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1. Einleitung

Frakturen des Sprunggelenks betreffen meist die distale Fibula und zahlen
zu den haufigsten Knochenbrichen des menschlichen Korpers (Beerekamp et al.,
2017). Dabei weist die Inzidenz eine U-formige Verteilung auf, mit
Verteilungsspitzen in der jungen mannlichen sowie in der alteren weiblichen
Bevolkerung  (Elsoe et al, 2018). Das  Durchschnittsalter  bei
Sprunggelenksfrakturen liegt bei etwa 37 Jahren (Scheer et al., 2020). Laut einer
epidemiologischen  Studie aus Schweden steigt die Inzidenz von
Sprunggelenksfrakturen um 0,2% pro Jahr, was uberwiegend auf einen Anstieg bei
alteren Frauen zuruckzufuhren ist (Thur et al., 2012), wohingegen die Inzidenz bei

Mannern mit zunehmenden Alter konstant bleibt (Juto et al., 2018).

Eine klinisch weit verbreitete Klassifikation der Sprunggelenksfrakturen ist
die Danis-Weber-Klassifikation, welche auf der Frakturhohe der distalen Fibula in
Bezug auf die Syndesmose beruht. Wahrend Weber A-Frakturen als Briche distal
der intakten Syndesmose definiert werden, liegen Weber B-Frakturen auf Héhe der
Syndesmose. Weber C-Frakturen stellen Briiche oberhalb der Syndesmose dar,
gehen mit einer Ruptur dieser sowie einer relevanten Instabilitat einher und stellen
eine klare Operationsindikation dar, wahrend Weber B-Frakturen je nach Ausmalf}
der Dislokation bzw. resultierenden Stabilitat sowohl konservativ als auch operativ
behandelt werden kdnnen. Weber A-Frakturen werden in der Regel konservativ
behandelt. Eine weitere Einteilung der Sprunggelenksfrakturen ist die Klassifikation
nach Lauge-Hansen (Lauge-Hansen, 1950), welche ausschlieBlich den

Unfallmechanismus berutcksichtigt und in der Klinik seltener Anwendung findet.

Weber B-Frakturen stellen mit 66,2% bei Weitem den haufigsten Frakturtyp

dar, wahrend die Weber A- und C-Frakturen mit je 19,8% und 10,6% wesentlich



seltener auftreten (Juto et al., 2018). Die hohe Anzahl an Weber B-Frakturen ist vor
allem durch die steigende Inzidenz unter alteren Frauen nach
Niedrigrasanztraumata (z.B. Distorsionstrauma oder Stolpersturz) bedingt (Juto et
al.,, 2018), was womadglich auf osteoporotische Veranderungen des Knochens

beruht.

Osteoporose ist eine systemische Skeletterkrankung, charakterisiert durch
eine Reduktion der Knochenmasse und eine Verschlechterung der Mikroarchitektur
des Knochengewebes, was eine erhohten Frakturanfalligkeit zu Folge hat (Cosman
et al.,, 2014). Neben der Diagnosestellung bei entsprechender klinischer
Manifestation (z. B. multiple Wirbelkérperfrakturen nach inadaquatem Trauma) stellt
die Knochendichtemessung in dual-energy X-ray absorptiometry (DXA)-Technik
den zentralen Aspekt der Diagnosekriterien der Osteoporose dar. Anhand des
sogenannten T-scores, welcher die Standardabweichung der
Knochenmineraldichte (bone mineral density, BMD) in Relation zu 20-29 Jahre alten
gesunden Frauen bzw. Mannern darstellt, besteht laut WHO eine Osteoporose bei
einem T-score von -2,5 oder weniger bzw. eine Osteopenie bei einem T-score
zwischen -1,0 und -2,5 (Lewiecki et al., 2008). Bisher werden
Sprunggelenksfrakturen nicht zu den typischen osteoporotischen Frakturen wie
zum Beispiel Frakturen des Hiftgelenks, distalen Radius oder von Wirbelkérpern
gezahlt. Diesbezuglich ist die Studienlage im Schrifttum kontrovers: Wahrend einige
Studien keinen Zusammenhang zwischen Kndchelfrakturen und niedriger
Knochenmineraldichte darstellten (Greenfield & Eastell, 2001; Pritchard et al.,
2012), zeigte sich in anderen Untersuchungen eine Assoziation einer niedrigeren
BMD mit Sprunggelenksfrakturen sowie mit Veranderungen der Knochenqualitat im
Vergleich zu Kontrollpersonen ohne Osteoporose (Biver et al., 2015; Stein et al.,

2011).



In  der Zusammenschau mit dem rasanten Anstieg der
Sprunggelenksfrakturen sowie dem haufigen niederenergetischen
Unfallmechanismus bei alteren postmenopausalen Frauen lasst dies vermuten,
dass osteoporotische Veranderungen in dieser Patientengruppe einen moglichen
Einfluss haben kénnten und unterstreicht die Wichtigkeit, knécherne Eigenschaften

der distalen Fibula zu charakterisieren.

Eine nicht zu vernachlassigende und haufige Komplikation von
Sprunggelenksfrakturen ist die Entwicklung einer posttraumatischen Arthrose
(Valderrabano et al., 2009). Endgradige Sprunggelenksarthrosen flihren zu einer
deutlichen physischen Belastung, welche wiederum erheblichen Einfluss auf die
mentale Gesundheit haben kann (Glazebrook et al., 2008). Die Entstehung der
posttraumatischen Sprunggelenksarthrose wird vor allem durch folgende Faktoren
bestimmt: Ausmal} der Dislokation der Fraktur, unzureichende Wiederherstellung
der Gelenkskongruenz, Korpergewicht und einer zusatzlichen Fraktur des
posterioren Malleolus (Volkmann-Dreieck) (Beak et al., 2022). Um das Risiko einer
posttraumatischen Arthrose moglichst zu minimieren, sind eine exakte
intraoperative Reposition, die Verwendung des richtigen Osteosynthesematerials
zur Vermeidung sekundarer Dislokationen und eine adaquate postoperative

Rehabilitation von entscheidender Bedeutung.

In Anbetracht der epidemiologischen Datenlage sowie der postoperativen
Komplikationen ist die richtige Therapiestrategie bei Sprunggelenksfrakturen
unerlasslich. Somit ist eine tiefgrindige Charakterisierung der kndchernen
Eigenschaften der distalen Fibula bei der Therapiewahl von bedeutsamer Rolle.
Bisherige Studien schreiben der Fibula, im Gegensatz zu der anatomisch

angrenzenden Tibia, eine stark abweichende biomechanische Rolle zu. So zeigte



eine Untersuchung zwischen Querschnittsgelahmten und der Kontrollgruppe einen
deutlichen Ruckgang der Knochenmasse der Tibia, wahrend die Knochenmasse
der Fibula vergleichsweise unverandert blieb (Ireland et al., 2017). Eine weitere
Studie hatte mittels peripherer quantitativer Computertomografie (peripheral
quantitative computed tomography, pQCT) kortikale Unterschiede entlang der
Fibula festgestellt und auf eine heterogene Biomechanik des Knochens verwiesen.
Wahrend die Tibia den Grofteil der axialen Belastung tragt, durfte die Fibula im
Bereich der proximalen und distalen Diaphyse vermehrt Biege- und
Torsionsspannungen erfahren, was proximal durch den Ursprung mehrere Muskeln
und distal durch das Auseinanderweichen der Malleolengabel bei Dorsalextension
erklart werden kann (Cointry et al., 2016). Die knécherne Mikroarchitektur anhand
hochauflosender peripherer quantitativer Computertomografie (high-resolution
peripheral quantitative computed tomography, HR-pQCT) der distalen Fibula wurde
bis dato nur an der Hohe der Weber C-Region untersucht. Hier konnten signifikant
niedrigere kortikale und trabekulare Parameter bei Frauen als bei Mannern und eine
Abnahme der kortikalen Parameter bei Frauen im hoheren Alter festgestellt werden
(Stdrznickel et al., 2021). Eine Charakterisierung der distalen Fibula auf allen
klinisch relevanten Hohen nach der Danis-Weber-Klassifikation mittels HR-pQCT ist
im momentanen Schrifttum nicht vorhanden und stellt den Schwerpunkt dieser

Arbeit dar.

Daruber hinaus bietet die Mikrofinite-Elemente-Analyse (UFEA) eine wichtige
Moglichkeit, neben  strukturellen  Eigenschaften  auch  mechanische
Knocheneigenschaften zu errechnen (z.B. Knochenbruchlast). Die Mikrofinite-
Elemente-Methode zeigte sich beispielsweise in der Vorherbestimmung der
geschatzten  Knochenbruchlast des distalen Radius gegenuber der

Knochendichtemessungen Uberlegen (Pistoia et al., 2002; Varga et al., 2010).



Ziel dieser Studie war es, sowohl die knécherne Mikroarchitektur als auch
mechanische Eigenschaften der distalen Fibula entsprechend der Kklinisch
verwendeten Danis-Weber Klassifikation zu charakterisieren und in weiterer Folge

mit demographischen Parametern wie Alter, Geschlecht und BMI zu korrelieren.



