGERY
Aurora, IL 60504, Ph(?nc: +1-630-375-1432 = “

© 2024 ISASS. All B&%&& mﬁqus:ﬂwww dijssurgery.com/ by guest on September 29, 2024

47



International Journal of Spine Surgery, Vol. 18, No. 3, 2024, pp. 322-328
https:/fdoi.org/10.14444/8602
© International Society for the Advancement of Spine Surgery

Impact of Different Operative Techniques for Patients
With Adolescent Idiopathic Scoliosis on Frontal Curve
Correction and Sagittal Balance

MAX PROST, MD'; PHILIP DENZ, MD'; JOACHIM WINDOLF, Prof.'; AND MARKUS RAFAEL KONIECZNY, MD'?
'Department of Orthopedic and Trauma Surgery, Medical Faculty and University Hospital Diisseldorf. Heinrich-Heine-University Diisseldorf, Diisseldorf, Germany;

*Department of Spine Surgery, Volmarstein Orthopedic Clinic, Volmarstein, Germany

ABSTRACT

Background: Surgical correction of adolescent idiopathic scoliosis from the posterior approach can be performed by the
“all screws” technique; hybrid technique with screws and hooks; hybrid technique or with screws, hooks, and tapes; or selective
fusion (SF) or nonselective fusion (NSF). The aim of the present investigation was to analyze the influence from different
operative techniques on frontal curve correction and sagittal profile in patients with adolescent idiopathic scoliosis.

Methods: We conducted a retrospective analysis on 55 consecutive patients with scoliosis who had been treated by
posterior instrumented fusion. We collected demographic data and analyzed pre- and postoperative radiographs. Statistical
analysis was performed using SPSS version 25. Because data showed normal distribution, ¢ tests were performed.

Results: Twenty-two patients were treated using the hybrid technique with screws and hooks; 25 were treated using the
hybrid technique with screws, hooks, and tape; and 8 were treated using the all screws technique. An SF was performed in 32
patients and NSF in 23 patients. There was no significant difference with regard to curve correction of the main curve between
the different techniques. Correction of the minor curve was significantly higher in NSF than in SF patients. In SF, there was
a correction of the minor curve of 43.9%. Impact on sagittal balance showed no significant differences between NSF and SF.

Conclusion: The different operative techniques did not show a difference with regard to the correction of the main curve.
NSF showed a significantly higher degree of correction of the minor curve than SF. However, we still found a correction of
43.9% of the noninstrumented minor curve in SF. Thus, SF and hybrid techniques do not lead to inferior radiographic outcome.

Clinical Relevance: SF and hybrid techniques are safe and effective techniques that could be used as an alternative to
NSF and all screw fixation in the operative treatment for scoliosis.

Level of Evidence: 3.

Biomechanics

Keywords: Scoliosis, Selective Fusion, Treatment Strategies, frontal profile, sagittal profile

INTRODUCTION

Adolescent idiopathic scoliosis (AIS) is a deformity
of the spine with an incidence of 5%.' Depending on
the degree of the deformity assessed by the Cobb angle,
conservative or operative therapy is recommended.’
According to the Lenke classification, scoliotic curves
can be classified as structural or nonstructural.>* Based
on this knowledge, the concept of selective fusion (SF)
in the surgical treatment of AIS first explained by King
et al was refined.” The premise of SF is that after fix-
ation of the primary structural curve, there is sponta-
neous coronal correction of the unfused nonstructural
curve.’

The existing data on the correction potential of the
unfused nonstructural curve vary widely.7 Saramuzzo
et al described the stability of the correction and the
improvement of clinical outcome scores over a 10-year

follow-up for patients who underwent SF. 8 Furthermore,
investigations have shown that patients who underwent
SF show a higher level of postoperative flexibility and
movement compared with those who underwent nonse-
lective fusion (N SF).Q

However, other investigations showed that SF
compared with NSF led to a minor correction of the
nonstructural curves.'®! According to the subjective
perception of the patients, Bizzoca et al showed that
although the SF provides better functional outcomes,
female patients receiving SF reported a worse perceived
body image compared with patients treated with NSF.'2

Surgical correction from the posterior can be per-
formed by an all screws technique (AS), hybrid tech-
nique with screws and hooks (HTH), or hybrid technique
with screws, hooks, and tapes (HTHT).B'19

Current data on the correction potential of the differ-
ent techniques vary widely and are inconclusive. Some
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investigations showed that hybrid techniques (HTs) are
superior compared with AS techniques with regard to
the correction of the frontal and sagittal profile.'* Other
authors reported that the AS technique is better than HT
with regard to the correction of the frontal and sagittal
proﬁle.m’” Other investigations showed that AS was
superior with regard to the correction of the frontal
profile and that HT was superior with regard to the cor-
rection of the sagittal profile.'>'®!° Considering these
inconclusive data on SF vs NSF and on AS vs HT, we
performed an investigation with a focus on the impact
of these operative techniques on frontal curve correc-
tion and sagittal balance in patients with AIS.

MATERIALS AND METHODS

The present study was designed as a retrospective
single-center data analysis. We identified consecutive
patients who were treated surgically for scoliosis in our
department between January 2005 and January 2020, in
the clinical documentation system by diagnostic code.

We included patients with AIS who underwent sur-
gical treatment by posterior instrumented fusion and
had a complete set of data including full spine x-rays in
posterior-anterior and lateral view before and after the
surgery, at the end of the follow-up, and at a follow-up
of at least 24 months. We excluded patients with other
types of scoliosis than AIS and those who underwent
previous treatment with a growing rod system. Patients
with an incomplete set of data or a follow-up of less than
24 months were also excluded. Inclusion and exclusion
criteria are summarized in Table 1.

We recorded demographic information data such as
sex and age and documented the Lenke classification
of the included patients. We assessed if the correction
spondylodesis was performed as SF or NSE. Further-
more, we analyzed the performed surgical techniques:
AS, HTH, and HTHT. The number of implants for
each patient was recorded, and implant density was

Table 1. Inclusion and exclusion criteria.
Criteria Inclusion Exclusion
Treatment  Surgical treatment by posterior Additional anterior
instrumented fusion surgical procedure or
previous treatment with
a growing rod system
Scoliosis Adolescent idiopathic scoliosis  Nonidiopathic scoliosis
type (ie, early-onset or
neuromuscular)
Data set Complete set of data including  Incomplete set of data
full spine x-rays in posterior-
anterior and lateral views
before and after surgery and
at end of follow-up
Follow-up =24 months <24 months

calculated. When every pedicle, for example, lamina,
was equipped with an implant, the implant density was
given as 1.

Only polyaxial screws and lamina hooks were used.
When used in the most cranial level, the hooks were
always implanted from the cranial approach in the
uppermost level on the convex side and from the caudal
approach on all other levels. When hooks were used,
they were only used in the 2 or up to 4 most cranial seg-
ments of the instrumented part of the spine, never at the
lowest instrumented vertebra. Sublaminar tapes were
only used in the region of the apex of the addressed
part of the deformity. Tapes have mostly been applied
at the concave side of the deformity, but in some cases
(16%; 4/25), they were applied at the convex part as
well. Examples of pre- and postoperative full-spine
radiographs from patients treated with the different
techniques are shown in Figures 1 and 2.

We analyzed the full-spine standing and bending
radiographs with the IDS 7-PACS-System (Sectra,
Linkdping, Sweden).

The Cobb angles of the main curve and of the upper
and lower minor curves were measured. We also ana-
lyzed the trunk shift in the frontal plane by measur-
ing the distance between the proc spinous of C7 to the
central sacral vertical line. End vertebra, stable verte-
bra, and lowest instrumented vertebra were recorded.
The thoracic kyphosis (TK), lumbar lordosis, and pelvic
incidence were measured. Some of the performed mea-
surements are shown in Figures 3-5.

Statistical analysis was performed by SPSS 25
(IBM, Armonk, USA). Descriptive data are given as
means and SEMs. We tested all continuous variables
for normal distribution by Kolmogorov-Smirnov tests.
All variables showed normal distribution. Thus, we per-
formed 1-way analysis of variance and 7 tests.

This study was approved by the local ethics commit-
tee (Register number 4948) and was conducted accord-
ing to the revised Declaration of Helsinki.

RESULTS

We identified 241 consecutive patients who were
treated surgically for AIS in our institution between
January 2002 and January 2020 by diagnostic code.
After applying the inclusion and exclusion criteria, we
enrolled 55 patients in our investigation. Forty-seven
patients were women (85.5%) and 8 were men (14.5%).
The mean age at the time of surgery was 14.71 (1.04)
years. The curve types of the included patients accord-
ing to the Lenke classification are shown in Table 2.
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Figure 1. Example full-spine radiographs of a patient treated with selective
fusion (A, presurgery and B, postsurgery) and a patient treated with nonselective
fusion (C, presurgery and D, postsurgery).

Twenty-two (40.0%) patients were treated by HTH,
25 (45.5%) patients were treated by HTHT, and 8
(14.5%) patients were treated by AS. In 32 patients
(58.2%), an SF was performed, and in 23 patients
(41.8%), an NSF was performed. Of the 8 patients who
underwent AS, 6 were SF cases and 2 were NSF.

The implant density in patients treated by AS tech-
nique was 0.90 (0.10), by HTH technique was 0.69
(0.13), and by HTHT technique was 0.80 (0.09). Only
the difference in implant density between the AS

technique and the HTH technique showed significance
(P <0.05).

Table 3 shows the Cobb angles of the main and minor
curves in the pre- and postoperative radiographs as well
as the correction of the Cobb angle that was achieved by
the different techniques.

The difference with regard to the correction of the
main curve between HTH, HTHT, and AS as well as for
NSF and SF was not significant (P > 0.05). Correction
of the minor curve was significantly higher in NSF than
in SF (P < 0.05). In SF, there was a correction of the
(noninstrumented) minor curve of 15.1° (1.60°), which
means a correction of 43.9% on average.

Table 4 shows the difference between lumbar lor-
dosis and pelvic incidence before and after surgery for
the different techniques. The correction of the sagittal
balance showed no significant differences between NSF
and SF (P > 0.05).

The average difference between the Cobb angle of
the main curve in the preoperative radiographs and the
preoperative bending was 24.06° (10.63°) and between
the Cobb angle of the main curve in the pre and post-
operative radiographs was 30.33° (10.76°). This differ-
ence showed a highly significant correlation (P < 0.001;
correlation coefficient 0.484).

There were no significant changes of these parame-
ters during the median follow-up of 36.61 (5.19) months.
During this follow-up, none of the patients in the SF or
NSF subgroups had a documented case of proximal or

Figure 2. Example full-spine radiographs of a patient treated with hybrid-technique with screws, hooks, and tapes (A, presurgery and B, postsurgery); a patient
treated with hybrid-technigue with screws and hooks (C, presurgery and D, postsurgery); and a patient treated with all-screw technique (E, presurgery and F,
postsurgery).
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Figure 3. Measurement of the Cobb angle from the main curve and the upper
and lower minor curve in a posterior-anterior view of a full-spine radiograph.

distal junction kyphosis. No patient required revision
surgery.

DISCUSSION

In this investigation, we analyzed the data of 55
patients to investigate the impact of SF and NSF as well
as AS, HTH, and HTHT techniques on frontal curve
correction and sagittal balance in patients with AIS.

The demographic data of our group of patients with
an average age of 14.71 years and a female predomi-
nance, as well as the average preoperative Cobb angles
and curve types, are comparable to data reported in
other recent investigations.®'® This seems to indicate
that our study population may be representative.

90,0°(90,0%)
s
<

Figure 4. Measurement of the pelvic incidence in a lateral lumbar spine
radiograph.

In our group of patients, the HT and the AS tech-
niques did not show a difference that was significant with
regard to the correction of the main curve. This result is
comparable to the results from Tsirikos and McMillan,
who reported that HT leads to comparable results with
regard to the correction of the frontal profile and a supe-
rior correction of TK and of the sagittal balance than the
AS teu:hj:ljf.:p.le.14 An advantage of our investigation over
the results of Tsirikos and McMillan is that we analyzed
the impact of the different techniques on patients with
different curve types according to the Lenke classifica-
tion.

Figure 5. Measurement of parameters from the sagittal profile. (A)
Measurement of the lumbar lordosis between L1 and S1 in a lateral lumbar
spine radiograph. (B) Measurement of the thoracic kyphosis between T1 and
T12 as well as between T5 and Th12 in a lateral thoracic spine radiograph.
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Table 2. Lenke classification of included patients (N = 55).

Type of Curve n %

1 21 38.2
2 21 38.2
3 2 36
4 3 5.5
5 7 12.7
6 1 1.8

However, there are also recent investigations that
show different results compared with our investigation.
Ruiz et al showed in their retrospective analysis that in
their group of patients, HT led to less curve correction
in the frontal than AS.'® However, they included patients
who underwent all hooks instrumentation without any
screw instrumentation. There are already data that show
that the hooks-only technique leads to a poorer outcome
than the modern HT or AS techniques.”*'

Luo et al stated that compared with HT, AS provides
better coronal correction but less TK restoration, with a
decreased incidence of overall complications and reop-
erations in AIS patiem.s.18 In our group of patients, we
did not observe the reported higher rate of complica-
tions and reoperations in patients who were treated with
HT instead of AS.

A further parameter that has to be mentioned is that
the AS technique leads to a higher cost per fused level
and per degree of correction compared with HT.? This
fact may have been caused by the higher implant density
in cases treated with AS technique compared with the
HT technique. Comparable to existent data, in our group
of patients, the NSF showed a significantly higher cor-
rection of the minor curve than SE.'® However, we still

Table 4. Difference between pr ive and p ive LL and Pl for the

different techniques.

Technique Preoperative  Postoperative Pre- and Postoperative
All
Mean 5.8073 41262 1.3875
SEM 1.94256 239210 246151
NSF
Mean 6.54 0.36 6.18
SEM 325 378 334
SF
Mean 547 581 -0.92
SEM 1.83 239 256

Abbreviations: LL, lumbar lordosis; PI, pelvic incidence.

found a correction of 43.9% of the noninstrumented
minor curve in SF. Furthermore, the impact on sagit-
tal balance showed no significant differences between
NSF and SF in our group of patients. Considering SF
does lead to a lower rate of complications because less
segments are instrumented, we believe that SF is a good
and safe alternative for selected patients.

A correction of the Cobb angle in the frontal plane
that exceeds the degree of correction that is achieved
by bending radiographs may lead to loss of balance and
negative impact on the not instrumented minor curves.”
In our group of patients, we found a significant correla-
tion between the preoperative bending radiographs and
the surgically achieved correction.

A limitation of our investigation is that we performed
a retrospective data analysis. However, due to standard
operating procedures in our department for the surgical
treatment of AIS, the treatment of the patients is com-
parable.

Table 3. Cobb angles of the main and miner curve in the pre- and postoperative radiographs and the perioperative correction of the Cobb angle by the different

techniques.
Preoperative Cobb Angle, ° Postoperative Cobb Angle, * Correction of Cobb Angle, ° (%)
Technique Main Curve Minor Curve Main Curve Minor Curve Main Curve Minor Curve
All
Mean 5726 4223 27.95 22.20 30.33 (52.9) 20.03 (47.4)
SEM 1.81 1.81 1L.60 1.49 1.45 1.74
SF
Mean 55.50 3436 2743 22.93 27.53 (49.6) 15.10 (43.9)
SEM 2.15 1.50 1.83 1.90 161 1.60
NSF
Mean 59.72 4399 28.37 21.18 31.35(52.3) 26.90 (61.2)
SEM 3.00 3.47 2.68 2.34
HTH
Mean 61.57 44.00 28.57 20.12 33.00 (53.6) 25.94 (59.0)
SEM 3.18 3.55 287 238 241 3.36
HTHT
Mean 5337 3352 26.46 22.63 26.22 (48.9) 16.58 (49.5)
SEM 1.86 1.83 1.72 1.87 1.66 1.65
AS
Mean 57.59 38.15 30.05 26.58 27.54 (47.8) 14.58 (38.2)
SEM 5.46 2.62 4.48 4.74 2.89

Abbreviations: AS, all screws technique; HTH, hybrid technique with screws and hooks; HTHT, hybrid technique with screws, hooks, and tapes; NSF, nonselective fusion; SF,

selective fusion.
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CONCLUSION

The HTs and AS did not show a difference that was
significant with regard to the correction of the main
curve in our group of patients. NSF showed a signifi-
cantly higher degree of correction of the minor curve
than SF. However, we still found a correction of 43.9%
of the noninstrumented minor curve in SF. This seems
to show that SF and HTs do not lead to worse radio-
graphic outcomes than NSF and AS in carefully selected
patients.
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Abstract

Purpose There is no data that shows if it is possible to determine if a curve is structural or non-structural or to assess flex-
ibility of an adolescent idiopathic scoliosis (AIS) by magnetic resonance imaging (MRI) instead of bending radiographs
(BR). We investigated if the results of BR may be compared to those of MRI.

Methods We retrospectively analyzed prospectively collected data of patients with AIS in whom a selective spinal fusion
was performed and in whom a MRI, BR and full-spine X-rays were obtained preoperatively. We measured the Cobb angles
of the main and of the minor curve in full-spine X-ray (FSR), BR and MRI and analyzed the degree of the intervertebral
disk degeneration in the MRI.

Results After applying inclusion and exclusion criteria, 25 patients were included. We found a significant correlation
(p<0.05, Corr Coeff =0.41) between the Cobb angle of the main curve in FSR and the Cobb angle of the main curve in the
MRI and between the Cobb angle of the minor curve in FSR and the Cobb angle of the minor curve in the MRI (p <0.001,
Corr Coeff =0.04). All patients with a minor curve of less than 25° in the BR had a Cobb angle of less than 30° in the MRI.
Conclusion Spinal curves showed a significant correlation between bending radiographs and recumbent images (MRI). In
our group of patients, a Cobb angle of the minor curve of less than 30° in the MRI indicated that this minor curve was non-
structural according to the classification of Lenke.

Keywords Adolescent idiopathic scoliosis - Bending radiographs - Radiation protection - Selective spinal fusion, magnetic
resonance imaging

Abbreviations ISE Intervertebral space below the end vertebra
AIS Adolescent idiopathic scoliosis of the main curve

LIV Lowest instrumented vertebra FFI Frist flexible intervertebral space below the
BR Bending radiographs main curve

CTS Preoperative CT scan SEM Standard error of mean

MRI Magnetic resonance imaging Corr Coeff Correlation coefficient

PPR Push-prone radiographs p Level of significance

IVD Intervertebral disk

PIN Pedicle screw insertion guided by navigation

FSR Full-spine X-ray in posterior—anterior view Introduction

Adolescent idiopathic scoliosis (AIS) is a three-dimensional

deformity of the spine. AIS has an incidence of 5% [1]. The

degree of the deformity can be graded by the Cobb angle.

Depending on the degree of the deformity, conservative or

! Department of Orthopedic and Trauma Surgery, Medical operative therapy is recommended [2]. A common technique

Faculty and University Hospital Diisseldorf, Heinrich-Heine- for operative therapy of AIS is the selective spinal fusion.

University Dissseldorf, Moorenstrafie 5, 40225 Diisseldorf, To perform selective spinal fusion, a prior discrimination
Germany

of structural and non-structural curves of the total deform-

ity according to the Lenke classification [3, 5] is important.
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Furthermore, the appropriate lowest instrumented vertebra
(LIV) must be determined. [3, 4]. Bending radiographs (BR)
of the spine are necessary to classify a deformity accord-
ing to the Lenke classification. Spinal curves, which can
be corrected to less than 25° in a bending radiograph, are
classified as “non-structural” [5]. A further information that
is obtained by BR is the possible potential for correction of
the deformity by surgery [6, 7]. Different types of bending
radiographs are described in literature: push-prone radio-
graphs (PPR) [8], fulcrum bending radiographs [6], supine
side bending radiographs [9] and radiographs with traction
under general anesthesia [10]. A disadvantage of all types
of BR is that they lead to an additional amount of exposure
to radiation for the patient and some of them, like the push-
prone radiographs, lead to an additional amount of radiation
to the medical personal, too.

Numerous radiographs are usually performed during
conservative or operative treatment of AIS. The cumulative
effective dose of standard radiographs, performed for diag-
nosis and follow-up of scoliosis, correlates with incidence
of breast cancer in scoliosis patients and with an increasing
incidence for infertility [11, 12]. Therefore, it seems to be
relevant to reevaluate the need of each radiograph performed
during the treatment of AIS. According to this, we wanted to
analyze if the flexibility of the spine can be evaluated with-
out BR. Some surgeons perform a MRI if AIS is treated by
surgery. Since this imaging technique is performed recum-
bent, the difference between Cobb angles in standing or
recumbent position could be evaluated to analyze flexibility.

Previous investigations of our study group showed that
Cobb angels of push-prone bending radiographs (PPR) show
a significant correlation with Cobb angles in preoperative
CT scan (CTS) and that a Cobb angle of a minor curve in a
CTS of less than 35° determined a non-structural curve. [13]

To our knowledge, there is no data that shows if it is pos-
sible to determine if a curve is structural or non-structural
by MRL. If this would be possible, preoperative MRI could
theoretically replace BR. This could lead to a reduction of
the exposure to radiation for the patient and for the medical
personnel.

‘We conducted this investigation to analyze if MRI instead
of BR could provide information on flexibility and type of
curves in patients with AIS.

Patients and methods

‘We retrospectively analyzed prospectively collected data in
a single-center study. In our clinical documentation system,
we identified consecutive patients in whom an operative
treatment for AIS was performed from 04/2017 to 04/2021
by diagnostic code. We included patients who were treated
by a selective spinal fusion with PIN and who had a full-
spine X-ray in posterior—anterior view (FSR), BR and MRI

a Springer

in the preoperative planning. In our institution, PPR are per-
formed as BR. We excluded patients with incomplete sets
of radiological data. We recorded demographical data like
sex and age, and recorded the Lenke classification of the
included patients.

The radiographs were analyzed by the IDS 7-PACS®-
System (Sectra, Linképing, Sweden). In all available radio-
graphs (FSR, PPR and the MRI), the Cobb angle of the main
curve and of the upper and lower minor curve was measured.
Furthermore, we measured the segmental Cobb angle of the
intervertebral space under the lowest vertebra of the main
curve (ISE) and the angle of the first flexible intervertebral
space below the main curve (FFI). Measurement of Cobb
angle in the MRI is demonstrated in (Fig. 1). Measurement
was performed in coronal reconstructions of the MRI. Due
to the 3D character of the spinal deformity in patients with
scoliosis in the performed MRI scans, there were no single
slides, i.e., no single images, which showed the entire curve
of a patient. Thus, to gain more comparability between the
patients, we decided to perform the measurement of the
Cobb angle in the way we presented in Fig. 1. End vertebras
were identified in the FSR. The angle between the superior
endplate of the cranial end vertebra and the horizontal plane
and the angle between the inferior endplate of the caudal end
vertebra and the horizontal plane were measured. These two
angles were added to obtain the Cobb angle of the according
curve (Fig. 1).

Identification and measurement of the ISE and the FFI

The lowest intervertebral space of the main curve was
defined as the intervertebral space between the caudal end
vertebra of the main curve and the cranial end vertebra of
the caudal minor curve in the FSR. We measured the angle
between the inferior endplate of the cranial vertebra and the
superior endplate of the caudal vertebra in the FSR, PPR
and the MRI.

The FFI below the main curve was defined as the interver-
tebral space caudal of the main curve of the deformity that
opened to different sides in the PPR (Fig. 2). We measured
the angle between the inferior endplate of the cranial verte-
bra of this intervertebral space and the superior endplate of
the caudal vertebra in the FSR, PPR and the MRI.

Statistical analysis was performed by SPSS® 25 (IBM,
Armonk, USA). Descriptive data is given as mean and stand-
ard error of mean (SEM). We tested all continuous variables
for normal distribution by Kolmogorov—Smirnov tests. All
variables showed normal distribution. Thus, we assessed
correlation by Pearson’s correlation index.

For the analysis of the PPR, we always analyzed the
angles of the PPR to the concavity of the main curve: In
curves with a right convexity, we analyzed the according
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Fig. 1 Measurement of Cobb Angle in a MRI. A Coronal reconstruc-
tion of a MRI scan of the spine (T2 weighed). The superior endplate
of the cranial end vertebra of the according curve is depicted. End
vertebra were identified in the FSR. The angle between the superior
endplate of the cranial end vertebra and the horizontal plane was
33.9°. B Coronal reconstruction of a MRI scan (T2 weighed) of the

PPR to the left and in curves with a left convexity, we ana-
lyzed the according PPR to the right.

This study was approved by the local ethics committee
(Register number 2020-913) and was conducted according
to the revised Declaration of Helsinki.

Results

We identified 35 consecutive patients who were treated
operatively for AIS in our institution between 04/2017 and
04/2021 and received a preoperative MRI by diagnostic
code. After application of the inclusion and exclusion cri-
teria, we enrolled 25 patients to our investigation. Sixteen
patients were female (64%), and nine patients were male
(36%). The average age at the date the radiographs were
performed was 15.48 (3.30) years. According to the Lenke
classification, 18 patients had a type 1 curve, three patients
a type 5 curve, two patients type 2 and two patients a type
6 curve.

In Table 1, we present data of the Cobb angle of the main
and of the minor curve in the FSR, PPR and the MRI.

In a subgroup analysis of all patients with a minor curve
of less than 40° in the FSR (more than 40° characterizes a
structural curve), we analyzed the Cobb angles of the minor
curve in the PPR and MRI. If the minor curve was less than
30° in the MRI, it was also less than 25° in the PPR in 100%
of these patients.

spine. The inferior endplate of the caudal end vertebra of the accord-
ing curve is depicted. End vertebra were identified in the FSR. The
angle between the inferior endplate of the caudal end vertebra and
the horizontal plane was measured with 29.4°. Summation of these
two angles (33.9 in 1A+ 29.4 in 1B) determines a Cobb angle of 63.3
degree for this thoracic curve

Tables 1, 2, 3 and 4 show values of Cobb angles of the
FSR, PPR and the MRI.

There was a significant correlation (p <0.05, Corr
Coeff =0.41) between the Cobb angle of the main curve
in FSR and the Cobb angle of the main curve in the MRI.

Furthermore, we found significant correlations between
the minor curves in the different types of radiographs.
There was a significant correlation (p <0.001, Corr
Coeff =0.04) between the Cobb angle of the minor curve
in FSR and the Cobb angle of the minor curve in the MRIL.

The difference between the Cobb angle of the main
curve in the FSR and in the PPR shows a significant cor-
relation (p <0.05, Corr Coeff =0.41) to the difference
between the Cobb angle of the main curve in the FSR and
the Cobb angle of the main curve in the MRI.

The difference between the Cobb angle of the minor
curve in the FSR and in the PPR shows a significant cor-
relation (p <0.001, Corr Coeff =0.9) to the difference
between the Cobb angle of the minor curve in the FSR
and the Cobb angle of the minor curve in the MRI. There
was a significant correlation (p < 0.05, Corr Coeff=0.47)
between the difference of the Cobb angle of the ISE in the
FSR and in the PPR and the difference of the Cobb angle
of the ISE in the FSR and in the MRI.