2. Methoden

2.1 Studienkollektiv

Es wurden insgesamt 30 Fibulae und Tibiae des rechten Beins von
Verstorbenen wahrend der Autopsie enthommen (Frauen n=15, Manner n=15)
(Puschel, 2016). Um Personen mit Erkrankungen, welche die Integritdt des
Knochens generell (z. B. Malignome, Diabetes mellitus, Glukokortikoidmedikation
oder Immobilisation) sowie lokal (z. B. Frakturen oder chirurgische Rekonstruktion
des distalen Wadenbeins) beeinflussen koénnen auszuschliefen, wurden
Krankenhaus- und Autopsieberichte sorgfaltig Gberprift und demografische Daten
wie Geschlecht, Alter und BMI erfasst. Dartiber hinaus wurde jede Probe von einem
erfahrenen Orthopaden untersucht, um sichtbare Pathologien wie Deformitaten
und/oder degenerative Veranderungen auszuschlieBen. Alle Exemplare wurden
innerhalb von 48 Stunden nach Eintreten des Todes in 3,7% Formaldehyd fixiert
und anschlielend mittels HR-pQCT gescannt. Diese Kadaverstudie wurde von der
Ethikkommission der Arztekammer Hamburg genehmigt (WF-165/20) und

entspricht der Deklaration von Helsinki.

2.2 Hochauflosende periphere quantitative Computertomografie (HR-pQCT)

Messungen mit HR-pQCT (XtremeCT II®, Scanco Medical AG, Brittisellen,
Schweiz) wurden in einem 7 cm groRen Abschnitt der distalen Fibulaspitze unter
Verwendung des vom Hersteller bereitgestellten in vivo-Protokolls (60 kVp, 900 A,
100 ms Integrationszeit, VoxelgroRe von 61 um) durchgefuhrt. Selbiges Vorgehen
wurde in anderen Arbeiten bereits beschrieben (Keen et al., 2021; Schmidt et al.,
2022). Um optimale Bedingungen zu gewahren, wurden alle Scans von demselben
geschulten Untersucher durchgefuhrt. Zum Vermeiden von Bewegungsartefakten

(Pialat et al., 2012) wurden alle Proben in der gleichen Ausrichtung positioniert und



in der vom Hersteller zur Verfugung gestellten Schiene fixiert. Fir die Analyse der
Subregionen nach der Danis-Weber-Klassifikation (Abb. 4) wurden drei
Scanabschnitte mit jeweils 250 Schichten definiert. Fur die Typ-B Subregion wurde
eine distale Referenzlinie Uber dem Tibiaplafond gesetzt und 250 Schichten nach
proximal ausgewertet. Anschlie®Bend wurde der Abstand d zwischen dem
Tibiaplafond und der distalen Fibulaspitze gemessen, von welchem die Halfte die
Mitte des Scanabschnitts der Typ-A Subregion entspricht. SchlieRlich wurde die
Mitte des Scanabschnitts der Typ-C Subregion als den Abstand d nach proximal

von der Referenzlinie des Tibiaplafond definiert (Abb. 4).

-d

Tibiaplafond

-d

Abbildung 1: Grafische Veranschaulichung der Definition der Subgruppen nach der
Danis-Weber-Klassifikation. Der Abstand von Tibiaplafond zur Fibulaspitze ist als d
angegeben. A — Weber A, B — Weber B, C — Weber C.

Ein vom Hersteller bereitgestelltes Auswertungsprotokoll wurde verwendet,
um 3D-Mikroarchitekturdatensatze der kortikalen und trabekularen Kompartimente
zu erstellen. Die gleichbleibende Qualitat der Scans wurde durch die tagliche

Kalibrierung sichergestellt und eine manuelle Korrektur der Konturen wurde bei



Bedarf vorgenommen. Folgende Parameter wurde gemal der aktuellen Leitlinien
(Whittier et al., 2020) erhoben: volumetrische Knochenmineraldichte (volumetric
bone mineral density, vBMD) des gesamten Knochens (total bone mineral density,
Tt.BMD, mg HA/cm3) und der Trabekel (trabecular bone mineral density, Tb.BMD,
mg HA/cm?3) als auch der Kortikalis (cortical bone mineral density, Ct.BMD, mg
HA/cm?) sowie die Parameter der Knochenmikroarchitektur mit dem Verhaltnis von
Knochenvolumen zu Gesamtvolumen (trabecular bone volume fraction, BV/TV), der
Trabekelanzahl (trabecular number, Tb.N, 1/mm), trabekularen Dicke (trabecular
thickness, Tb.Th, mm) und Abstand (trabecular separation, Tb.Sp, mm), der
Kortikalisdicke (cortical thickness, Ct.Th, mm) und Kortikalisporositat (cortical
porosity, Ct.Po). Geometrische Parameter wie die Gesamtflache (total area, Tt.Ar,
mm?), Trabekelflache (trabecular area, Tb.Ar, mm?), Kortikalisflaiche (cortical area,
Ct.Ar, mm?) und Kortikalisumfang (cortical perimeter, Ct.Pm, mm?) wurden ebenfalls

bewertet.

2.3 Mikrofinite-Elemente-Analyse (UFEA)

Fur die Mikrofinite-Elemente-Analyse (WFEA) wurde die vom Hersteller
bereitgestellte Software angewendet und die mechanischen Eigenschaften direkt
aus den HR-pQCT-Scans abgeleitet (Vilayphiou et al., 2011). Die HR-pQCT-Bilder
wurden mit einem Laplace-Hamming-Filter gefiltert und mit dem Faktor 2
herunterskaliert. FUr Druckversuche mit 1% Dehnung wurden axiale
Randbedingungen festgelegt (Elastizitdatsmodul von 10.000 MPa fur alle Elemente,
Poissonzahl von 0,3). Die geschatzte Bruchkraft (failure load) (kN) und die
Gesamtsteifigkeit (stiffness) (kN/mm) des Knochens wurden von der Software
berechnet (Versagenskriterien von Pistoia mit einem kritischen Volumen von 2%

und einem kritischen Wert von 7000 pstrain).



3. Ergebnisse

3.1 Subregionale Unterschiede der Mikroarchitektur

Insgesamt wurden 30 Fibulae von je 15 Frauen und Manner untersucht. Das
Durchschnittsalter bei Frauen lag bei 51,7 + 20,0 (18-87) und bei Mannern bei
51,5 + 18,5 (24-76) Jahren (p=0,985). Gewicht, Grof3e und BMI unterschieden sich
nicht signifikant zwischen Frauen und Mannern (Tabelle 1 der Originalarbeit*). Beim
Vergleich der densitometrischen und mikrostrukturellen Parameter zwischen beiden
Geschlechtern wurden keine Unterschiede festgestellt, mit Ausnahme eines
niedrigeren Werts der Parameter Tb.Ar in den Subregionen Typ-A und Typ-B, Tb.Th
in der Subregion Typ-B und Ct.Pm in der Subregion Typ-C bei Frauen im Vergleich
zu Mannern (Tabelle 2*). Die ANCOVA-Analyse mit Anpassung fur die Kérpergrolie
ergab keine Unterschiede bei Tb.Ar, Ct.Ar oder Ct.Th in einer der Subregionen.
Interessanterweise ergab der Vergleich von Frauen und Mannern im Alter von Uber
50 Jahren, dass Manner hohere Werte bei einigen trabekularen und kortikalen
Parametern aufwiesen, einschliellich Ct.Th in der Typ-C Subregion (erganzende
Abb. 1 der Originalarbeit*), was auf deutliche altersbedingte Veranderungen

zwischen Frauen und Mannern hinweist.

Die visuelle Inspektion ergab deutliche strukturelle Unterschiede beim
Vergleich der verschiedenen Subregionen von distal nach proximal (d. h. Danis-
Weber Typ-A bis C; Abb. 1B, C der Originalarbeit*). Die anschlieRende Auswertung
ergab fur die trabekularen Parameter hohere strukturelle und densitometrische
Messwerte in der Subregion vom Typ-A im Vergleich zu den Frakturzonen des
Typ-B und C bei Frauen und Mannern (Abb. 1D, E*). Im Gegensatz dazu waren die
kortikalen Parameter in der Subregion vom Typ-A niedriger und in der Subregion

vom Typ-C am hdchsten.



3.2 Altersbedingte Veranderungen der Mikroarchitektur

Als nachsten Schritt wurden mikroarchitektonische Parameter in
Zusammenhang mit dem Alter untersucht (Abb. 2*). Bei Frauen nahmen die
Parameter sowohl in der Typ-A als auch in der Typ-B Region mit dem Alter ab (Abb.
2A*). Im Gegensatz dazu konnte bei den Mannern fir keinen trabekularen
Parameter in den Subregionen ein Zusammenhang mit dem Alter festgestellt
werden (Abb. 2B*). Bei den kortikalen Parametern konnte eine Korrelation mit dem
Alter vor allem in der Subregion Typ-C bei beiden Geschlechtern festgestellt
werden. Insbesondere bei Frauen wurde eine altersbedingte Abnahme der
Parameter Ct.BMD und Ct.Th in allen Regionen beobachtet. Im Gegensatz dazu
war bei Mannern vor allem in der Subregion Typ-C eine altersbedingte Abnahme

der kortikalen Parameter zu bemerken.

Interessanterweise zeigte die kortikale Flache (Ct.Ar) bei beiden
Geschlechtern und in allen Subregionen nach der Danis-Weber-Klassifikation eine
altersbedingte Abnahme. Bemerkenswerterweise war das Ausmall des
Zusammenhangs bei Mannern noch grofRer (Abb. 2*). Im Allgemeinen wurde das
héchste Bestimmtheitsmald der Regressionsanalyse fur kortikale Parameter beim
Typ-C beobachtet, wahrend trabekulare Werte wenig stark mit dem Alter assoziiert
waren. Beim Vergleich der Steigungen von Frauen und Mannern wurden
signifikante Unterschiede fur Tb.Ar (p=0.024) und Ct.BMD (p= 0.038) innerhalb der

Subregion Weber-C festgestellt.

3.3 Knochenfestigkeit in Abhangigkeit von Geschlecht, Subregion und Alter

Um einen tieferen Einblick in die Knochenfestigkeit der distalen Fibula zu
erhalten, wurde die yFEA an der distalen Fibula angewendet (Abb. 3A*). Der

Vergleich zwischen Frauen und Mannern zeigte keine geschlechtsspezifischen

10



Unterschiede flir die Subregionen Typ-A und B, aber eine hdhere Steifigkeit und
Bruchkraft fr Manner in der Weber C-Subregion (Tabelle 3*). Nach Anpassung der
KorpergroRe war die Knochenfestigkeit in der Subregion Typ-C bei Mannern
weiterhin héher (Bruchkraft: F= 5,201, p= 0,031, partieller n>= 0,162). Beim
Vergleich aller drei Subregionen konnte bei Frauen signifikant hdhere
Bruchkraftwerte in der Subregion Typ-C als in den Subregionen Typ-A und B (Abb.
3B*) beobachtet werden und in der Subregion Typ-B wurde ein signifikanter
negativer Zusammenhang mit dem Alter festgestellt (Abb. 3C*). Im Gegensatz dazu
zeigten Manner keine signifikanten Unterschiede zwischen den Subregionen (Abb.
3D*). Bei Mannern wurde fur die Subgruppe des Typen-B und C eine

altersabhangige Abnahme, vor allem bei Letzteren, beobachtet (Abb. 3E*).

Die lineare Regressionsanalyse der kortikalen Querschnittsflache und der
Bruchkraft ergab einen positiven Zusammenhang, der bei Mannern starker
ausgepragt war als bei Frauen (erganzende Abb. 2*). SchlieRlich wurde der Einfluss
des Korpergewichts auf die Mikroarchitektur in den verschiedenen Subregionen der
Fibula untersucht. Insgesamt wurden keine oder nur schwache Assoziationen
zwischen dem BMI und der Knochenmikroarchitektur festgestellt, mit Ausnahme der
kortikalen Parameter der Subregion Typ-C bei Mannern (ergadnzende Abb. 3%).
Ebenso wurden keine Assoziationen zwischen BMI und pFEA-Parametern
festgestellt, mit Ausnahme der Subregionen Typ-B und C bei Mannern (erganzende

Abb. 4%).

3.4 Knocherne Mikroarchitektur der proximalen Fibula

In einer weiteren Publikation wurde die knocherne Mikroarchitektur der
proximalen Fibula anhand von vier Héhenniveaus sowie die Knochenstruktur der

Ein- und Austrittspositionen zweier Bohrkanaltechniken (anatomische Technik nach

11



LaPrade/Arciero und Larson-Technik) zur Rekonstruktion von Verletzungen der
posterolateralen Ecke analysiert (siehe Anhang). Die Ergebnisse zeigten in den
Subregionen bei beiden Geschlechtern eine Abnahme der trabekularen Werte bei
stabilen kortikalen Parametern von proximal nach distal. Eine signifikant groRere
altersbedingte Abnahme der trabekularen Werte bei Frauen im Vergleich zu
Mannern wurde beobachtet. Mikroarchitektonische Parameter des anatomischen
Bohrkanals (Technik nach LaPrade/Arciero) zeigten bessere Werte im Vergleich zur
Larson-Technik (Mittelwert £ SD; Knochenvolumen zu Gesamtvolumen (BV/TV) an
der Eintrittsposition, 0,273 + 0,079 vs. 0,175 £ 0,063; p< 0,0001; kortikale Dicke
(Ct.Th) an der Eintrittsposition, 0,501 £ 0,138 vs. 0,353 + 0,081 mm; p< 0,0001).

*Hinweis: Die mit * gekennzeichneten Abbildungen und Tabellen entsprechen de-

nen der Originalarbeit Abbildungen und Tabellen (Figure 1-3 and Table 1-3).
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4. Diskussion

In dieser Studie wurde erstmalig die knécherne Mikroarchitektur der distalen
Fibula mittels hochauflésender peripherer quantitativer Computertomografie (HR-
pQCT) unter Berucksichtigung der Danis-Weber-Klassifikation charakterisiert.
Darlber hinaus wurden Unterschiede zwischen Mannern und Frauen evaluiert. Wir
stellten fest, dass die Mikroarchitektur der distalen Fibula abhangig von der
Lokalisation nach Weber erhebliche Unterschiede aufweist. So konnte ein
geschlechtsunabhangiger Anstieg der kortikalen mit gleichzeitiger Abnahme der
trabekularen Parameter von distal nach proximal beschrieben werden. In
Zusammenschau mit dem Alter wurde beobachtet, dass vorrangig kortikale
Parameter bei beiden Geschlechtern altersabhangig abnehmen, wobei Frauen
davon starker betroffen waren. Wahrend Manner keinen altersbedingten Riickgang
der trabekularen Werte aufwiesen, war eine Abnahme bei Frauen in den
Subregionen Typ-A und B erkennbar. Eine wesentliche Assoziation zwischen dem
Korpergewicht und mikrostrukturellen Parametern konnte, bis auf eine Zunahme der
kortikalen Messwerte bei erhdhten BMI in der Subgruppe Typ-C, nicht festgestellt
werden. Mit Hilfe der Mikrofinite-Elemente-Analyse konnte bei beiden
Geschlechtern ein signifikanter Anstieg der Bruchkraft von distalen nach proximalen
und ein, vor allem bei Mannern beobachteter, Ruckgang der Bruchkraft in der

Subgruppe Typ-C mit dem Alter verzeichnet werden.

Frakturen der distalen Fibula stellen, vor allem in der alteren Bevodlkerung,
eine sehr haufige Entitdt dar. Im alteren Patientenkollektiv treten
Sprunggelenksfrakturen haufig nach Niedrigrasanztraumata, wie zum Beispiel
Stolpersturze, auf (Court-Brown & Caesar, 2006; Juto et al., 2018). Dieser Umstand

lasst vermuten, dass die Knochenqualitat eine wichtige Rolle bei der Pathogenese
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von Sprunggelenksfrakturen im hoheren Alter spielt. Neben anderen
Untersuchungen ist die Knochendichtemessung in dual-energy X-ray
absorptiometry (DXA)-Technik im Bereich der Lendenwirbelsdule, proximalen
Femur und distalen Radius als Standarddiagnoseverfahren der Osteoporose
etabliert (“Osteoporosis Prevention, Diagnosis, and Therapy.,” 2001). Ob
Sprunggelenksfrakturen als osteoporotische Frakturen angesehen werden kdnnen,
wird in der Literatur kontrovers diskutiert. Wahrend eine geringe Knochendichte des
distalen Radius mit Sprunggelenksfrakturen assoziiert ist (Seeley et al., 1996), sind
niedrige Knochendichtewerte an der Lendenwirbelsaule oder am proximalen
Oberschenkelknochen nicht direkt mit einem erhdhten Risiko fur Kndchelfrakturen
verbunden (Lee et al.,, 2017; Valtola et al., 2002). Mit neusten bildgebenden
Verfahren, wie der HR-pQCT, ist es mdglich, die Mikroarchitektur des Knochens
dreidimensional unter hoher Auflésung zu beurteilen. Pistoia et al. stellten fest, dass
die HR-pQCT in Kombination mit der yFEA zu einer besseren Vorhersage der
Bruchkraft im Bereich des distalen Radius als die herkdmmliche
Knochendichtemessung flhrt (Pistoia et al., 2002). Eine vorangegangene HR-
pQCT-Studie beobachtete, dass weibliches Geschlecht, Osteoporose und Alter
einen negativen Einfluss auf die Mikroarchitektur der distalen Fibula auf Hohe der
Subgruppe Typ-C haben (Stiurznickel et al., 2021). Daruber hinaus zeigte eine
Untersuchung des osteoporotischen distalen Radius mit HR-pQCT einen deutlichen
Ruckgang der trabekularen als auch kortikalen Parametern bei postmenopausalen
Frauen (Dash et al., 2020), was diese Arbeit ebenfalls bei Frauen im hdheren Altern
feststellen konnte. Dies lasst Anlass zu der Vermutung, dass die hohe Inzidenz von
Sprunggelenksfrakturen bei postmenopausalen Frauen mit osteoporotischen
Veranderungen des Knochens erklart werden kann. Dennoch sind weitere Studien

von Noten, um eine adaquate Aussage treffen zu kbénnen, ob
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Sprunggelenksfrakturen bei alteren Frauen einen Risikofaktor flr Osteoporose

darstellen.