According to the Cobb angles of the FFI, there were
no significant correlations between the different images.

@ Springer
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Fig. 2 Identification of the FFI in the PPR—The FFI below the main
curve was defined as the intervertebral space caudal of the main
curve of the deformity that opened to different sides in the PPR. A
Part of a PPR of the spine with bending to the left. Zoom is on the
caudal end of the main curve. End vertebra were identified in the
FSR. Marked is the first intervertebral space below the main curve of
the deformity that opens to the concave side with regard to the ana-
lyzed curve. The angle between the inferior endplate of the cranial

vertebra of this intervertebral space and the superior endplate of the
caudal vertebra is measured. B Part of a PPR of the spine with bend-
ing to the right. Zoom is on the caudal end of the main curve. End
vertebra were identified in the FSR. Marked is the first intervertebral
space below the main curve of the deformity that opens to the other
side than the same intervertebral space in A. The angle between the
inferior endplate of the cranial vertebra of this intervertebral space
and the superior endplate of the caudal vertebra is measured

Table 1 Cobb angle of the main and the minor curve in FSR, PPR and the MRI

Cobb angle of the Cobb angle of the Cobb angle of the Cobb angle of the Cobb angle of the Cobb angle of the
main curve in FSR ~ minor curve in FSR main curve in PPR ~ minor curve in PPR main curve in MRI  minor curve in
MRI
Mean  61.20 42.16 64.32 20.56 64.71 35.06
SEM 2.56 2.45 2.44 2:72 4.30 2.28
Table 2 .Cubb angle of the ISE Cobb angle Cobb angle Cobb angle Cobb angle Cobb angle Cobb angle
and. FRTnFAR, PPRGnd the ofthe ISEin  ofthe FFlin  of the ISEin  ofthe FFlin  of the ISEin  of the FFl in
MRl FSR FSR PPR PPR MRI MRI
Mean 5.27 6.70 -3.32 -3.52 2.46 3.76
SEM 0.53 0.62 0.91 0.55 0.62 0.86
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Table3 Difference in the Cobb angle of the main curve and minor
curve in FSR and PPR and in the in FSR and the MRI

Difference in  Difference in  Difference in  Difference in

Cobb angle Cobb angle Cobb angle Cobb angle
of the main of the minor  of the main of the minor
curve in FSR  curve in FSR  curve in FSR  curve in FSR
and PPR and PPR and MRI and MRI
Mean 26.72 2231 722 7.10
SEM 1.86 2.27 1.87 1.48

Table 4 Difference in the Cobb angle of the ISE and FFI in FSR and
PPR and in the FSR and the MRI

Difference in  Difference in Difference in Difference in

Cobb angle  Cobb angle  Cobbangle  Cobb angle of
of the ISEin  of the FFI of the ISE the FFI in FSR
FSRand PPR inFSRand inFSRand and MRI
PPR MRI
Mean 5.60 10.22 2.81 2.94
SEM 0.80 0.72 0.60 0.68

Discussion

In this study, we found a significant correlation (p < 0.05)
for all analyzed Cobb angles between BR and MRI.

Brink et al. reported a significant correlation of the
morphology of the scoliotic spine in all three planes
between standard upright X-ray, MRI and CT scan [14].
Keenan et al. [15] showed 2014 that there is a statistically
significant relationship between the Cobb angle in supine
and upright position for the major curve. However, minor
curves were not analyzed, especially not with regard to
the flexibility of the curve. There is presently no data that
compares the assessment of flexibility of the minor curve
in BR versus MRI scans.

According to the data of this study, it does seem likely
that Cobb angles of the main and the minor curves in MRI
may provide similar information as a PPB.

Furthermore, our data show that it is possible to deter-
mine if a minor curve is structural or non-structural by
analyzing the Cobb angle in the MRI. Every patient with
a Cobb angle of the minor curve of less than 40° in the
FSR and a Cobb angle of the minor curve less than 25° in
the PPB showed a Cobb angle of the minor curve in the
MRI of less than 30°. These curves are, according to the
Lenke classification, non-structural and do not have to be
included in the selective spinal fusion [3]. According to
this data, in our group of patients a Cobb angle of < 35°
in the recumbent MRI scan determined a non-structural
curve. This is comparable to the results of a former inves-
tigation of our group where we showed that a Cobb angle

of the minor curve of less than 35° in the CTS indicated
that this minor curve was non-structural [13].

These results may indicate that neither PPR’s nor CTS
are necessary to determine if a curve is structural or non-
structural. This may provide a means for the reduction of
the dose of radiation for scoliosis patients and for the medi-
cal personal. However, it also has to be taken into account
that the costs for performing an MRI instead of plane radio-
graphs are approximately three times higher. Furthermore, it
has to be mentioned that MRI’s are not equally available in
all regions and the waiting time for obtaining an MRI as well
as the technique itself takes longer than BR. But since we
discuss a technique for an elective surgery without any emer-
gency character, these above-mentioned points should be,
in our opinion, considered as minor consequence compared
with the fact that exposure to radiation might be reduced.

If some patients might have contraindications against an
MRI (e.g., anxiety or a pacemaker), it could be necessary to
fall back to the technique with plain radiographs.

Furthermore, we saw that there are significant correla-
tions between the Cobb angles of the ISE in the analyzed
radiographs. However, statistical power was rather low,
especially in the correlations between the PPR and the MRI.
Thus, we presently cannot apply the MRI as a tool to analyze
the flexibility of the ISE.

A limitation of our investigation is that we performed a
retrospective data analysis. Furthermore, we only analyzed
the correlation between the PPR and the MRI and did not
investigate other types of BR. However, former analyses
showed that PPR are appropriate to determine the effects of a
correction of the main curve on the curves above and below
the level of fusion by better predicting the translational cor-
rection of the lowest instrumented vertebra and the rotation
of the lowest instrumented vertebra than other types of BR
[16]. The available data show that none of the common types
of BR is superior to the others [6, 8, 10, 15, 17, 18].

Conclusion

Cobb angels of push-prone bending radiographs show a sig-
nificant correlation with Cobb angles in MRI scans. In our
group of patients, a Cobb angle of a minor curve in a recum-
bent MRI scan of less than 30° determined a non-structural
curve in 100% of all cases.
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Objective
To evaluate radiological outcomes following the use of xenogeneic bone graft substitute
(BGS) in patients undergoing multisegmental spinal fusion.

Summery of Background Data

Data exists for single level and short segment fusions, there presently is a paucity of data
on fusion rate after bone augmentation with BGS in multisegmental posterior spinal
fusion (PSF). The leading concern is pseudarthrosis, which often leads to a loss of
correction after PSF. Therefore, the bone graft is an essential aspect of PSF.

Methods

‘We retrospeclively analysed the radiological data of a consecutive cohort of patients who
had been treated for adolescent idiopathic scoliosis (AIS) via multisegmental spinal
fusion, in whom a bovine derived BGS had been used and had a complete dataset of 24
months follow-up. The Cobb angle of the main curve was measured pre-operatively and
then at 6, 12 and 24 months post-operatively. Loosening of the screws was recorded at the
same post-operative time points.

Results

After applying inclusion and exclusion criteria, 28 patients were included. We found no
significant change of the cobb angle from the main curve as well as the cobb angle from
the thoracic kyphosis during the 24 months of follow up. No patient showed a lack of
bony fusion. There was 1 revision surgery, which was due to trauma.

Conclusion

In this cohort, all patients showed successful bone fusion during a 24-month follow-up.
Additionally, there was no change in the Cobb angle during the 2-year post-operative
period. Our data indicates that the use of bovine-derived BGS supports bone fusion after
multisegmental posterior instrumented fusion of the spine.

INTRODUCTION prevalence of 5.2% in Germany.3 In the United States alone,
it has been estimated that AIS affects more than 4 million
people, with approximately 1 million children exhibiting
some degree of spinal deformity. In accordance with this
epidemiological data, the frequency of spinal fusion has
been increasing in some countries.>

Among young people, adolescent idiopathic scoliosis (AIS)
is a common cause of spinal deformity. Epidemiologically,
AIS is the most common form of scoliosis!:2 with a reported
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‘While bracing is an effective treatment in some cases,®

progression to more severe AIS is often treated by posterior
spinal fusion (PSF).>7 Bony fusion in PSF is usually
achieved by dorsolateral decortication and application of
autologous iliac crest bone graft (ICBG),%9 a technique for
which the reported rate of pseudarthrosis is less than
5%.10,11 However, donor site morbidity is an issue of this
technique and is reported to occur in 2% to 45% of all
cases.!2,13 This donor site morbidity is why augmentation
by bone graft substitutes (BGS) is becoming more popular
than the augmentation by ICBG, for example in short seg-
ment fusion and treatment of pseudarthrosis.% 1415

While data exists for single level and short segment fu-
sions, there presently is a paucity of data on fusion rate
after bone augmentation with BGS in multisegmental PSF.
The leading concern is pseudarthrosis, which often leads to
a loss of correction after PSF.!6 Therefore, the bone graft is
an essential aspect of PSF. As more segments are involved
in the PSF, larger amounts of bone graft are needed, and in
paediatric cases the supply of ICBG could pose a problem.
Therefore, the use of an effective BGS instead of autologous
bone grafts would be beneficial, especially in paediatric de-
formity surgery where large amounts of bone graft are
needed for multisegmental PSF, with a subsequent high rate
of donor site morbidity. 1213

ICBG is considered the gold standard for achieving bony
fusion, however the use of BGS to support bony fusion is be-
coming more common.!” While BGS is established for use
in short-segment posterior spinal instrumentation, there is
insufficient data regarding its use in multisegmental spinal
fusion. Therefore, this study was conducted to analyse if a
natural BGS leads to a fusion rate that would be comparable
to that seen with the use of autologous bone graft after PSF
for AIS.

METHODS

This was a retrospective review of a prospectively main-
tained database at our institution. This study was approved
by the local ethics committee (Register number 4948) and
was conducted according to the revised Declaration of
Helsinki. In our clinical documentation system, we identi-
fied consecutive patients who were treated operatively for
AIS from 02/2008 to 12/2017. We included patients who
were treated by selective spinal fusion (SSF),!8 and in whose
surgery a bovine-derived apatite BGS (Orthoss® Geistlich
Pharma AG, Wolhusen, Switzerland) had been used. We ex-
cluded patients with incomplete sets of data or a follow
up of less than 24 months. Further we excluded patients
with other bone substitute, in order to focus this research
question as well as to limit the potential variables. During
surgery, the BGS was applied as bone augmentation in a 1:1
ratio with local autologous bone graft that was derived from
facet joints, laminotomies and rip hump resections.

BONE GRAFT SUBSTITUTE

The BGS that we used (Orthoss®) is bovine-derived, yet the
topography of this substitute is similar to human bone with
a high pore connectivity, while the macroporosity of the
xenograft is similar to cancellous bone.!? As a natural hy-

Table 1. The demographic data from the patients in
our study.

Patients (n) 28
Female 22
Male 6
Age (years) 199+ 10
Segments (n) 88+19
Time of surgery (minutes) 313+ 97

droxyapatite, there is neither residual organic material nor
protein residues, and its potential for bone regeneration has
been documented in vitro, via a high permeability to cells
and fluids and being rapidly surrounded by new bone with-
out foreign body reaction or encapsulation.2? These condi-
tions indicate that the BGS is stable over time. Its slow re-
sorption thus makes it valuable for indications where bone
volume maintenance is important for long-term stability of
the heterotopic bony fusion.20 Although the clinical use of
this material has been documented as early as 1991,2! the
published literature concerning its application in the spine
has been limited, with 1 recent paper noting successful out-
comes when the material had been used in treatment of ver-
tebral trauma.22

OUTCOME MEASURES

Using full spine radiographs (FSR), we measured the Cobb
angle of the main and the minor curve as well as the pre-
operative thoracic kyphosis (TK). These were done directly
post-operative, and then at 6, 12 and 24 months postoper-
ative. In these FSR, we measured the Cobb angle of the in-
strumented main curve and, if applicable, the Cobb angle of
the instrumented minor curve. Depending on the spinal fu-
sion that was performed, an instrumentation of the minor
curve was not performed in all patients. Additionally, we
measured the angle of the TK of the instrumented segments
of the curve. Radiological signs for screw loosening or
breaking were documented, as well as complications such as
breaking of rods or revision surgery.

All radiographs were analysed by measuring instruments
from the Sectra IDS 7-PACS System (Sectra, Linkoping, Swe-
den). All statistical analyses were performed under R, ver-
sion 3.6.3, using the coin-package (version 1.3.1) and the
asht-package (version 0.9.6).

RESULTS

Using diagnostic codes, we identified 42 patients who had
undergone operative treatment for AIS in our institution
between 02/2008 and 12/2017. After application of the in-
clusion and exclusion criteria, 9 patients were excluded be-
cause other bone substitutes were applied. Another 5 pa-
tients were excluded due to an incomplete follow-up.
Therefore, we analysed the data from 28 patients in our in-
vestigation. The demographic data is presented in table 1.
Based on the pre-operative FSR, the average Cobb angle
of the main curve was 55.39° + 11.46° while the average
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Figure 1. The values of the Cobb angle over time.

Cobb angle of the minor curve was 35.64° = 12.79°. The av-
erage Cobb angle of the instrumented main curve in the FSR
directly postoperative was 28.31° * 9.56°. Thus, there was a
correction of the main curve by 27.07° £ 10.94°, or 48.7%.

At 6 months, the average Cobb angle of the instrumented
main curve was 28.67° * 9.06°. At 12 months control the
average Cobb angle of the instrumented main curve was
28.29° + 8.83°while the exam at 24 months showed that
the average Cobb angle of the instrumented main curve was
28.6° £ 8.51°. Maximum loss of correction of the Cobb an-
gle of the main curve during the 24 months of follow up was
3°. There were no significant differences of the Cobb angle
between any of the post-operative time points, as shown in
Figure 1.

There was an average change of the TK of the instru-
mented segments in the FSR at the 6 months control of
0.35° = 1.09° while the analysis at the 12 months control re-
vealed an average change of 0.42°  1.53° and the 24-month
analysis showed a change of 0.64° + 1.60°. There were no
significant differences in this value when compared be-
tween any of the post-operative time points

The loosening of one screw was detected in three pa-
tients (10.7%) during the 24-month follow-up. In all 3
cases, it was a screw in the lowest instrumented vertebra
(LIV) that had loosened. There was no revision surgery
needed in 27 cases (96.43%) while there was 1 case (3.57%)
of revision surgery due to a rod fracture following trauma
(fall from a swing directly on the back).

DISCUSSION

In this consecutive cohort of 28 patients, we noted no sig-
nificant changes of either the Cobb angle or the TK angles,
as measured from immediately post-operative to the
24-month post-operative follow-up. The maximum devia-
tion of the Cobb angle at the end of follow up was 3° for
the TK and for the main curve in the frontal plane it was
3°. In addition, we noted 1 screw loosening in each of 3 pa-
tients, therefore we consider that the use of the bovine-de-
rived BGS was part of a surgical treatment plan that resulted
in a radiographic success rate of 100%.

The role of bone graft remains an important component
of PSF, yet the supply of ICBG may remain a limiting factor
in choosing the graft material. In adolescents such as we
treated, who had not reached skeletal maturity, there is the

question of availability of cancellous bone from the iliac
crest, a topic which has led to the investigation of alter-
nate grafting materials.23> A more recent meta-analysis of
bone grafts in paediatric patients had also cited bone graft
availability as necessitating the consideration of material
that could achieve the same goal.24 The results that we
have presented lend credence to the hypothesis that the
bovine-derived BGS that we implanted during PSF is capa-
ble of maintaining the correction, as evidenced by the lack
of change in Cobb angle of thoracic kyphosis. The success
rate of 100% compares favourably with the outcomes that
had been noted in a large systematic review, in which the
fusion rate was reported to be 86.4%.2% Additionally, our fu-
sion rate was comparable to the recent paper by Weber, et
al., (2020) in which the same BGS was used and the authors
reported radiographic evidence of fusion in 83% of the lev-
els treated.22

‘We choose an increase of the Cobb angle of 5° as thresh-
old for a relevant progression of the curve during the 24
months of follow-up and as a possible indicator for a miss-
ing bonny fusion because of data from other study groups.
Pruijs, et al. (1994) had reported that the standard deviation
of the differences in Cobb angle for repeated measurements
of different investigators was 3.2 degrees and for the re-
peated measurements by one investigator, it was 2.0 de-
grees.26 Peterson and Nachemson defined Curve deformity
progression >5° as failure of treatment.2” None of our pa-
tients exceeded this threshold. Thus, there was no loss of
correction as an indicator for missing bony fusion in any of
our patients.

‘We detected a screw loosening in 3 of our patients. How-
ever, every time a screw was diagnosed as loosened, it was
a loosening of a screw from the lowest instrumented verte-
bra. LIV was in the apex of the minor curve in all 3 patients
and thus related to inadequate selection of LIV,28 and not
to missing bony fusion, especially since there was no inten-
tion to achieve bony fusion below the LIV.

It is known that screw loosening is an indicator for a
missing bony fusion.2?

With regard to other assessments of failure, we had to
perform revision surgery in 1 of our patients. However, the
patient needed a revision due to trauma that happened be-
tween the 12 and 24-month follow-up. As a result of this ac-
cident, the trauma the patient suffered a break of one rod.
Thus, in our opinion revision surgery in this case could not
be used as an indicator for a missing bony fusion.

Our results for multisegmental PSF are comparable with
previous data for short segment PSF. For example, Garin, et
al., (2016) reported no fusion failures after the use of the
same BGS in PSF. However, their patients underwent PSF
for an Average of 4 segments.30 Korovessis, et al., (2005) had
also presented comparable results for bony fusion when a
coralline BGS was used for a 1 or 2 segment PSF.?

‘While the outcomes that we have reported are generally
positive and suggest that this particular BGS can play a role
in surgical treatment for AIS, there are limitations to this
study. While a notable limitation of our investigation is that
we performed a retrospective data analysis, the data that we
presented are routinely acquired in all patients and we en-
rolled consecutive patients, thus it reflects real-world ex-
perience. A further limitation may be that we only looked
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for indirect markers of a missing bony fusion. Examples
for indirect markers are the loss of deformity correction in
the frontal or sagittal profile, measured by postoperative
changes in the Cobb angle of the instrumented regions, ra-
diological signs for screw loosening in the x-ray or an in-
crease of pain.31:32 These indirect markers have been shown
to be effective in identifying a missing bony fusion after a 24
month follow up.51 As a direct marker, bone fusion can be
identified in a CT scan,33 but use of a CT (in this case for fol-
low-up) would have led to higher doses of radiation for our
patients and there is published data indicating that a cumu-
lative, effective dose of radiographs correlates with a higher
incidence of breast cancer in scoliosis patients.34 Therefore,
we prefer to limit the use of CT scans in patients with AIS.

CONCLUSION

In our cohort of consecutive patients, we noted a fusion
success rate of 100%, as evidenced by the maintenance of
the Cobb angle as well as maintenance of the reduced tho-
racic kyphosis. As well, we noted the loosening of 1 screw in
each of 3 patients in the LIV with no other treatment fail-
ures. The data indicates that the use of this BGS during PSF
can provide an effective adjunct to autologous bone grafts
in adolescent patients.

LIST OF ABBREVIATIONS

AIS adolescent idiopathic scoliosis
PSF posterior spinal fusion
ICBG iliac crest bone graft
BGS bone graft substitutes
SSF selective spinal fusion
FSR full spine radiographs
TK thoracic kyphosis
LIV lowest instrumented vertebra
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Abstract

Purpose There is no data that show if it is possible to determine if a curve is structural or non-structural or to assess flex-
ibility of an adolescent idiopathic scoliosis (AIS) by recumbent images like a CT scan (CTS) instead of bending radiographs
(BR). We investigated if the results of BR may be compared to those of CTS.

Methods We retrospectively analyzed prospectively collected data of patients with AIS in whom a selective spinal fusion
was performed and in whom a CTS, BR, and full spine x-rays were made preoperatively. We measured the Cobb angles of
the main and the minor curve in full spine x-ray, BR, and CTS.

Results After applying inclusion and exclusion criteria, 39 patients were included. We found a strong correlation (r=0.806,
p<0.01) between the Cobb angle of the main curve in BR and the Cobb angle of the main curve in the CTS and between the
Cobb angle of the minor curve in BR and the Cobb angle of the minor curve in the CTS (r=0.601, p <0.01). All patients
with a minor curve of less than 25 degrees in the BR had a Cobb angle of less than 35 degrees in the CTS.

Conclusion Spinal curves showed a significant correlation between bending radiographs and recumbent images (CTS). In
our group of patients, a Cobb angle of the minor curve of less than 35 degrees in the CTS indicated that this minor curve
was non-structural.

Keywords Adolescent idiopathic scoliosis - Bending radiographs - Radiation protection - Selective spinal fusion

Abbreviations Introduction
PPR  Push-prone radiographs
PIN  Pedicle screw insertion guided by navigation Adolescent idiopathic scoliosis (AIS) is a deformity of the
CTS Preoperative CT scan spine with an incidence of 5% [1]. Depending on the degree
FSR Full spine x-ray in posterior—anterior view of the deformity, assessed by the Cobb angle, conservative
ISE Intervertebral space below the endvertebra of the or operative therapy is recommended [2]. Patients with AIS
main curve who need an operative therapy may be treated with a selec-
FFI  Frist flexible intervertebral space below the main tive spinal fusion. Important for the success of a selective
curve spinal fusion is the discrimination of structural and non-
AIS  Adolescent idiopathic scoliosis structural curves of the total deformity according to the
LIV Lowest instrumented vertebra Lenke-Classification [3, 5] and to choose the appropriate
BR  Bending radiographs lowest instrumented vertebra (LIV) [3, 4]. To classify a
R Correlation deformity according to the Lenke classification, bending
P Level of significance radiographs (BR) of the spine are mandatory. Spinal curves,

which can be reduced to less than 25° in a bending radio-
graph, are classified as “non-structural” [5]. Furthermore,
BR allows assessing the possible potential for correction of
the deformity by surgery [6, 7]. There are different types
of bending radiographs: Push-prone radiographs (PPR)
[8], fulcrum bending radiographs [6], supine side-bending
Department of Orthopedic and Trauma Surgery, Medical radiographs [9], and radiographs with traction under Gen-

Faculty and University Hospital Duesseldarf, Heinrich- eral Anesthesia [10]. All types of BR lead to an additional
Heine-University Duesseldorf, Diisseldorf, Germany
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amount of exposure to radiation for the patient. Push-prone
radiographs lead to an additional amount of radiation to the
medical personal.

Other study groups [11, 12] showed that cumulative effec-
tive dose of standard radiographs, performed for diagnosis
and follow-up of scoliosis correlates with incidence of breast
cancer in scoliosis patients and with an increasing incidence
for infertility. Therefore, it seems to be relevant to evaluate
if the flexibility of the spine can be evaluated without BR.
Some surgeons perform a preoperative CT scan (CTS), an
MRI or an intraoperative recumbent radiograph if AIS is
treated by surgery.

CTS are applied either for preoperative planning or as
image acquisition for pedicle screw insertion guided by navi-
gation (PIN).

Since these imaging techniques are performed recumbent,
the difference between Cobb angles in standing or recum-
bent position could be evaluated to analyze flexibility.

To our knowledge, there is no data that shows if it is pos-
sible to determine if a curve is structural or non-structural
by a recumbent imaging technique. If this would be possible
BR might not be necessary anymore if, for other reasons,
an MRI, a CTS or an intraoperative recumbent radiograph
had been performed. This could lead to a reduction of the
exposure to radiation for the patient and for the medical
personnel.

‘We conducted this investigation to analyze if Cobb angles
measured in CTS of the spine may render similar informa-
tion on flexibility and type of curves as PPR.

Patients and methods

We retrospectively analyzed prospectively collected data in a
single center study. In our clinical documentation system, we
identified consecutive patients in whom an operative treat-
ment for AIS was performed from 05/2016 to 01/2020 by
diagnostic code. We included patients who were treated by a
selective spinal fusion guided by navigation and with image
acquisition by preoperative CTS and who had a full spine
x-ray in posterior—anterior view (FSR) and BR in the preop-
erative planning. In our institution PPR are performed as BR.
BR were exclusively performed in patients who were treated
by surgery, since these additional radiographs would lead to
an additional amount of radiation without any change to the
conservative therapeutic concept. We excluded patients with
incomplete sets of radiological data. We recorded demo-
graphic data like sex, age, and date of menarche, as well as
the Lenke-Classification of the included patients.

The radiographs were analyzed by the IDS 7-PACS®-
System (Sectra, Linkdping, Sweden). In all available radio-
graphs (FSR, PPR, and the CTS) the Cobb angle of the main
curve and of the upper and lower minor curve was measured.

Furthermore, we measured the segmental Cobb angle of the
intervertebral space under the lowest vertebra of the main
curve (ISE) and the angle of the first flexible intervertebral
space below the main curve (FFI). Measurement of Cobb
angle in the CTS is demonstrated in (Fig. 1). Measure-
ment was performed in coronal reconstructions of the CT
scan. End vertebras were identified in the FSR. The angle
between the superior endplate of the cranial end vertebra
and the horizontal plane and the angle between the inferior
endplate of the caudal end vertebra and the horizontal plane
was measured. These two angles were added to obtain the
Cobb angle of the according curve (Fig. 1).

Identification and measurement of the ISE
and the FFI

The lowest intervertebral space of the main curve was
defined as the intervertebral space between the caudal end
vertebra of the main curve and the cranial end vertebra of
the caudal minor curve in the FSR. We measured the angle

Fig.1 Measurement of Cobb Angle in a CTS. a Coronal reconstruc-
tion of a CT scan of the spine. The superior endplate of the cranial
end vertebra of the according curve is depicted. End vertebra were
identified in the FSR. The angle between the superior endplate of the
cranial end vertebra and the horizontal plane was 18,4°. b Coronal
reconstruction of a CT scan of the spine. The inferior endplate of the
caudal end vertebra of the according curve is depicted. End vertebra
were identified in the FSR. The angle between the inferior endplate of
the caudal end vertebra and the horizontal plane was measured with
21,2 degrees. Summation of these two angles (18,4 +21,2) gives us a
Cobb angle of 39,6 degree for the complete thoracic deformity
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between the inferior endplate of the cranial vertebra and the
superior endplate of the caudal vertebra in the FSR, PPR,
and the CTS.

The FFI below the main curve was defined as the interver-
tebral space caudal of the main curve of the deformity that
opened to both sides in the PPR (Fig. 2). We measured the
angle between the inferior endplate of the cranial vertebra
of this intervertebral space and the superior endplate of the
caudal vertebra in the FSR, PPR, and the CTS.