Diese Studie zeigte auf, dass kortikale Parameter von distal nach proximal
zunehmen, wahrend trabekulare Messwerte abnehmen. Zudem ergab die
Untersuchung mittels MFEA signifikant bessere mechanische
Knocheneigenschaften in der diaphysaren Region Typ-C nach Weber als in der
distalen Fibula (d.h. Typ-A). Dies deutet darauf hin, dass groRere Krafte von Noten
sind, um Brliche in der Region Typ-C zu verursachen. Hjelle et al. zeigten eine
positive Assoziation zwischen Ubergewicht und dem Auftreten von
Sprunggelenksfrakturen der Regionen Typ-B und C (Hjelle et al.,, 2021). Eine
mechanische Erklarung daflir ware, dass ein schweres Koérpergewicht bei
Distorsionstraumata die Krafteinwirkung auf das Sprunggelenk erhdéht und daher
eher zu Fibulafrakturen in der Lokalisation des Typ-B und C flhrt. Isolierte Weber
A-Frakturen hingegen, treten nach der Beschreibung von Lauge-Hansen bei

geringerer Krafteinwirkung auf (Lauge-Hansen, 1950).

Eine altersabhangige Verschlechterung der Knochenfestigkeit konnte vor
allem in der Subregion Typ-B bei beiden Geschlechtern und Subregion Typ-C bei
Mannern festgestellt werden. In Anbetracht der epidemiologischen Datenlage,
welche eine vergleichsweise wesentlich hohere Inzidenz der Weber B-Frakturen bei
Frauen im hdheren Alter aufweist (Juto et al., 2018), waren die vorliegenden Daten
eine Erklarung fur die Haufigkeit der Typ-B Frakturen. Die guten kortikalen
Eigenschaften auf der Hohe der Weber C-Frakturen kdnnten einen Schutz vor
Bruchen bieten. Darlber hinaus konnte die altersassoziierte Abnahme der
Bruchkraft bei Mannern innerhalb der Subgruppe des Typ-C ohne entsprechenden

epidemiologischen Anstieg der Weber C-Frakturen dadurch erklart werden, dass
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Weber C-Frakturen a. e. mit Hochrasanztraumata assoziiert sind und diese im
alteren Patientenkollektiv seltener auftreten (Juto et al., 2018). Der urspringliche
von Lauge-Hansen beschriebene Traumamechanismus flr distale Fibulafrakturen
beruht auf einem Supination/Aul3enrotation-Trauma, wahrend Pronationstraumata
primar zu Frakturen des Innenkndchels und diaphysaren Fibulafrakturen (d.h.
Weber C-Fraktur) fuhren (Tartaglione et al, 2015). Obwohl die
Lauge-Hansen-Klassifikation nach wie vor als wegweisend flr das Verstandnis der
Biomechanik von Kndchelfrakturen qilt, ist ihre Qualitat, Gdultigkeit und
Reproduzierbarkeit kritisch zu betrachten (Gardner et al., 2006; Kwon et al., 2015;
Michelson et al.,, 1997). Beispielsweise konnten distale Fibulafrakturen in
biomechanischen Kadaverstudien auch von einem Pronation/Auf3enrotation-
Trauma resultieren (Haraguchi & Armiger, 2009). Mdglicherweise ist somit die
altersabhangige Zunahme der Weber B-Frakturen nicht allein von der beobachteten
Abnahme der Knochenmikroarchitektur und -festigkeit erklart, sondern ebenso
durch den Traumamechanismus und der Einwirkung von ligamentaren Strukturen
wie beispielsweise des kraftigen Bandapparats der Syndesmose auf Héhe von

Weber B-Frakturen (Rodriguez et al., 2013).

Die Wiederherstellung der anatomischen Verhaltnisse der distalen Fibula bei
Sprunggelenksfrakturen  spielt eine  entscheidende Rolle flir das
Behandlungsergebnis von Patientinnen und Patienten. Eine minimale Abweichung
der korrekten anatomischen Position der distalen Fibula kann bereits erhebliche
Folgen haben. Ein Versatz von mehr als 2 mm sowie eine Malrotation grof3er als 5°
sind mit einer héhere Gelenksbelastung (Harris & Fallat, 2004; Thordarson et al.,
1997) und einem konsekutiven schlechteren Ergebnis assoziiert (de Souza et al.,
1985). Darlber hinaus stellt die Entwicklung einer posttraumatischen

Sprunggelenksarthrose ein ernstes Problem dar, weswegen eine adaquate
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Primarbehandlung von grol3er Bedeutung ist (Glazebrook et al., 2008; Valderrabano
et al., 2009). Osteoporotische Frakturen neigen zur Lockerung des eingebrachten
Osteosynthesematerials (Zahn et al., 2012), was wiederum zu einer sekundaren
Abweichung von dem intraoperativen Repositionsergebnis fihren kann. In diesem
Fall ist in der Regel eine Revisionsoperation flr eine stabile Osteosynthese und ein
gutes Ergebnis von Noéten. Die Entwicklung der winkelstabilen Osteosynthese hat
die Versorgung von Frakturen bei Patientinnen und Patienten mit Osteoporose
erheblich verbessert. Herkdbmmliche Plattenosteosynthesen sind auf eine gute
Haftreibung angewiesen, um eine stabile Fixierung zu erreichen. Winkelstabile
Systeme hingegen schaffen ein stabiles Konstrukt und bieten dadurch auch bei
reduzierter Knochendichte oder -struktur einen Vorteil. Unsere Daten zeigten eine
schlechtere Knochenqualitdt bei gesunden Alteren, weswegen bei der
Osteosyntheseplanung  winkelstabile  Platten  gegenliber herkdmmlichen
Drittelrohrplattensystemen  bevorzugt werden sollten, um eine stabile
Osteosynthese zu erhalten und damit das Risiko weitere Komplikationen zu

verringern.

Trotz der Neuartigkeit der vorliegenden Analyse mussen einige Limitationen
berucksichtigt werden. Erstens ist die Anzahl der inkludierten Proben gering, was
Einschrankungen bezlglich der Aussagekraft der Ergebnisse mit sich bringt.
Zweitens wurden in dieser Studie keine biomechanischen Tests mit
Belastungsproben flr distale Fibulafrakturen durchgefuhrt. Drittens wurden keine
Proben von Personen mit Kndchelfrakturen eingeschlossen, was wiederum die
Frage aufwirft, ob die knécherne Mikroarchitektur von Patientinnen und Patienten
mit stattgehabter Sprunggelenksfraktur bestimmte Besonderheiten aufweisen bzw.
ob die Frakturmorphologie mit lokalen Defiziten in der Mikroarchitektur der distalen

Fibula verbunden ist. Ahnliche Ansatze wurden bereits bei Patientinnen und
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Patienten mit distalen Radiusfrakturen durchgefuhrt (Daniels et al., 2019). Viertens
standen keine Daten zum Hormon- und Ostrogenstatus (z. B. Menopause) zur

Verfligung, obwohl dies ein wichtiger Faktor fir den Knochenumbau ist.
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5. Zusammenfassung

Das Ziel dieser Studie war es, alters-, geschlechts- und
subregionalspezifische Unterschiede in der Mikroarchitektur sowie der
mechanischen Eigenschaften der distalen Fibula anhand von 30 Proben mit Hilfe
der hochauflésenden peripheren quantitativen Computertomografie (HR-pQCT)
einschlieBlich der Analyse mikrofiniter Elemente (WFEA) zu evaluieren. Die Scans
der distalen Fibula wurden in drei Subregionen nach der Danis-Weber-
Frakturklassifikation ausgewertet. Von distal nach proximal wurde eine Zunahme
der kortikalen Parameter und eine Abnahme der trabekularen Parameter
beobachtet. Bei Frauen wurde eine altersbedingte Abnahme der Kkortikalen
Parameter in allen Subregionen (Typ-A, B und C) festgestellt. Wahrend bei Frauen
eine starkere Abnahme zu beobachten war, wiesen auch Manner bei einigen
Parametern einen altersbedingten Abfall auf, beispielsweise bei der Kortikalisflache
und der Kortikalisdicke in der Subregion Typ-C. Die mechanische
Knocheneigenschaften waren bei Frauen und bei Mannern in der Typ-C Subregion
am hochsten. Eine Erklarung fir die hohe Inzidenz von Typ-B Frakturen bei alteren
Frauen nach Niedrigrasanztraumata kann mit der beobachteten altersbedingten
Abnahme der Knochenfestigkeitsparameter zumindest teilweise begriindet werden.
Zusammengefasst erweitern diese Ergebnisse das derzeitige Verstandnis der
Mikroarchitektur der distalen Fibula, bieten eine Erklarung der epidemiologischen
Datenlage und unterstreichen die  Notwendigkeit  altersangepasster

Behandlungsstrategien.
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Summary

The aim of this study was to evaluate age-, sex-, and subregion-specific
differences of distal fibular microarchitecture and strength in 30 cadaveric donors by
using high-resolution peripheral quantitative computed tomography (HR-pQCT)
including micro-finite element analysis (UFEA). Scans of the distal fibula were
performed and three subregions according to the Danis-Weber fracture
classification were evaluated. From distal to proximal, we observed an increase of
cortical parameters and a decrease of trabecular parameters. Age was primarily
associated with a cortical decrease in all subregions (type A, B and C) in women.
While women showed a greater magnitude of decline, men also exhibited an age-
associated decrease for some parameters, including cortical area and cortical
thickness in the type C subregion. Stiffness and failure load were highest in the type
C subregion in both women and men. An age-related decline in bone strength
parameters in the type B subregion was observed in women, providing an
explanation for the increased incidence of low-traumatic type B fractures in the
elderly. Together, these findings extend the current understanding of distal fibular
microarchitecture, likely explaining the epidemiologic features of distal fibula

fractures and emphasizing the need for age-adapted treatment algorithms.
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6. Abkurzungsverzeichnis
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Abstract

Despite its clinical relevance in the context of ankle fractures, little is known about
the bone microarchitecture and strength of the distal fibula, especially regarding
age-, sex-, and subregion-specific effects. To address this gap of knowledge, we
obtained fibulae from 30 skeletally intact donors at autopsy (each 15 male and
female), which were analyzed by high-resolution peripheral quantitative computed
tomography including micro-finite element analysis. Scans were performed ina 7-cm
volume of interest and evaluated in three subregions according to the Danis-Weber
fracture classification. Group comparisons and linear regression analyses were
applied to evaluate the effects of age, sex, and subregion. From distal to proximal,
we observed an increase of cortical parameters and a decrease of trabecular
parameters. Age was primarily associated with a cortical decrease in all subregions
(Danis-Weber type A, B, and C) in women. While women showed a greater
magnitude of decline, men also exhibited an age-associated decrease for some
parameters, including cortical area and cortical thickness in the type C subregion.
Stiffness and failure load were highest in the type C subregion in both women
and men. A critical age-related decline in bone strength parameters in the type B
subregion was observed in women, providing an explanation for the increased
incidence of low-traumatic type B fractures in the elderly. Together, these findings
extend the current understanding of distal fibular microarchitecture, likely explaining
the epidemiologic features of distal fibula fractures and emphasizing the need for

age-adapted treatment algorithms.
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1 | INTRODUCTION

The distal fibula is among the most frequent fracture sites." The
epidemiology of such fractures is described by a U-shaped
distribution, peaking in males during adolescence or early
adulthood and in females above the age of 40 years.” * Whereas
the first peak is attributed to high-energy trauma in men, the
second peak is primarily caused by low-energy trauma in women,”
pointing toward a possible association of increasing age, and
decreasing bone quality.® For the classification of ankle fractures,
several classification systems are available and have been
evaluated in the literature.”® The Danis-Weber classification is
widely used, purely anatomic and based on the fibula's fracture
height in relation to the syndesmosis (i.e., type A-C from distal to
proximal). Most ankle fractures are type B fractures (66%), while
type Weber A and C fractures account for approximately 20% and
11%, respectively. Furthermore, it has been noted that the
frequency of especially type B fractures increases with age:.5

Indication for surgery is made, among other factors, upon the
resulting ankle or syndesmotic stability. Danis-Weber type A
fractures, being located distal to the intact syndesmosis, are usually
treated conservatively. Type B fractures, occurring at the level of the
ankle joint, may cause an injury of the syndesmotic complex and type
C fractures, located proximal to the syndesmasis, often result in a
rupture of the syndesmotic ligaments with an unstable fracture.
Depending upon stability, type B fractures can be treated either
conservatively or surgically, whereas type C fractures often require
surgical treatment.”

In addition to the immediate impairment of quality-of-life by
distal fibula fractures,'® long-term complications such as secondary
osteoarthritis pose a relevant concern.'’ Regardless of its great
potential effect on fracture prevention or treatment, the current
knowledge concerning the bone microarchitecture of the distal fibula
is scarce, reflecting the ongoing debate upon optimal osteosynthesis
technique.” In a previous peripheral quantitative computed tomogra-
phy (pQCT) study, topographical differences in bone structure were
attributed to the local biomechanics.'” Compared to the distal tibia,
the differential influence of weight-bearing on fibular microarchitec-
ture was highlighted by a recent study in immobilized individuals who
showed comparably less affected parameters.”® While this report
was based on relatively low-resolution analyses, the bone micro-
architecture was recently also investigated by high-resolution
peripheral quantitative computed tomography (HR-pQCT) at a
standardized location corresponding to Danis-Weber type C frac-
tures, revealing lower microarchitecture parameters in women
compared to men, as well as a cortical pronounced decrease with
age and general decrease with osteoporosis.j'1

To extend the clinically relevant implications, micro-finite
element analysis (LFEA) provides a useful tool with deeper under-
standing of mechanical properties of the bone (e.g., stiffness or failure
load).'” UFEA has been reported to be superior in the prediction of
experimental bone failure load compared to bone density measures
of the distal radius."®"’ However, neither microarchitectural nor

mechanical properties of the distal fibula according to Danis-Weber
subregions have been investigated so far. Therefore, the aim of this
study was to assess the subregion-specific bone microarchitecture
and strength using HR-pQCT and including LFEA. In addition, the
results were correlated to various demographic characteristics such
as age, sex, and body mass index (BMI).

2 | MATERIALS AND METHODS

21 | Specimens

Thirty whole fibular and distal tibial bones of the right leg were
collected from 30 individuals during autopsy in cases where detailed
leg preparation was necessary for case reasons (women: n=15,
men: n=15)."" Hospital and autopsy reports were reviewed to
exclude individuals with diseases potentially affecting overall skeletal
integrity (e.g., cancer, diabetes, glucocorticoid medication, or periods
of immobilization) or fibular integrity (e.g., history of fracture or
surgical reconstruction involving the distal fibula). Furthermore, each
specimen was checked by an experienced orthopedic surgeon to
exclude any visible pathologies including deformities and/or degen-
erative changes. Demographic data such as sex, age, and BMI were
recorded. All specimens were fixed in 3.7% formaldehyde within 48 h
after death and scanned immediately. This cadaveric study was
approved by the local ethics committee (WF-165/20) and complied

with the Declaration of Helsinki.

22 | HR-pQCT
HR-pQCT measurements (XtremeCT I¥; Scanco Medical AG) were
performed in a 7-cm volume of interest (VOI) from the distal fibular
tip using the in vivo protocol (60 kVp, 900 uA, 100 ms integration
time, voxel size of é1um) as described before.'”?% A single
measurement scan was performed to avoid stack shift. For optimal
standardization, all scans were acquired by the same trained
researcher. All specimens were positioned with the same orientation
and fixed within the manufacturer's cast to prevent motion
artifacts.”* For the analysis of specific subregions according to the
Danis-Weber fracture classification (Figure 14), three VOIs with 250
slices each were defined (Figure 1B). For the type B subregion, a
distal reference line was set at the distal tibial plafond and 250 slices
were evaluated in the proximal direction. Subsequently, the distance
between the tibial plafond and the distal fibular tip was measured,
and the VOI corresponding to the type A subregion was set at half
this distance. Finally, the center of the type C subregion was
determined with a proximal offset from the distal tibial plafond that
corresponds to the distance between the tibial plafond and the
fibular tip. A standard evaluation protocol provided by the manufac-
turer was used to generate 3D microarchitectural datasets of the
cortical and trabecular compartments. The consistent quality of the
scans was ensured by the daily use of the calibration phantom, and
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FIGURE 1 Comparison of bone microarchitecture patterns between different subregions (i.e., heights) in the distal fibula. (A) Representative
radiographs of the three types of distal fibula fractures according to the AO-Danis-Weber classification. (B) Representative reconstructed image
and schematic drawing of the analyzed subregions according to the AO-Danis-Weber classification. Virtual cut-section is colored red. (C) Axial
high-resolution peripheral quantitative computed tomography (HR-pQCT) images of the distal fibula in the different subregions. White bar
represents 5 mm. (D) Trabecular and cortical parameters of women. (E) Trabecular and cortical parameters of men. Analysis of variance with
Tukey's post hoc test was performed. Exact p-values are given until <0.0001. A, Weber A; B, Weber B; BV/TV, bone volume per tissue volume;
C, Weber C; Ct.BMD, cortical bone mineral density distribution; Ct.Th, cortical thickness; mg HA/cma, milligram hydroxyapatite per cms;
Th.BMD, trabecular bone mineral density distribution [Color figure can be viewed at wileyonlinelibrary.com]

manual correction of the contours was performed if required.
Volumetric bone mineral density (vBMD) including total BMD
(Tt.BMD, mg HA/cm®), trabecular BMD (Th.BMD, mg HA/cm®), and
cortical BMD (Ct.BMD, mg HA/cm?®) as well as bone microarchitec-
ture parameters including bone volume to total volume (BV/TV),
trabecular number (Tb.N, 1/mm), thickness (Tb.Th, mm), and
separation (Th.Sp, mm), cortical thickness (Ct.Th, mm) and porosity
(Ct.Po) were assessed according to current guidelines.”” Geometric
parameters including total area (Tt.Ar, mm?), trabecular area (Th.Ar,
mm?), cortical area (Ct.Ar, mm?), and cortical perimeter (Ct.Pm, mm?)

were also evaluated.