Statistical analysis was performed by SPSS® 25 (IBM,
Armonk, USA). Descriptive data are given as mean and
standard error of mean. We tested all continuous variables

Fig. 2 Identification of the FFI in the PPR. a PPR of the spine with
Bending to the left. Zoom is on the caudal end of the main curve. End
vertebra were identified in the FSR. Marked is the first intervertebral
space below the main curve of the deformity that opens to the other
side than the same intervertebral space in b. The angle between the
inferior endplate of the cranial vertebra of this intervertebral space
and the superior endplate of the caudal vertebra is measured. b PPR
of the spine with Bending to the right. Zoom is on the caudal end of
the main curve. End vertebra were identified in the FSR. Marked is
the first intervertebral space below the main curve of the deformity
that opens to the other side than the same intervertebral space in A.
The angle between the inferior endplate of the cranial vertebra of this
intervertebral space and the superior endplate of the caudal vertebra
is measured

for normal distribution by Kolmogorov—Smirnov tests. All
variables showed normal distribution. Thus, we assessed
correlation by Pearsons Correlation Index. Correlation (R)
and level of significance (p) are reported. The differences of
the measured Cobb angles showed significant outliers in the
scatterplot and were therefore analyzed by Spearman’s rank
correlation coefficient.

For the analysis of the PPR, we always analyzed the
angles of the PPR against the curve of interest: In curves
with a right convexity, we analyzed the according PPR to
the left and in curves with a left convexity, we analyzed the
according PPR to the right.

This study was approved by the local ethics committee
(Register number 2020-896) and was conducted according
to the revised Declaration of Helsinki.

Results

‘We identified 61 patients who were treated operatively for
AIS in our institution between 05/2016 and 01/2020 and
received a preoperative CT scan by diagnostic code. After
application of the inclusion and exclusion criteria, we
enrolled 39 patients to our investigation. 28 patients were
female (72%), 11 patients were male (28%). The average age
at the date the radiographs where performed was 18.23 (8.3)
years. According to the Lenke classification 27 Patients had
atype 1 curve, seven patients a type 5 curve, three patients
type 2 and 2 patients a type 3 curve.

In Table 1, we present data of the Cobb angle of the main
and of the minor curve in in the FSR, PPR and the CTS.

In a subgroup analysis of all patients with a minor curve
of less than 40 degrees in the FSR (more than 40 degrees
characterizes a structural curve) we analyzed the Cobb
angles of the minor curve in the PPR and CTS. If the minor
curve was less than 25 degrees in the PPR, it was less than
35 degrees in the CTS in 100% of these patients.

Tables 1, 2, 3 and 4 show values of Cobb angles of the
FSR, PPR, and the CTS.

There was a strong correlation (r=0.746, p <0.01))
between the Cobb angle of the main curve in FSR and the
Cobb angle of the main curve in the CTS. Furthermore, there
was a strong correlation (r=0.712, p <0.01) between the
Cobb angle of the main curve in FSR and the Cobb angle

Table 1 Cobb angle of the main and the minor curve in FSR, PPR, and the CTS

Cobb angle of the ~ Cobb angle of the Cobb angle of the ~ Cobb angle of the Cobb angle of the ~ Cobb angle of the
main curve in FSR  minor curve in FSR  main curve in PPR  minor curve in PPR  main curve in CTS  minor curve in
CTS
Mean 53,28 37,19 30,1053 17,3714 47,0000 34,7059
Standard 9,736 12,269 11,99,051 14,00,648 11,51,497 12,13,692
deviation

@ Springer



European Spine Journal (2021) 30:3490-3497 3493
Table2 Cobb angle of the ISE and FFI in FSR, PPR, and the CTS
Cobb angle of the Cobb angle of the Cobb angle of the Cobb angle of the Cobb angle of the Cobb angle
ISE in FSR FFI in FSR ISE in PPR FFI in PPR ISE in CTS of the FFI in
CTS
Mean 428 460 —23,865 —35,737 33,795 36,868
Standard 2578 2812 462,380 293,706 332,718 370,085
deviation

Table 3 Difference of the Cobb angle of the main curve and minor curve in FSR and PPR and in the in FSR and the CTS

Difference in Cobb angle of the Difference in Cobb angle of the

Difference in Cobb angle of the Difference in Cobb angle of

main curve in FSR and PPR minor curve in FSR and PPR main curve in FSR and CTS the minor curve in FSR and
CTS
Mean 240,256 211,974 64,211 35,441
Standard 893,393 1,058,399 776,211 778,924
devia-
tion

Table4 Difference Cobb angle of the ISE and FFI in FSR and PPR and in the FSR and the CTS

Difference in Cobb angle of the

Difference in Cobb angle of the Difference in Cobb angle of the

Difference in Cobb angle

ISE in FSR and PPR FFI in FSR and PPR ISE in FSR and CTS of the FFI in FSR and
CTS
Mean 56,703 81,737 9000 9132
Standard 395,832 337,308 257,204 277,374
deviation

Fig.3 Correlation between the ——
Cobb angle of the main curve in
CTS and FSR. In this scatter- 7000
plot, the correlation between the '62 . ° .
Cobb angle of the main curve in 3]
CTS and FSR is presented. On -E oo . » &
the x-axis, the Cobb angle (°) z ¢
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of the main curve in the PPR. We also found a strong cor-
relation (r=0.806, p <0.01) between the Cobb angle of the
main curve in PPR and the Cobb angle of the main curve in
the CTS. See also Figs. 3 and 4

Cobb - Angle of the main Curve in FSR

Furthermore, we found significant correlations between
the minor curves in the different types of radiographs. There
was a strong correlation (r=0.671, p<0.01) between the
Cobb angle of the minor curve in FSR and the Cobb angle
of the minor curve in the PPR. There also was a strong
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Fig. 4 Correlation between the
Cobb angle of the main curve in
CTS and PPR. In this scatter- om

plot, the correlation between the i
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correlation (r=0.802, p < 0.01) between the Cobb angle of
the minor curve in FSR and the Cobb angle of the minor
curve in the CTS. We also found a strong correlation
(r=0.601, p<0.01) between the Cobb angle of the minor
curve in PPR and the Cobb angle of the minor curve in the
CTS (Figs. 5 and 6).

There was a strong correlation (r=0.675, p<0.01)
between the Cobb angle in the ISE in the FSR and in
the PPR. There also was a strong correlation (r=0.647,
p<0.01) between the Cobb angle in the ISE in the FSR and
in the CTS. There was a significant correlation (r=0.681,
p <0.01) between the Cobb angle in the ISE in the PPR
radiographs and the CTS.

Fig. 5 Correlation between the
Cobb angle of the minor curve
in FSR and CTS. In this scatter- 70,00
plot, the correlation between the
Cobb angle of the minor curve
in FSR and CTS is presented.
On the x-axis, the Cobb angle
(°) of the of the minor curve

in the FSR is shown. On the
y-axis, the correlated Cobb
angle (°) of the of the minor
curve in the CTS is shown

60,00

40,00
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&) Springer
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Cobb - Angle of the main curve in PPR

There was no strong correlation (r=0.312, p>0.05)
between the Cobb angle in the FFI in the FSR and in the
PPR. But there was a strong correlation (r=0.668, p<0.01)
between the Cobb angle in the ISE in the FSR and in the
CTS. There was a strong correlation (r=0.484, p<0.01)
between the Cobb angle in the FFI in the PPR radiographs
and the CTS.

The difference between the Cobb angle of the main
curve in the FSR and in the PPR shows a strong correla-
tion (r=0.424, p <0.01) to the difference between the Cobb
angle of the main curve in the FSR and the Cobb angle of
the main curve in the CTS. The difference between the Cobb
angle of the minor curve in the FSR and in the PPR shows

X 40 0 0 70

Cobb - Angle of the minor curve in FSR
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Fig.6 Correlation between the
Cobb angle of the minor curve
in PPR and CTS. In this scatter- 7000

plot, the correlation between the 1
Cobb angle of the minor curve o
in PPR and CTS is presented. '.S, 6000
On the x-axis, the Cobb angle 2
(°) of the of the minor curve H
in the PPR is shown. On the § 000
y-axis, the correlated Cobb E
angle (°) of the of the minor @
curve in the CTS is shown % 000
=2
=)
£ 0 .
A o
-8 . ]
O 2000}
10,00
00

a strong correlation (r=0.305, p <0.05) to the difference
between the Cobb angle of the minor curve in the FSR and
the Cobb angle of the minor curve in the CTS. There was
a strong correlation (r=0.388, p <0.01) between the dif-
ference of the Cobb angle of the FFI in the FSR and in the
PPR and the difference of the Cobb angle of the FFI in the
FSR and in the CTS.

Discussion

In this study, we analyzed the FSR, PPR, and the CTS from
39 patients who were treated by surgery for AIS. We ana-
lyzed if there are significant correlations in the measured
Cobb angles of the main and the minor curves in the FSR,
the PPR and the CTS and if there are correlations in the
Cobb angles of the ISE and the FFI in the different imaging
techniques. We found significant correlation (p <0.01) for
all analyzed Cobb angles between BR and CTS.

Brink et al. reported a significant correlation of the mor-
phology of the scoliotic spine in all three planes between
standard upright X-ray, MRI, and CT scan [13]. Keenan
et al. showed 2014 that there is a statistically significant
relationship between the Cobb angle in supine and upright
position for the major curve [14]. However, minor curves
were not analyzed, especially not regarding to the flexibility.
There is presently no data that compares the assessment of
flexibility of the minor curve in BR versus CT scans. We
therefore conducted this study to analyze if classification of
minor curves according to the Lenke classification [3] may
be possible by a recumbent CT scan.

2000 40,00 60,00

Cobb - Angle of the minor curve in PPR

In our group of patients, we were able to show, that Cobb
angles of the main and the minor curves in the CTS show
a significant correlation to Cobb angles in FSR and PPR.

‘We found a significant correlation of the difference of
the Cobb angles of the main and minor curves between FSR
and CTS with the difference of the Cobb angles of the main
and minor curves between FSR and PPR. This indicates that
Cobb angles of the main and the minor curves in CTS may
provide similar information as a PPB.

Furthermore, our data show that it is possible to deter-
mine if a minor curve is structural or non-structural accord-
ing to the measured Cobb angle in the CTS. We looked at
every patient with a Cobb angle of the minor curve of less
than 40 degrees in the FSR and a Cobb angle of the minor
curve less than 25 degrees in the PPB. These curves are,
according to the Lenke classification, non-structural and do
not have to be included in the selective spinal fusion [3]. In
this group of patients, the Cobb angle of the minor curve in
the CTS was always less than 35 degrees. According to this
data, in our group of patients a Cobb angle of <35° deter-
mined a non-structural curve. This indicates that PPR’s are
not necessary anymore to determine if a curve is structural
or non-structural, if for any reason a preoperative CT scan
has been performed. This may lead to a reduction of dose
of radiation for the patients and for the medical personal.

Furthermore, we saw that there are significant correla-
tions between the Cobb angles of the ISE and the FFI in the
analyzed radiographs. However, statistical power was rather
low especially in the correlations between the PPR and the
CTS. Thus, we presently cannot apply the CTS as a tool to
analyze the flexibility of the ISE and the FFIL.

A limitation of our investigation is that we performed a
retrospective data analysis. Furthermore, we only performed
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and analyzed the correlation between the PPR and the CTS
and did not investigate the impact of other types of BR.
However, former analyses showed that PPR are the most
appropriate type of BR to determine the effects of a correc-
tion of the main curve on the curves above and below the
level of fusion by better predicting the translational correc-
tion of the lowest instrumented vertebra and the rotation
of the lowest instrumented vertebra than other types of BR
[15]. Other investigations detailed characteristics of the dif-
ferent types of BR. Fulcrum bendings are the most appro-
priate images to assess the maximal preoperative coronal
flexibility in main thoracic curves, side-bending radiographs
are the most appropriate images to assess the maximal pre-
operative coronal flexibility in main thoracolumbar or lum-
bar curves [16]. Radiographs with traction under General
Anesthesia lead to a higher degree of correction of severe
curves (> 60°). However, it has also been shown that selec-
tion of lowest instrumented vertebra based on traction radio-
graphs leads to an increased frequency of decompensation
of the non-instrumented lower spinal segments [10, 17]. The
available data show that none of the common types of BR is
superior to the others [6, 8, 10, 15-17].

The primary objective of this investigation was to analyze
if recumbent images could “replace” BR in the diagnostic
algorithm of AIS. Since some of our patients were oper-
ated by navigation based on a preoperative CTS, we used
these CTS images as recumbent imaging technique in this
investigation and found that CTS may be applied to classify
scoliotic minor curves as structural or non-structural. We
presently avoid performing any more pedicle screw inser-
tions guided by navigation (PIN) with preoperative CTS in
AIS patients because of the higher exposure to radiation
of the patients, but applying navigation by an intraopera-
tive 3D scan [18]. For the same reason, we now aspire to
apply different recumbent imaging techniques, i.e., MRI or
intraoperative images, as “replacement” for BR. Thus, future
investigations should focus on whether other recumbent
imaging techniques are as effective as CT scans to classify
curve flexibility in scoliosis patients.

Conclusion

Cobb angles of push-prone bending radiographs show a
significant correlation with Cobb angles in CT scans. In
our group of patients, a Cobb angle of a minor curve in
a CT scan of less than 35° determined a non-structural
curve in 100% of all cases.
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Abstract

Purpose Reports on heterogenous groups of patients have
indicated that pedicle screw insertion guided by navigation
(PIN) leads to, for the patient, higher doses of radiation com-
pared with pedicle screw insertion guided by fluoroscopy
(PIF). This would be a major concern, especially in paediatric
deformity correction.

Methods After a power analysis (aiming at > 0.8) 293 pedi-
cle screws which were inserted in patients with adolescent
idiopathic scoliosis were analyzed by comparing effective
dose and fluoroscopy time per screw for three different tech-
niques. Groups 2 and 3 were matched to Group 1 by Lenke
type of scoliosis. Group 1 were prospectively enrolled con-
secutive patients that have been operated on by PIN with im-
age acquisition by preoperative CT scan (CTS). Group 2 were
consecutive retrospectively matched patients who have been
operated on by PIN with image acquisition by an intraopera-
tive 3D scan (3DS). Group 3 were consecutive retrospectively
matched patients who have been operated on by PIF.

Results Mean dose of radiation per screw was 1.0 mSv (SD
0.8) per screw in CTS patients, 0.025 mSv (sp 0.001) per
screw in 3DS patients and 0.781 mSv (sb 0.12) per screw in
PIF patients. The difference was significant (p < 0.0001).
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Conclusion When we compared different techniques of nav-
igation, navigation by image acquisition with CTS showed a
significantly higher (by 97.5%) dose of radiation per screw for
the patient than navigation by image acquisition by a 3DS.
Navigation by 3DS showed significantly lower effective dose
per screw for the adolescent patients than the fluoroscopic
technique.

Level of Evidence: Il
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Prost M, Krauspe R. Effective dose of radiation per screw in
surgery of adolescent idiopathic scoliosis: matched pair
analysis of 293 pedicle screws inserted using three dif-
ferent techniques. | Child Orthop 2020;14: 554-561. DOI:
10.1302/1863-2548.14.200148

Keywords: adolescent idiopathic scoliosis; navigation;
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Introduction

Pedicle screw insertion guided by navigation (PIN) has
been reported to be superior to pedicle screw insertion
guided by fluoroscopy (PIF) with regard to accuracy of
pedicle screw insertion. Especially in thoracic vertebrae,
where the accuracy of PIN is reported to be up to five
times higher than that of PIF.”* Additionally, PIN has been
reported to significantly reduce exposure of the surgical
team to radiation,®® which is highly relevant, especially for
high-volume deformity surgeons.

On the other hand, there are reports of higher overall
doses, for the patient, of radiation with PIN versus PIF?*12
which is a major concern especially in the surgery of pae-
diatric deformities. Doody et al”® reported that the inci-
dence of breast cancer correlates with dose of radiation
and is significantly higher in scoliosis patients than in the
normal population.

However, the former reports which state higher doses
of radiation in PIN compared with PIF%*2 investigated
mainly short segment fusions and enrolled patients with
heterogenous indications for surgery, heterogenous sur-
gical levels and heterogenous techniques including min-
imally invasive surgery (MIS) and standard open surgery,
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with and without interbody spacers. To the best of our
knowledge, there is no data available comparing the dose
of radiation of PIN versus PIF in instrumented posterior
fusion of spinal deformities.

PIN can be performed by different techniques of image
acquisition, among them intraoperative 3D scan (3DS)
and preoperative CT scan (CTS). We do not know which
technique allows for lower exposure to radiation; former
investigations recorded radiation exposure in non-compa-
rable units (mGy, mGy*cm, cGy*cm?, mSv/pt, nSv/pt and
others) and compared heterogenous groups of patients”
which did not lead to sufficient data to compare dose of
radiation after 3DS with that of CTS. Furthermore, there
are no reports that compare these different techniques of
image acquisition for navigation with regard to dose of
radiation in surgery of spinal deformities. The complexity
of the calculation of dose of radiation to compare 3DS and
CTS may be one reason why there are no reports on this
comparison:

For CTS the dose of radiation that results from the CTS
has to be added to the dose of radiation that results from
intraoperative fluoroscopic images by C-arm which are
performed to control the position of the inserted screws
and the result of the deformity correction. This addition
is a complex calculation since radiation exposure of CT
scans is recorded as dose-length-product (DLP, mGy*cm)
and radiation exposure of fluoroscopy is recorded as
dose-area-product (DAP, cGy*cm?).

For 3DS the DAP that results from the 3DS has to be
added to the DAP that results from intraoperative fluoro-
scopic images by C-arm which are performed to control
the position of the inserted screws and the result of the
deformity correction.

Since the parameters DAP and DLP cannot be com-
pared (cGy*cm? versus mGy*cm), they both have to be
converted to the effective dose in mSv to allow for com-
parison of dose of radiation of 3DS with dose of radiation
of CTS.

Radiation exposure and conversion factors from DAP or
DLP to effective dose are hardware- and body mass index
(BMI)-dependent. Therefore, conversion factors have to be
adapted to the exposed region (thoracic or lumbar spine),
as other investigators have described."*

There is no report that compares the overall dose of
radiation (intra- and preoperative) for the patient by navi-
gation with image acquisition by CTS to the dose of radi-
ation of navigation by image acquisition with a 3DS in
spinal deformity surgery.

In this study, we investigated which technique of nav-
igation (image acquisition by CTS or image acquisition
by 3DS) exposes adolescent patients undergoing surgical
correction of idiopathic scoliosis to higher doses of radia-
tion during the insertion of pedicle screws. Furthermore,

J Child Orthop 2020;14:554-561

we tested the hypothesis that PIN leads to lower doses
of radiation for the patient than PIF in patients with idio-
pathic scoliosis.

Patients and methods

We conducted matched pair analysis of consecutive
patients. Sample size was determined by a prior power
analysis based on a former investigation;® 293 screws were
analyzed.

Group A: prospective data collection

We prospectively collected data of ten consecutive patients
with adolescent idiopathic scoliosis (AIS) that were oper-
ated on in a 12-month period by posterior stabilization
with a pedicle screw rod construct and PIN with image
acquisition by CTS of the relevant spinal segments (group
A). Lenke type of scoliosis,'® number of screws implanted,
level of implantation of screw and time of operation were
recorded.

Groups B and C: retrospective data collection

We retrospectively included ten consecutive matched
patients who were operated on by PIN with image acqui-
sition by 3DS (group B) and ten consecutive matched
patients who were operated on by PIF (intraoperative flu-
oroscopy without navigation) (group C).

Matching procedure

After inclusion of the ten prospective CTS patients (group
A), we identified all patients with AIS that were operated
on by posterior stabilization with a pedicle screw rod
construct in our institution by diagnostic code. Matching
patients were allocated, backwards in order of date of sur-
gery, to CTS patients. The first CTS patient that was oper-
ated on was matched with the latest patients (one 3DS
and one PIF) of the retrospective database that showed
identical Lenke type of scoliosis and fused segments. The
matching process was conducted accordingly for the
remaining nine CTS patients. Patients with incomplete
sets of data, previous spinal surgery, BMI > 25 and spinal
anomalies were excluded.

All patients operated on by CTS and 3DS were operated
on by the first author (MRK), whilst the patients operated
on by PIF were operated on by three different surgeons.
All surgeons had at least eight years of experience in sur-
gical correction of spinal deformity.

Imaging and technique of pedicle screw insertion: pre-opera-
tive CT (group A)

Preoperative CT scans were acquired with a Somatom
Definition Flash CT-scanner (Siemens Healthineers,
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Forchheim, Germany). The scan range included the tho-
racic and lumbar spine. Scans were performed at a tube
potential of either 100 kV, or 120 kV,..

Imaging and technique of pedicle screw insertion: navigation
(group A and B)

For CTS and 3DS the same C-arm (Arcadis; Siemens
Healthineers, Forchheim, Germany) was used in all cases
for intraoperative fluoroscopy, which was exclusively
applied to control the position of the pedicle screws and
the correction of the deformity in CTS patients and addi-
tionally for 3D scan in 3DS patients.

The Navigation System ‘Kick’ (Brainlab, Munich, Ger-
many) was applied in CTS and 3DS. Reference clamp for
spinous process was applied and attached to the segment
which was instrumented. Preparation of pedicle and inser-
tion of pedicle screws was performed with navigation. In
3DS the operative team left the operating room during
fluoroscopy acquisitions.

Imaging and technique of pedicle screw insertion: fluoroscopy
(group ©)

For PIF a different C-arm (a flat panel detector, Exposcop
8000; Ziehm Imaging, Niirnberg, Germany) was used. Flu-
oroscopy was exclusively applied for insertion of the ped-
icle screws and to control the correction of the deformity.
Hence, the operative team did not leave the operating
room during these fluoroscopic acquisitions. The pedicle
screws were inserted similarly to the technique described
by Kim et al."” Entry points were exposed and identified,
then a cortical breach of approximately 5 mm depth was
created. Subsequently, a slightly curved gear shift was
used to probe the pedicle. It was pointed laterally at first.
When the posterior border of the vertebral body should
have been reached, according to the inserted length of
the probe, it was taken out, the pedicle was palpated to
exclude a soft-tissue breach, and reinserted pointing medi-
ally. An anteroposterior fluoroscopic control was then
made to ensure correct positioning of the probe before it
was inserted into the vertebral body. Following this, the
entire created canal was palpated to exclude a soft-tissue
breach. After screw insertion fluoroscopic control was per-
formed in two planes (anteroposterior and lateral), three
to four segments at the same time were checked.

Instrumentation: navigation (groups A and B)

The 3DS and CTS patients were operated on using the
same technique. Caudally three to four segments were
instrumented by pedicle screws, and the upper instru-
mented vertebra (UIV) and the vertebra below the UIP
(UIV + 1) were instrumented by pedicle hooks. The other
vertebra were instrumented by (lamina -) tapes.
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Instrumentation: fluoroscopy (group C)

In PIF patients pedicle screws were used in all instru-
mented vertebra.

Monitoring of the dose of exposure to radiation and calcula-
tion of the effective dose

The doses of exposure to radiation were recorded auto-
matically by the different devices (CT scanner or flat panel
detectors) and were monitored for all patients.

For group A, the dose of exposure to radiation was
recorded by adding the dose of exposure to radiation of the
preoperative CT to that of the intraoperative fluoroscopy.
The dose of exposure to radiation of group A was compared
with the dose of exposure to radiation of groups B and C.

For this purpose, the overall dose of radiation (addition
of pre- and intraoperative dose of radiation) that patients
operated on by navigation were exposed to was converted
to the effective dose (mSv).

3Ds

No direct conversion factor was available for the system
used in our study (Arcadis). In spite of similarities in the
hardware, a direct application of the conversion factors
used by Suzuki et al™* was not possible, since the tube
potential for their phantom acquisitions was considerably
lower (72 kV to 79 kv, depending on phantom size). For
each patient’s image acquisition, the effective dose was
calculated by multiplication of the examination’s DAP with
the thus determined BMI-specific conversion factor. The
conversion factors are 0.19 mSv/Gy-cm? for the thoracic
spine and 0.21 mSv/Cy-cm? for the lumbar spine.

PIF

Effective dose was calculated in the same technique as for
3DS.

Since a different C-arm (Exposcop 8000) (which might
have led to different doses of radiation for comparable
images) was used for PIF patients, we additionally compared
time of fluoroscopy of these patients with time of fluoros-
copy of 3DS patients to enhance the validity of the results.

cTs

For CT examinations, the International Commission on
Radiological Protection (ICRP)103 conversion factors from
DLP to effective dose for scans of thoracic and lumbar
spine were taken from the recent publication by Huda et
al.' The conversion factors are 0.0204 mSv/mGy-cm for
the thoracic spine (chest region) and 0.0163 mSv/mGy-cm
for the lumbar spine (abdominal region).

Effective dose of 3DS and CTS matched patients was
compared.

J Child Orthop 2020;14:554-561
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Fig. 1 Effective dose of radiation of pedicle screw insertion guided by navigation. Image acquisition by intraoperative 3D scan versus

image acquisition by preoperative CT scan.

Statistical analysis

In a matched pair analysis, we investigated if PIN (3DS)
was different in CTS, 3DS and PIF with regard to overall
dose of exposure to radiation (for the patient). Since dose
and time of exposure to radiation did not show normal
distribution in a Kolmogorow-Smirnow test, we per-
formed Mann-Whitney U Tests. We first determined which
technique of navigation (3DS or CTS) led to the lowest
dose of exposure to radiation per screw and then com-
pared this technique with PIF.

Power analysis was performed by G-Power (Heinrich
Heine University, Institute for industrial and cognitive psy-
chology, Dusseldorf, Germany)'*?° based on results of for-
mer reports.® To achieve a high statistical power (> 0.8) at
least 80 screws per group were needed.

Since cancer induction and radiation induced heredi-
tary effects are stochastic effects, there is no ‘minimal clin-
ically important difference’; we, therefore, reported the
statistical power of our tests.

Statistical analysis was performed by SPSS 25 (IBM,
Armonk, New York). Descriptive data are reported as
mean and SEM.

Results
Patient cohort

The mean age of the CTS patients was 15.9 years (SEM 0.9)
(group A); 16.0 years (SseM 1.6) for 3DS patients (group B);
and 15.6 years (seM 0.8) for PIF patients (group C).

J Child Orthop 2020;14:554-561

Lenke type was 1A in three pairs, 1B in three pairs, 1C
in one pair, 2A in one pair, 2B in one pair and 5C in one
pair.

In CTS patients, 81 screws were inserted (8.1 screws
per patient), 81 screws in 3DS patients (8.1 screws per
patient) and 131 in PIF patients (13.1 screws per patient).

Dose of exposure to radiation

Mean dose of exposure to radiation per screw was 1.0
mSv (SEM 0.8) per screw in CTS patients; 0.025 mSv (SEM
0.001) per screw in 3DS patients; and 0.78.1 mSv (SEM
0.12) per screw in PIF patients (Fig. 1).