23 | MFEA

We applied uFEA using the software provided by the manufacturer
to derive mechanical characteristics directly from segmented
HR-pQCT scans.”” The HR-pQCT images were filtered using a
Laplace-Hamming filter and down-scaled (factor 2). Axial boundary
conditions were assigned for compression tests with 1% strain
(Young's modulus of 10,000 MPa for all elements, Poisson's ratio of
0.3). Estimated failure load (kN) and total bone stiffness (kN/mm)
were calculated by the software (Pistoia's failure criteria with critical
volume of 2% and critical value of 7000 pstrain).
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TABLE 1 Demographic parameters of the included women

and men.
Parameter Women (n=15) Men (n=15) p Value
Age (years) 51.7+20.0 51.5+185 0.985
Weight (kg) 78.3+19.6 789+165 0931
Height (cm) 170.8+5.9 175.9+94 0.085
Body mass index (kg/mz) 268+6.7 Z55 £ 5.0 0.530

24 | Statistical analysis

Statistical analysis was performed using GraphPad Prism (version
8.4.0; GraphPad Software Inc.). Data were analyzed by ROUT test
and significant outliers (Q=0.1%) were excluded from further
analysis. Normality-distribution of the data was tested using
Shapiro-Wilk test. As all data were normally distributed, t-test was
used for analysis of two groups. If three groups were compared, one-
way analysis of wvariance and repeated measures with Tukey
correction was carried out. A one-way analysis of covariance was
performed to evaluate sex differences on selected parameters
(Th.Ar, Ct.Ar, Ct.Th, failure load) while controlling for the covariate
height. Homogeneity of regression slopes was not violated
regarding the dependent variable, as the interaction terms were
not statistically significant (p>0.05). For the analysis of an

association between age and bone microarchitectural parameters,
linear regression analysis was performed and the coefficient of
determination R? and the regression slopes with confidence
intervals (Cls) were calculated. Results are given as absolute values
or the mean xstandard deviation (SD). The dashed lines of the
truncated violin plots represent the median and quartiles. The level
of significance was defined as p < 0.05. Exact p-values are reported
unless p < 0.0001.

3 | RESULTS

3.1 | Subregional variations in microarchitecture

Distal fibulae of 30 White individuals were assessed, comprising each
15 women and men (age 51.7+20.0 [18-87] and 51.5+185
[24-76] years, p=0.985). Weight, height, and BMI did not
differ significantly between women and men (Table 1). Comparing
densitometric and microstructural parameters between both sexes,
no differences were observed except for lower Tb.Ar in the subregion
corresponding to Danis-Weber type A and type B, lower Tb.Th in the
type B subregion, and lower Ct.Pm in the type C subregion in women
compared to men (Table 2). When adjusted for body height, no
differences in Tb.Ar, Ct.Ar, or Ct.Th could be detected in any of the
subregions. Of note, when comparing women and men above the age

TABLE 2 High-resolution peripheral quantitative computed tomography (HR-pQCT) data for women and men in the three different distal
fibula subregions (i.e., heights) according to the Danis-Weber classification.
A B C
Parameter Women (n=15) Men (n=15) pValue Women (n=15) Men (n=15) pValue Women (n=15) Men (n=15) p Value
HR-pQCT
TtBEMD 3129+ 101.6 321.1+83.38 0.814 3324+117.9 322.8+1134 0825 5824+2116 584.9+132.3 0.970
(mg HA/cm?)
Th.BMD 2485+739 2592+647 0680 197.0+625 229.1+664 0192 1747+67.3 1923609 0.465
{(mg HA/cm?)
BV/TV (1) 0.35+0.10 0.36+009 0.634 0.28+0.08 0322010 0.169 0.24 +0.09 0.26+0.08 0.549
Th.N (mm™) 1.26+0.21 1.18+0.24 0.311 1.25+0.28 126024 0905 0971026 094+0.18 0.905
Tb.Th (mm) 0.34+0.05 0.37+0.06 0.095 0.27+0.04 0.31+0.04 0017 0.29+0.05 0.32+0.04 0.072
Ct.BMD 694.6+146.8 6645+139.6 0575 767.7+189.6 706.5+154.3 0347 9459+133.9 948.4+76.4 0.950
(mg HA/cm?)
Ct.Th (mm) 0.921+044 1.11+043 0.227 1.16+0.74 1.14£0.51 0.960 1.99+0.78 211057 0.651
Ct.Po (1) 0.02+0.02 0.03+002 0.327 0.02+001 0.02+001 0122 0.02+001 0.02+0.01 0.180
Ct.Pm (mm} 69.46+8.71 7444+1457 0.278 5449+6.93 5949+ 647 0055 43.17+4.79 47.11+4.07 0.024
Th.Ar (mm?) 2372441 288.0x43.1 0.004 1447485 185.9+43.7 0026 58.1x335 64.3+£225 0.563
Ct.Ar (mm?) 447 +194 50.3+20.6 0454 439=+16.7 43.8+196 0987 547+170 67.7+17.6 0.053

Note: Bold indicates significant differences (p < 0.05).

Abbreviations: BV/TV, bone volume per tissue volume; Ct.Ar, cortical area; Ct.BMD, cortical bone mineral density; Ct.Pm, cortical perimeter; Ct.Po,
cortical porosity; Ct.Th, cortical thickness; HA, hydroxyapatite; Th.Ar, trabecular area; Th.BMD, trabecular bone mineral density; Th.N, trabecula number;

Th.Th, trabecular thickness; Tt.BMD, total bone mineral density.
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of 50 years, men showed higher values in some of the trabecular and
cortical parameters, including Ct.Th in the type C subregion
(Supporting Information: Figure 1), pointing to distinct age-related
alterations in women and men.

Visual inspection suggested profound structural differences
when comparing the different subregions (i.e., heights) from distal
to proximal {i.e., Danis-Weber type A to C; Figure 1B,C). Subse-
quent quantification revealed higher trabecular densitometric and
structural parameters in the type A subregion compared to the
more proximal regions corresponding to type B and C fractures in
women and men (Figure 10,E). In contrast, cortical parameters
were comparably lower within the type A and the highest within

the type C subregion.

3.2 | Age-related changes in microarchitecture
Next, we analyzed whether microarchitectural parameters were
associated with age (Figure 2). In women, parameters at both type A
(e.g., BV/TV, -0.3%, 95% Cl -0.6% to -0.02%, R?=0.31, p=0.037)
and type B (e.g., BV/TV, -0.3%, 95% Cl -0.5% to -0.06%, R? = 0.40,
p=0.016) subregions decreased with age (Figure 2A), contrasting
men, in whom no associations with age were observed for trabecular
parameters in any region (Figure 2B). For cortical parameters,
associations with age were predominantly detected within the region
corresponding to type C. Specifically, women showed negative age-
related associations in Ct.BMD and Ct.Th in all regions. In contrast,
men showed an age-associated decrease only in the type C
subregion. Interestingly, cortical area (Ct.Ar, mm2] showed an age-
associated decline in all individuals and in all subregions. Of note, the
extent of the association was even greater in men. Overall, the
highest coefficient of determination for cortical parameters was
observed in type C, which were in general associated to a higher
degree with age than trabecular values. Comparing the slopes of
women and men, significant differences were detected for Th.Ar
(p=0.024) and Ct.BMD (p=0.038), both within the region corre-
sponding to Weber-Danis type C.

33 |
and age

Bone strength according to sex, subregion,

To gain deeper insight into the bone strength of the distal fibula,
WFEA was applied to the HR-pQCT scans of the distal fibula
(Figure 3A). Comparison between women and men showed no sex
differences for the Danis-Weber type A and B subregion but higher
stiffness and failure load for men in the subregion corresponding to
the type C fractures (Table 3). After adjustment for body height, bone
strength was still higher in the type C subregion in men (failure load:
F=5.201, p=0.031, partial n* = 0.162). When comparing the three
subregions, women showed significantly higher values of failure load
in the type C than in the type A and B subregion (Figure 3B), and a
significant negative association with age was found in the type B

Research®

subregion (Figure 3C). In contrast, no significant differences between
the subregions were observed in men (Figure 3D), while strong
negative associations with age were observed for the type B and type
C subregion in men (Figure 3E).
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Notably, linear regression analysis of the cross-sectional cortical
area and failure load revealed a positive association, which was
stronger in men than in women (Supporting Information: Figure 2).
Lastly, we aimed to elaborate the influence of weight-bearing on the
microarchitecture in the different fibular subregions. Overall, no, or
only weak associations between BMI| and bone microarchitecture
were revealed except for cortical parameters in the Danis-Weber
type C subregion in men {Supporting Information: Figure 3). Likewise,
no associations were detected between BMI and WFEA parameters
except for the type B and C subregion in men (Supporting

Information: Figure 4).

4 | DISCUSSION

In the present study, we assessed the bone microarchitecture and
derived bone strength in different subregions of the distal fibula
using HR-pQCT. While the subregions were chosen according to the
Danis-Weber classification, differences between females and males
were also assessed. We were able to provide insights into the
trabecular and cortical features of these different subregions in a sex-
dependent manner, which are characterized by a specific increase in
cortical thickness and decrease in trabecular microarchitecture from
distal to proximal. An age-related decrease occurred predominantly in
the cortical compartment and was prevalent in both women and men,
albeit men were less affected by age-related deterioration of
microarchitecture. Furthermore, women also showed an age-related
decline in trabecular parameters in the Weber type A and B
subregion. Using WFEA, we were able to show that mechanical
properties differed in the most proximal subregion (i.e., type C)
between women and men, but not in the type A and B subregions.
Overall, stiffness and failure load were the highest in the type C
subregion; and distinct age-related changes of bone strength were
revealed. Together, we provide clinically relevant insight into the
skeletal microarchitecture and strength of the distal fibula in relation
to different subregions.

The distal fibula is among the most common fracture sites””
posing both acute and chronic clinical challenges.*™!'! Albeit the
annual incidence remained stable over the past years, a persistent

increase among women above the age of 40 years can be observed.””

FIGURE 2 Age-related, subregional changes of bone
microarchitecture in the distal fibula. (A) Linear regression analysis of
age and trabecular and cortical parameters of women in different
subregions. (B) Linear regression analysis of age and trabecular and
cortical parameters of men in different subregions. Linear regression
analysis was performed and the coefficient of determination R? was
calculated. Significant results are printed bold. *p < 0.05, **p < 0.01,
***n<0.001, ****p < 0.0001. A, Weber A; B, Weber B; BV/TV, bone
volume per tissue volume; C, Weber C; Ct. Ar, cortical area; Ct.BMD,
cortical bone mineral density distribution; Ct.Th, cortical thickness;
mg HA/em?®, milligram hydroxyapatite per cm®; Th.BMD, trabecular
baone mineral density distribution [Color figure can be viewed at
wileyonlinelibrary.com]

In the latter patient group, most fractures can be attributed to low-
energy trauma,” suggesting a relevant age-associated deterioration of
bone guality. Along with this observation, a previous HR-pQCT study
reported that postmenopausal women with ankle fractures had
impaired bone microarchitecture and strength in the distal radius and
tibia, but local differences in the distal fibula were not investigated.”®
Fracture resistance is based on the bone's cortical and trabecular
geometry, mineralization, microarchitecture, and other bone quality
factors. In this context, we have previously demonstrated that age,
female sex, and osteoporosis have a negative effect on the bone
microarchitecture of the distal fibula in the subregion corresponding
to type C fractures.'® Specifically, here we found a greater decrease
in CtBMD in females than in males, with similar trends previously
also noted in the distal tibia and radius,”” as well as in the distal fibula
in vivo.™

Despite its clinical relevance, no studies investigating the bone
quality or mechanical characteristics of the distal fibula in different
subregions were available to date. We here demonstrated that the
increase in the proportion of cortical bone was accompanied by a
decrease in trabecular bone from distal to proximal associated with
improved mechanical competence. It has been proposed that type A
and B fractures are initiated by supination while type C fractures are
initiated by pronation.” However, the fracture mechanisms initially
defined by Lauge and Hansen, including the mechanism by which the
distal fibula breaks in supination external rotation injuries, could not
be fully recapitulated in more recent biomechanical approaches.”
For instance, a short oblique fracture of the distal fibula could also be
produced with the foot in pronation position.”” This makes the
importance of an intact skeletal integrity appear even more
important. Overall, the superior mechanical competence of the
diaphyseal subregion (corresponding to Weber C) may provide an
adequate protection against fracture, Regarding the age-related
changes, a compartment-specific, age-related decrease in microarch-
itecture was primarily associated with a decrease in estimated bone
strength in the type B subregion in females and the type B and C
subregions in males. In other words, our data may provide an
explanation why type B fractures are the most common fracture type,
possibly due to an unfavorable combination of inadequate mechani-
cal competence and exposure to the highest shear forces irrespective
of the sex and only partly influenced by the age of the patients.
Overall, our findings are also relevant for osteosynthesis planning in
distal fibula fractures, as locking compression plates should be
favored over one-third tubular plates in individuals with poor bone
quality.

Taking a closer look at the epidemiology of the affected
subregions (i.e., heights) of distal fibula fractures, it is noticeable that
the general increase in incidence is mainly represented by the
increase in Danis-Weber type B fractures, with a moderate increase
in type A and type C fractures.” This observation is in line with the
significant decrease in fibula strength, which was significant in
females only in the Weber B subregion. Whereas the age-related
decline in bone microarchitecture likely explains the rise of distal
fibula fractures in general, the increase of Weber B fractures with age
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FIGURE 3 Bone strength assessed by micro-finite element analysis (LWFEA) in different distal fibular subregions. (A) Representative
reconstructed and color-mapped images of the maximum principal strain in the subregions according to the Danis-Weber classification with
intact bone structure (upper row) and deteriorated bone structure {lower row). (B) Comparison of failure load derived from WFEA according to
the Danis-Weber classification in women. (C) Linear regression analysis of age and failure load derived from pFEA of women at different
subregions. (D) Comparison of failure load derived from FEA according to the Danis-Weber classification in men. (E) Linear regression analysis of
age and failure load derived from WFEA of men at different subregions. Analysis of variance with Tukey's post hoc test was performed in panels
(B) and (D). Exact p-values are given until <0.0001. Linear regression analysis was performed and the coefficient of determination R? was
calculated in panels (C) and (E). Significant results are printed bold and indicated by asterisks. *p < 0.05, ***p < 0.001. A, Weber A; B, Weber B; C,
Weber C [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Micro-finite element analysis (LFEA) for women and men in the three different subregions according to the Danis-Weber
classification.

A B of

Parameter Women (n=15) Men (n=15) p Value Women (n=15) Men (n=15) p Value Women (n=15) Men (n=15) p Value
WFEA

Stiffness (N/mm) 424218 59.2+26.5 0.068 47.0+21.9 62.6+£267 0.092 54.7+£14.9 68.2£19.1  0.039
Failure load (kN) 2.39+1.14 331+1.38 0.055 2.67+1.23 3.53+1.51 0.096 3.22+0.89 400+1.13 0.044

Note: Bold indicates significant differences (p < 0.05).
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appears not to be solely dependent upon the observed decreased
bone microarchitecture and strength, highlighting the importance of
trauma mechanism and especially the forces of the ligamentous
structures (including the syndesmosis) exerting on the distal fibula.”

Despite novelty of the present analysis, some limitations need to
be considered. First, the included number of samples is relatively
small, potentially limiting the generality of the findings. Second,
although LFEA provides estimates of bone strength in the respective
regions of interest simulating compressive loads, no traditional
biomechanical testing with loading conditions specific to distal fibular
fractures was performed in this study. Third, respecting our inclusion
criteria, no specimens of individuals with ankle fractures were
enrolled, thus raising the question whether individuals with distal
fibula fractures display impaired microarchitectural features and,
most importantly, if the fracture type or morphology are associated
with local deficits in fibular microarchitecture. Similar approaches
have already been conducted in patients with distal radius
fractures.’” Fourth, detailed data on hormonal and estrogen status
(e.g., menopause) were not available, although being a relevant factor
contributing to bone remodeling.

Taken together, we here present data on the bone microarch-
itecture and estimated bone strength of the distal fibula revealing
distinct characteristics in different subregions. Specifically, a critical
age-associated decrease of bone microarchitecture and estimated
bone strength was observed in the type B subregion in females,
reflecting epidemiological data of ankle fractures and calling for
specific treatment strategies. Future studies should investigate how
these bone quality characteristics, in combination with specific
trauma patterns, explain the occurrence and morphology of distal

fibula fractures.
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Ergédnzende Abbildung 1: Vergleich der Parameter der Mikroarchitektur der distalen
Fibula zwischen Frauen und Mannern im Alter von iiber 50 Jahren. (A) Quantifizierung
und Vergleich der densitometrischen Parameter. (B, C) Quantifizierung und Vergleich der
mikroarchitektonischen Parameter im (B) trabekuldren und (C) kortikalen Knochenabschnitt.
(D) Quantifizierung und Vergleich der geometrischen Parameter. (E) Quantifizierung und
Vergleich der yFEA-Parameter. A — Weber A, B — Weber B, C — Weber C.

Tb.BMD — trabekuldre Knochenmineraldichte (trabecular bone mineral density)
Ct.BMD - kortikale Knochenmineraldichte (cortical bone mineral density)
BV/TV — Verhaltnis von Knochenvolumen zu Gesamtvolumen (trabecular bone volume
fraction)

Tb.Th — trabekulare Dicke (trabecular thickness)

Tb.N — Trabekelanzahl (trabecular number)

Ct.Th — Kkortikale Dicke (cortical thickness).