The difference between CTS and 3DS was significant
(p < 0.0001) with a high statistical power (0.95).

The difference between 3DS and PIF was significant
(p < 0.001) with a high statistical power (0.80).

Fluoroscopy time

Mean fluoroscopy time per screw was 15.0 seconds (SEM
0.8) in all patients; 13.5 seconds (SEM 0.3) per screw in
3DS patients; and 24.1 seconds (SEM 1.4) per screw in PIF
patients (Fig. 2).

The difference between 3DS and PIF was significant
(p < 0.0001) with a high statistical power (0.80).

Complications

In the PIF group three malpositioned screws had to be
revised within one week of surgery, two due to neuro-
logical deficits and one due to radicular pain. No other
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Fig. 2 Effective dose of radiation of pedicle screw insertion guided by fluoroscopy versus pedicle screw insertion guided by navigation

and image acquisition by intraoperative 3D scan.

complications and no anomalies in the neuromonitoring
occurred in all other patients of the three groups.

Discussion

Doody et al” showed that cumulative effective dose of
standard radiographs, performed for diagnosis and fol-
low-up of scoliosis, correlates with incidence of breast
cancer in scoliosis patients. Since PIF and PIN lead to
relevant and possible cancer inducing effective doses,*”
we should not only focus on the reduction of effective
dose by optimizing technique and frequency of standard
radiographs for diagnosis and follow-up of scoliosis,
but on procedure-related effective dose too. We con-
ducted this investigation to analyze which technique,
PIF, 3DS or CTS, leads to the lowest effective dose for the
patient. An alternative to PIF (the fluoroscopic technique)
is the free hand technique, where the pedicles are felt
by probes and ball-tipped guides without radiographic
control. Radiation is only applied after the instrumenta-
tion to control the screw positions. Usually several levels
are controlled simultaneously. This technique leads to a
lower effective dose for the patient and for the surgical
team than the fluoroscopic technique and also a lower
effective dose for the patient than the navigated tech-
nique and, if the surgical team leaves the room for the
control radiographs, the same reduction of effective dose
for the surgical team.
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However, Vaccaro et al' reported a breaching rate of
40% in the free hand technique. Insertion of PIF shows a
breaching rate of 2% to 30% and insertion of PIN shows
a breaching rate of 2% to 15%.%¢ A breaching rate of 0%
cannot be achieved by either technique.

Experienced and skilled surgeons might have a lower
breaching rate in the free hand technique than less expe-
rienced surgeons in the navigated technique. However,
statistically, according to available data, the navigated
technique shows the lowest breaching rate.

Whether a lower breaching rate justifies a higher proce-
dure-related effective dose cannot be determined. In our
opinion it cannot be decided if a higher risk of postoper-
ative pain, neurological deficits and possible revision sur-
gery is ‘outweighed’ by the stochastical risk for cancer by
a higher effective dose or vice versa. However, if PIF or PIN
are applied, reduction of the procedure-related effective
dose as much as possible is essential.

This investigation showed the lowest effective dose in
3DS. CTS showed a higher effective dose than 3DS and
PIF.

There was a reduction of dose of exposure to radiation
and fluoroscopy time by 56% (13.5 seconds navigation
by 3DS versus 24.1 seconds without navigation) when
navigation by 3DS was applied compared with the fluo-
roscopic technique.

There are reports of higher overall doses of radiation
by PIN versus PIF7*1 in heterogeneous groups of patients.

| Child Orthop 2020;14:554-561
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However, in a previous investigation,® we could show that
in patients without deformity operated on using a MIS
technique without interbody fusion, dose of exposure
to radiation of patients was reduced by 41% and for sur-
geons by 81%.

This result can further be explained by the more difficult
insertion of pedicle screws in deformed vertebrae com-
pared with vertebrae without deformity. A former report
states that rate of screw accuracy is significantly higher in
PIN than in PIF in scoliosis surgery.?? Depicting a pedicle
in the correct plane by fluoroscopy is more challenging
in patients with deformity than in patients without defor-
mity and may take more fluoroscopy time.

This part of the study, the comparison of PIF with 3DS,
has several possible biases. A different C-arm was used in
the retrospective group of PIF patients, thus the comparison
of dose of radiation of PIF with 3DS is of lower validity. Less
modern image intensifiers might produce images of lesser
quality which necessitates more than one image to clarify
the position of the implant. However, the fluoroscopy time
of 13.5 seconds per screw in 3DS patients versus 24.1 sec-
onds per screw in PIF patients seems to indicate that the
3DS technique needed less radiation than the PIF technique.

Furthermore, the PIF patients were operated on by three
different surgeons. This might have led to a bias. However,
all three surgeons were experienced (at least eight years
of experience in deformity surgery) and applied the same
technique of pedicle screw insertion in the same institu-
tion. Additionally, in PIF all segments were instrumented
by pedicle screws, whereas in 3DS and CTS, to reduce
effective dose, hooks and tapes were applied for cranial
segments, i.e. only one or two 3D scans had to be per-
formed (3DS) or not all segments had to be included in the
CTS. This is a possible bias since more challenging pedicles
might have been instrumented in PIF than in 3DS and CTS.
However, effective dose per screw in 3DS and CTS is the
same for all types of pedicles since image acquisition does
not dependent on form and shape of the instrumented
pedicle, and thus this bias may not be crucial.

These possible biases may render the results of the com-
parison between the effective dose of PIF with 3DS less
valid than the results of the comparison between 3DS and
CTS, even if the analysis achieved a high statistical power.
In spinal segments with a lower degree of deformity the
difference in effective dose between PIF and 3DS might
be lower than in spinal segments with a higher degree of
deformity. However, the mean effective dose of all spinal
segments of PIF was significantly higher than the mean
effective dose in 3DS (which is not dependent on degree
of deformity), with a high statistical power.

We also compared navigation by CTS with naviga-
tion by 3DS. Hecht et al* showed that there is no signif-
icant difference in accuracy of pedicle screw placement
between CT-based navigation and 3D scan-based naviga-

| Child Orthop 2020;14:554-561

tion, which is why we did not analyze accuracy of screw
placement. CTS led to a 97.5% higher dose of exposure to
radiation (1.0 mSv per screw in CTS versus 0.025 mSv per
screw in 3DS) than 3DS. This might be due to the larger
field of view in a CT scan compared with a 3DS and to the
higher resolution of the CT scan compared with a 3DS.
The 3D scan can be performed with a lower resolution
than the CTS because the registration of the intraopera-
tive images can be performed automatically (a reference
clamp is placed before the 3D scan; after the scan the ref-
erence is already registered in relation to the images). The
CTSs have to be registered intraoperatively by a matching
process that requires a higher resolution.

The substantial advantage of CTS is that the CTS allows
for meticulous preoperative planning, which is known to
reduce the rate of wrong level surgery.”® However, the
results of this study suggest that a CTS before a surgical
correction of a pediatric deformity should not be per-
formed, especially since Miglioretti et al*' showed that an
effective dose of > 20 mSv was delivered in 6% to 14% of
all spine CTs and that 270 to 800 spine CTs lead to one
case of solid cancer.

For 3DS and CTS, the entirety of the operative team was
not exposed to radiation since they could leave the oper-
ating room during fluoroscopic acquisitions. This seems
even more valuable in the light of the report of Ramper-
saud et al** which states that spine surgeons are exposed
to up to 12-fold higher dose rates of radiation than other
non-spinal musculoskeletal surgeons.

With the fluoroscopic technique the surgical team
could, theoretically, also leave the room for each fluoro-
scopic control, but it would be more often than in the 3DS
technique. The plane of the fluoroscopic control often
needs to be adjusted, in both planes, to gain acceptable
visibility of the pedicle, so the surgeon may need to reen-
ter the room more than once to guide the adjustment.
This procedure (leaving and reentering the room) takes
time and disturbs the flow of the surgery.

If the surgical team stayed in the room and stepped
behind a lead panel, the surgical team must, according
to the federal office for radiation protection, still wear
lead due to scattered radiation, although eyes and hands
would still be unprotected. Even if the resulting proce-
dure-related effective dose to the surgical team would be
very low, it would not be 0. The surgeon and the other
members of the surgical team might choose to take this
risk of exposing themselves to a minimal amount of scat-
tered radiation.

Conclusion

When we compared different techniques of navigation,
navigation by image acquisition with CTS of the levels to
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be instrumented showed a significantly higher (by 97.5%)
dose of radiation per screw for the patient than navigation
by image acquisition by a 3DS. Navigation by 3DS in pos-
terior instrumented fusion of idiopathic scoliosis showed a
significantly lower dose of radiation and fluoroscopy time
(by > 50%) per screw for the adolescent patients than the
fluoroscopic technique.
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Study Design:
Retrospective single center data analysis

Objective:
Aim of this investigation was to give advises for choosing the LIV in selective fusion to
reach best correction of minor curve and sagittal profile.

Summary of Background Data:

Scoliotic curves can be classified as structural or nonstructural. If selective fusion is
performed, the nonstructural curves are not instrumented. Choice of the lowest
instrumented vertebra (LIV) and the impact of different levels of the LIV on the
correction of the minor curve in the frontal profile and on the sagittal balance is under
debate.

Methods:

47 consecutive patients, treated by posterior instrumented fusion, were included in this
retrospective investigation. Impact of the level of the LIV with regard to distance to end
vertebra (EV), to the stable vertebra (StV), to the sagittal infliction point (IP) and to the
apex of the lumbar lordosis on the correction of the minor curve was analyzed.

Results:

Distance of LIV to EV was significant with regard to correction of the minor curve if it
was more than 5 levels (p<0.001). Distance of LIV to StV was significant with regard to
correction of the minor curve if it was more than 4 levels (p<0.01). Distance of LIV to IP
was significant with regard to correction of the minor curve if it was more than 2 levels
(p<0.01).

Conclusion:

Choosing a LIV that was more than 2 levels higher or lower than the sagittal infliction
point showed a significant higher correction of the minor curve. We therefore
recommend to keep that distance when LIV is chosen.
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Abstract:
Study Design:

Retrospective single center data analysis

Objective:

Aim of this investigation was to give advises for choosing the LIV in selective fusion to reach
best correction of minor curve and sagittal profile.

Summary of Background Data:

Scoliotic curves can be classified as structural or nonstructural. If selective fusion is performed,
the nonstructural curves are not instrumented. Choice of the lowest instrumented vertebra (LIV)
and the impact of different levels of the LIV on the correction of the minor curve in the frontal
profile and on the sagittal balance is under debate.

Methods:

47 consecutive patients, treated by posterior instrumented fusion, were included in this
retrospective investigation. Impact of the level of the LIV with regard to distance to end vertebra
(EV), to the stable vertebra (StV), to the sagittal infliction point (IP) and to the apex of the
lumbar lordosis on the correction of the minor curve was analyzed.

Resulits:

Distance of LIV to EV was significant with regard to correction of the minor curve if it was
more than 5 levels (p<0.001). Distance of LIV to StV was significant with regard to correction
of the minor curve if it was more than 4 levels (p<0.01). Distance of LIV to IP was significant
with regard to correction of the minor curve if it was more than 2 levels (p<0.01).

Conclusion:

Choosing a LIV that was more than 2 levels higher or lower than the sagittal infliction point
showed a significant higher correction of the minor curve. We therefore recommend to keep
that distance when LIV is chosen.
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1. Introduction

The treatment strategies for adolescent idiopathic scoliosis (AIS) depend on the degree of the
deformity which is assessed by the Cobb angle [1,2]. According to the Lenke classification,
scoliotic curves can be classified as structural or non — structural. [3, 5] When operative
treatment is needed it could be performed as selective or non-selective fusion of the spine. If a
selective fusion is performed, the non — structural curves are not instrumented. The
discrimination of structural and non-structural curves and to choose the appropriate lowest
instrumented vertebra (LIV) is crucial for the success of a selective spinal fusion [3, 4].

Data of other study groups suggest, that a LIV chosen too caudal had a negative impact on
spinal mobility as well as on quality of life in patients with AIS treated by selective spinal fusion
[6, 7]. A LIV chosen too cranial can lead to adjacent segment degeneration or instability [8, 9,
11, 12].

There is already data, which shows the influence of the level of LIV on the magnitude of
correction for the main curves [8, 9]. Suggested parameters in the coronal plane to determine
the LIV are the distance between the LIV and the end vertebra (EV), the stable vertebra (StV)
or the central sacral vertical line (CSVL) [10-12].

However, the debate on how to choose the appropriate LIV with the lowest risk for adjacent
segment degeneration or instability on the one hand and maximal spinal mobility for the patient
after surgery on the other hand is still ongoing. Especially data on which sagittal parameters
should be considered when LIV is chosen is still not conclusive.

This is why we performed a retrospective single center analysis to investigate the influence of
different choices of LIV on the correction of the minor curve in selective fusion of patients with

adolescent idiopathic scoliosis.
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2. Material and Methods

This study was designed as a single center retrospective cohort study. Patients who underwent
operative treatment for Scoliosis in our institution between 01/2005 and 01/2020 were identified
in the clinical documentation system by diagnostic code.

We included patients who underwent surgical treatment with selective fusion for AIS and who
had a complete set of data including full spine x-ray in posterior-anterior and lateral view pre-
and post-surgery, as well as during the follow up of at least 24 months. Only patients with Type
1 or 2 curves according to the Lenke classification were included. We excluded patients with
any type of previous spinal surgery, other scoliosis forms than AIS, patients with Lenke Type

3,4, 5 or 6 curves or an incomplete set of data.

Inclusion and exclusion criteria are summed up in Table 1 “Inclusion and exclusion criteria”.

Surgery was performed in all cases with all screws or hybrid (screws and lamina hooks)
technique. Both techniques were routinely applied in our institution, and we chose to end data
collection when we, in 2020, chose to apply another pedicle screw rod system (manufactured
by another company). The principles of deformity correction and the main techniques did, due
to the continuous and unchanged leadership of the surgical team of the same person, did not
change during the timeframe we applied.

However, choice of LIV was in the discretion of the surgeon.

We recorded demographical data like sex and age, and recorded the Lenke-classification of the
included patients.

The radiographs were analyzed by the IDS 7-PACS®-System (Sectra, Linkdping, Sweden). The
LIV, EV, StV, the sagittal infliction point (IP) and the apex of the lumbar lordosis were
identified in the pre- and postoperative full spine radiographs.

In all available radiographs the cobb angle of the main curve and of the upper and lower minor
curve was measured. We declared the main curve as being the curve with the highest Cobb
angle, according to the lenke classification. Since we investigated the difference of the angle of
the minor curve, regardless of the location of the curve, we did not differentiate between these
curves. Furthermore, we measured parameters of the sagittal profile (thoracic kyphosis (TK),
lumbar lordosis (LL), pelvic incidence (PI)).

The performed measurements were exemplary shown in Figure 1-3.
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The impact of the level of the LIV with regard to distance to the EV, to the StV, to the sagittal
infliction point (IP) and to the apex of the lumbar lordosis on the correction of the minor curve
was analyzed.

Statistical analysis was performed by SPSS 25 (IBM, Armonk, USA). Descriptive data are
given as mean and standard error of mean (SEM). We tested all continuous variables for normal
distribution by Kolmogorov—Smirnov tests. All variables showed normal distribution. Thus, we
performed one-way ANOVA analysis and T-Tests.

This study was approved by the local ethics committee (Register number 4948) and was

conducted according to the revised Declaration of Helsinki.

89



w0 W N

3. Results

We identified 241 consecutive patients who were treated operatively for scoliosis in our
institution between 01/2005 and 01/2020 by diagnostic code. After application of the inclusion
and exclusion criteria, we enrolled 47 patients to our investigation. 39 patients were female
(82.9 %), 8 patients were male (17.1 %). The average age at the date the time of surgery was
14.5 (1.14) years. 38 patients (80.1 %) were treated in hybrid and 9 patients (19.9 %) in all

screw technique.

The Lenke-Classification of the included patients is shown in Table 2 “Lenke-Classification of

the included patients”

The cobb-angles of the main and minor curve in the pre- and postoperative x-rays as well as the
achieved correction of the curves are shown in Table 3 “Cobb-angles of the main and minor
curve in the pre- and postoperative x-rays and the perioperative achieved correction of the

curves”

The mean number of instrumented vertebral bodies was 9.26 (2.60) for all patients, for the
patients with Lenke Type 1 curves it was 9.00 and for the patients with Lenke type 2 curves it
was 9.50.

The distribution of the LIV for patients with type 1 and type 2 lenke curves is shown in Table
4 and 5.

The average distance between the LIV and the EV was 1.91 (1.72) vertebral body’s and between
the LIV and the StV 1.83 (1.49) vertebral bodies. The average cobb angle of the TK was 25.5°
(2.1) pre-op. In the sagittal profile the mean distance between the LIV and the IP of the LL was
1.92 (1.28) vertebral bodies and between the LIV and the apex of the LL 2.14 (1.39) vertebral
bodies. The difference of the pre-operative TK to the postoperative TK was 1.9° (1.8).

The difference between the LL and PI pre and postoperative is shown in Table 6 “Difference
between the LL and PI pre and postoperative”.

Distance of LIV to EW was only significant with regard to correction of the minor curve if it

was more than 5 levels (i.e. vertebral bodies) (p<0.001). Distance of LIV to StV was only
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significant with regard to correction of the minor curve if it was more than 4 levels (i.e. vertebral

bodies) (p<0.01).

The influence from the distance between the LIV and IP on the perioperative correction of the
minor curve is shown in Table 7 “Correction of the minor curve depending on the distance
between LIV and IP ",

Distance of LIV to IP was significant with regard to correction of the minor curve if it was more
than 2 levels (i.e. vertebral bodies) (p<0.01). The correlation between the distance of LIV to IP

and the correction of the minor curve is high (0.693).

An example for this difference in the achieved correction is shown in Figure 4

Further there was a high (0.701) correlation between the perioperative achieved correction of

the major curve and the compensatory achieved correction of the minor curve.

Distance of LIV to the apex of the lumbar lordosis was not significant with regard to correction
of the minor curve (i.e. vertebral bodies) (p>0.05). These parameters did not change during the

follow up of 37.6 (5.4) months. No patient required revision surgery.

91



W Do Ul W

4. Discussion

In this investigation, we analyzed the data of 47 patients to investigate the influence of the LIV
on the correction of the minor curve and the sagittal balance during selective fusion in patients
with adolescent idiopathic scoliosis.

The demographical data of our group of patients with an average age of 14.5 years and a female
predominance as well as the average preoperative cobb angles and curve types are comparable
to the data that are reported in other recent investigations [6-12]. This confirms that our study
population is representative.

According to the distance of LIV to EV we found only significant correlation with regard to
correction of the not instrumented minor curve if it was more than 5 levels (i.e. vertebral bodies)
(p<0.001). Other investigations that analyzed the EV as a potential marker to determine the LIV
like Suk et. all in 2003 provided no data on this topic [13]. Thus, according to the results of our
study group, the EV should not be used to determine the LIV with regard to correction of the
not instrumented minor curve.

As another parameter, we analyzed the distance of LIV to StV. This distance was only
significant with regard to correction of the not instrumented minor curve if it was more than 4
levels (i.e. vertebral bodies) (p<0.01). This influence of the StV according to correction of the
not instrumented minor curve is comparable to data presented by Takahasi et al in 2011 who
found the best correction potential for the minor curve when LIV is below the StV [8]. A further
problem with EV and StV as marker for the determination of the LIV is that both have poor
interobserver reliability, therefore determining the LIV based on the StV and EV can be
inconsistent amongst different surgeons thus producing variable results [ 14]. Liu et al. reported,
in their systematic review, that there is no recent literature in which landmarks from the sagittal
profile where applied to determine the LIV [10]. In our investigation, we were able to show,
that there is a significant correlation between the distance of LIV to the IP with regard to
correction of the minor curve if it was more than 2 levels (i.e. vertebral bodies) (p<0.01). We
therefore recommend to respect this distance when LIV is chosen.

Our data might suggest, that if the LIV is chosen too close to the IP, a loss of correction, and in
some cases the possible need for another surgery with elongation of the instrumentation, might
be the outcome.

However, the IP is rarely found lower than Th12, in Roussoly types 3 and 4 it could be higher
than Thl2, thus the application of the results of this investigation would hardly lead to an
instrumentation to L3 or L4.
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These results, in accordance with the recent literature, seem to support the assumption, that it
is very important to analyze the sagittal profile when surgical correction with selective posterior
instrumented fusion of AIS is planned.

A limitation of our investigation is that we performed a retrospective data analysis and that
there was no official study protocol for the treatment of the patients. However, due to standard
operating procedures in our department for the surgical treatment of AIS the treatment of the
patients is comparable without an official study protocol.

We analyzed data of 241 consecutive patients and consequently applied predetermined
inclusion and exclusion criteria, among which a follow up of 24 months — which is important
to estimate long term results - was mandatory. This led to a lower number of patients that were
enrolled in our final investigation. However this also led to a high quality of our data, and the

reported correlation of 0.7 shows a high statistical power of our analysis.
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5. Conclusion

In our group of patients choosing a LIV that was more than 2 levels higher or lower than the
sagittal infliction point showed a significant higher correction of the minor curve. We therefore
recommend keeping that distance when LIV is chosen. Parameters of the frontal profile did
only show an impact that was significant if very large distances (5 or more levels) were
compared. These results seem to support the assumption, that the sagittal profile shall also be

analyzed when surgical correction of an idiopathic adolescent scoliosis is planned.
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6.2. List of Abbreviations

AIS  Adolescent Idiopathic Skoliosis
LIV  lowest instrumented vertebra
EW  end vertebra

StV stable vertebra

IP sagittal infliction point

TK  thoracic kyphosis

LL lumbar lordosis

PI pelvic incidence

SEM standard error of mean

CSVL Central sacral vertical line
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6.3. Figure Legends

Figure 1. Measurement of the cobb angle from the main curve and the upper and lower minor curve in an
p-a. full spine radiography.

Figure 2. Measurement of the pelvic incidence in a lateral lumbar spine radiography.

Figure 3. Measurement of parameters from the sagittal profile. A —Measurement of the lumbar lordosis
between L1 an S1ina lateral lumbar spine radiography. B - Measurement of the thoracic kyphosis
between Th 1 an Th 12 as well as between Th 5 and Th 12 in a lateral thoracic spine radiography
Figure 4. Two example cases for the impact of the distance between the LIV and the saggital IP on the
correction of the minor curve. In both cases the minor curve could be identified as nonstructural in the
bending radiographs A-D showing pre- and postoperativ x-ray of a patient were the IP and the LIV are
on the same level. In this case a correction of the minor curve from 37° to 25° was achieved. E-F
showing pre- and postoperativ x-ray of a patient were a distance of 3 vertebras was between the IP and
the LIV. In this case a correction of the minor curve from 48° to 28° was achieved.

6.4. Table Legends

Table 1 Inclusion and exclusion criteria
Table 2 Lenke-Classification of the included patients

Table 3 Cobb-angles of the main and minor curve in the pre- and postoperative x-rays and the
perioperative achieved correction of the curves. Main curve is declared as being the curve with

the highest Cobb angle, according to the lenke classification.

Table 4 Lowest instrumented vertebra in patients with Lenke Type 1 Curves

Table 5 Lowest instrumented vertebra in patients with Lenke Type 2 Curves

Table 6 Difference between the LL and PI pre and postoperative

Table 7 Correction of the minor curve depending on the distance between LIV and IP
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Figure 1. Measurement of the cobb angle from the main curve and the upper and lower minor curve in
an p.a. full spine radiography.
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Figure 2. Measurement of the pelvic incidence in a lateral lumbar spine radiography.
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Figure 3. Measurement of parameters from the sagittal profile. A — Measurement of the lumbar lordosis
between L1 an S1 in a lateral lumbar spine radiography. B - Measurement of the thoracic kyphosis
between Th 1 an Th 12 as well as between Th 5 and Th 12 ina lateral thoracic spine radiography.
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Figure 4. Two example cases for the impact of the distance between the LIV and the saggital IP on the correction
of the minor curve. In both cases the minor curve could be identified as nonstructural in the bending radiographs
A-D showing pre- and postoperativ x-ray of a patient were the IP and the LIV are on the same level. In this case a
correction of the minor curve from 37° to 25° was achieved. E-F showing pre- and postoperativ x-ray of a patient
were a distance of 3 vertebras was between the IP and the LIV. In this case a correction of the minor curve from
48° to 28° was achieved.
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Tables

Tables

Inclusion and exclusion criteria
Exclusion criteria

Inclusion criteria
- Surgical Treatment with selective fusion

- Adolescent Idiopathic Scoliosos

- Complete set of data including full spine x-
ray in posterior-anterior and lateral view pre-
and post-surgery, as well as during the
follow up

- Follow up of at least 24 months

- Patients with Lenke Type 1 and 2 curves

Table 1 Inclusion and exclusion criteria

Any type of previous spinal surgery
Other Scoliosis Forms (i.e. early-onset or
neuromuscular)

Incomplete set of data

Patients with Lenke Type 3,4, 5 and 6
curves

Lenke-Classification of the included patients

Type of Curve Absolute Frequency

Relative Frequency in %

1 23

48.9

2 24

51.1

Table 2 Lenke-Classification of the included patients

Cobb-Angle Cobb-Angle Cobb-Angle Cobb-Angle Correction of  Correction of

Main Curve Minor Curve Main Curve Minor Curve Cobb-Angle  Cobb-Angle

pre OP pre OP post Op post Op Main Curve Minor Curve
Mean 57.76 39.23 26.93 21.27 30.83 17.96
SEM 1.83 1.79 1.81 1.53 1.51 1.84

Table 3 Cobb-angles of the main and minor curve in the pre- and postoperative x-rays and the

perioperative achieved correction of the curves. Main curve is declared as being the curve

with the highest Cobb angle, according to the lenke classification.

Lowest instrumented vertebra in patients with Lenke Type 1 Curves

LIV Absolute Frequency Relative Frequency in %
Th1l 3 13.0
Th12 4 17.4

101



L1 6 26.1
L2 5 21.7
L3 4 17.4
L4 1 4.3

Table 4 Lowest instrumented vertebra in patients with Lenke Type 1 Curves

Lowest instrumented vertebra in patients with Lenke Type 2 Curves

LIV Absolute Frequency Relative Frequency in %
Th 11 2 83
Th 12 6 25.0

L1 7 29.2

L2 6 25.0

L3 3 12.5

L4 1 42

Table 5 Lowest instrumented vertebra in patients with Lenke Type 2 Curves

LL-Plpre OP LL-PIpostOP LL - PI: pre — post OP
Mean 7.68 5.10 2.58
SEM 2.12 242 2.51

Table 6 Difference between the LL and PI pre and postoperative

Correction of the minor curve depending on the distance between LIV

and IP
Distance LIV —IP Mean correction minor curve in ° SEM
0 13.4 1.4
1 154 24
2 17.3 34
3 24.9 6.7
4 33.7 1.7

Table 7 Correction of the minor curve depending on the distance between LIV and IP
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