Ct.Po — Kortikalisporositat (cortical porosity)

Ct.Pm — Kortikalisumfang (cortical perimeter)

Tb.Ar — Trabekelflache (trabecular area)

Ct.Ar — Kortikalisflache (cortical area)
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Erganzende Abbildung 2: Lineare Regressionsanalysen zwischen der
Querschnittsfliche der Kortikalis und der abgeleiteten Bruchkraft der Analyse
mikrofiniter Elemente (MFEA). (A, B) Zusammenhange zwischen kortikaler Flache (Ct.Ar,
mm?2) und Bruchkraft bei (A) Frauen und (B) Mannern. Das Bestimmtheitsmal R? ist
angegeben. *p<0,05, **p<0,01, ****p<0,0001. Signifikante Ergebnisse sind fett gedruckt.
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Erganzende Abbildung 3: Lineare Regressionsanalysen zwischen dem Body-Mass-
Index (BMI) und Parametern der Knochenmikroarchitektur. (A) Lineare
Regressionsanalysen zwischen dem BMI und mikrostrukturellen Parametern bei (A) Frauen
und (B) Mannern. Das Bestimmtheitsmall R? ist angegeben. *p<0,05, **p<0,01, ***p<0,001.
Signifikante Ergebnisse sind fett gedruckt.

Tb.BMD — trabekulare Knochenmineraldichte (trabecular bone mineral density)

BV/TV — Verhaltnis von Knochenvolumen zu Gesamtvolumen (trabecular bone volume
fraction

Ct.BMD — kortikale Knochenmineraldichte (cortical bone mineral density)

Ct.Th — kortikale Dicke (cortical thickness)

40



— 8 = By
: 1 0 R2=0.07
~ B 6
c| = £ e
ol 3 . c| = R2=0.46
El =2 4 $ 02 | S8 4
6 3 8s ° 8 > ; = §°
Z| 5 g8 £ ]
2 &I £ S
089 o L
@ o o
0-—r—|i|°—|—1 0-—|—|.ﬁ—|—|
. 0 10 20 30 40 50 - 0 10 20 30 40 50
BMI (kg/m?) BMI (kg/m?)

Erganzende Abbildung 4: Lineare Regressionsanalysen zwischen dem Body-Mass-
Index (BMI) und der abgeleiteten Bruchkraft der Analyse mikrofiniter Elemente (UFEA).
(A, B) Zusammenhénge zwischen BMI (kg/m?) und Bruchkraft bei (A) Frauen und (B) Mannern.

Das Bestimmtheitsmall R? ist angegeben. ** p<0,01. Signifikante Ergebnisse sind fett
gedruckt.



9. Erklarung des Eigenanteils
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Datenakquise der oben angefuhrten Publikation ,Age-, sex-, and subregion-specific
properties of distal fibular microarchitecture and strength: An ex vivo HR-pQCT
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13. Anhang

Original Research

Superior Bone Microarchitecture in Anatomic
Versus Nonanatomic Fibular Drill Tunnels
for Reconstruction of the Posterolateral
Corner of the Knee

Julian Stiirznickel,*" MD, Felix N. Schmidt,” MD, PhD, Conradin Schweizer,* MD,
Herbert Mushumba,¥ MD, Matthias Krause,*S MD, Klaus Plischel,¥ MD,
and Tim Rolvien,*® MD, PhD

Investigation performed at the University Medical Center Hamburg-Eppendorf, Hamburg,
Germany

Background: Several fibula-based reconstruction techniques have been introduced to address ligamentous injuries of the
posterolateral corner of the knee. These techniques involve a drill tunnel with auto- or allograft placement through the proximal
fibula.

Purpose: To determine the skeletal microarchitecture of the proximal fibula and its association with age and to compare
the microarchitecture within the regions of different drill tunnel techniques for reconstruction of the posterolateral corner.

Study Design: Descriptive laboratory study.

Methods: A total of 30 human fibulae were analyzed in this cadaveric imaging study. High-resolution peripheral quantitative
computed tomography measurements were performed in a 4.5 cm-long volume of interest at the proximal fibula. Three-
dimensional microarchitectural data sets of cortical and trabecular compartments were evaluated using customized scripts.
The quadrants representing the entry and exit drill tunnel positions corresponding to anatomic techniques (LaPrade/Arciero) and
the Larson technique were analyzed. Linear regression models and group comparisons were applied.

Results: Trabecular microarchitecture parameters declined significantly with age in women but not men. Analysis of subregions
with respect to height revealed stable cortical and decreasing trabecular values from proximal to distal in both sexes. Along with a
structural variability in axial slices, superior values were found for the densitometric and microarchitectural parameters corre-
sponding to the fibular drill tunnels in the anatomic versus Larson technique (mean + SD; bone volume to tissue volume at the entry
position, 0.273 + 0.079 vs 0.175 £ 0.063; P < .0001; cortical thickness at the entry position, 0.501 £ 0.138 vs 0.353 £ 0.081 mm;
P < .0001).

Conclusion: Age represented a relevant risk factor for impaired skeletal microarchitecture in the proximal fibula in women but not
men. The region of drill tunnels according to anatomic techniques showed superior bone microarchitecture versus that according
to the Larson technique.

Keywords: bone microarchitecture; HR-pQCT,; knee; posterolateral corner; proximal fibula

The posterolateral corner (PLC) of the knee contributes to
stabilization against varus forces as well as external tibial
rotation and posterior tibial translation.! Injuries of the
PLC are often undiagnosed, although they have been
reported to occur in around 16% of all knee injuries.'® The
PLC is often involved in cruciate ligament injuries.®
Clinically, a PLC injury may result in posterolateral

The Orthopaedic Journal of Sports Medicine, 10(9), 23259671221126475
DOI: 10.1177/23259671221126475
© The Author(s) 2022

rotational instability, chronic pain, failure of cruciate liga-
ment reconstruction, and osteoarthritis.®!

The proximal fibula (ie, fibular head) represents the
attachment point of the lateral collateral ligament and the
popliteofibular ligament. While a variety of PLC recon-
struction options have been proposed, several fibula-based
surgical techniques have been introduced to address PLC
injl.u'ies.m These techniques involve a drill tunnel with
auto- or allograft placement through the proximal fibula.
Two of the most performed techniques for PLC reconstruc-
tion are the Arciero (fibula based) and LaPrade (tibia

This open-acecess article is published and distributed under the Creative Commons Attribution - NonCommercial - No Derivatives License (https://creativecommons.org/
licenses/by-ne-nd/4.0/), which permits the noncommercial use, distribution, and reproduction of the article in any medium, provided the original author and source are
credited. You may not alter, transform, or build upon this article without the permission of the Author(s). For article reuse guidelines, please visit SAGE's website at
http:/fwww.sagepub.com/journals-permissions.
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and fibula based), representing nearly anatomic recon-
struction techniques with an ascending fibular drill tunnel
in the anterolateral-to-posteromedial direction.'-'%2®
Another commonly performed fibula-based reconstruction
technique is the isometric Larson technique, in which a
nonascending drill tunnel is positioned more distally and
in the anterior-to-posterior direction.'?

Although PLC reconstruction techniques are well
established and have been shown to adequately restore
varus and external rotation stability to the knee,® bone-
related failure may occur (eg, intraoperative fracture,
tunnel widening, cutout of the graft).?"*** However, micro-
architectural data on the proximal fibula overall are not
available, let alone derived recommendations of fibula-
based tunnel orientation. High-resolution peripheral quan-
titative computed tomography (HR-pQCT) represents an
established technique to evaluate the microarchitectural
features of different skeletal regions at a high spatial reso-
lution (31 pm voxel size), which has been used in clinical
practice and experimental cadaveric studies.'2°

The aim of the present study was to characterize the
overall bone microarchitecture of the proximal fibula by
HR-pQCT with respect to age and sex and to provide the
underlying microarchitectural basis for drill tunnel orien-
tation of nearly anatomic (ie, anatomic) and nonanatomic
fibula-based PLC reconstruction techniques. The hypothe-
sis was that age is a relevant risk factor for poor microarch-
itecture and that trabecular and cortical parameters vary
within subregions of the proximal fibula, which may have
implications for optimal drill tunnel positions.

METHODS

In total, 30 whole fibulae of the right leg were collected from
30 individuals during autopsy, consisting of 15 women and
15 men (mean + SD; age, 51.7 £ 20.0 years [range, 18-87
years| and 51.5 + 18.5 years [range, 24-76 years|, respec-
tively; P = .985). Hospital and autopsy reports were
reviewed to exclude individuals with diseases potentially
affecting skeletal integrity (eg, cancer, diabetes, glucocorti-
coid medication, or periods of longer immobilization) as well
as previous surgical procedures around the knee joint.?
Demographic data were recorded, including sex, age, and
body mass index (BMI). All specimens were fixed in 3.7%
formaldehyde within 48 hours after death. Informed con-
sent was obtained from the relatives. This cadaveric study
was approved by the local ethics committee and complied
with the Declaration of Helsinki guidelines.
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High-Resolution Peripheral Quantitative Computed
Tomography

HR-pQCT measurements (XtremeCT II; Scanco Medical

AG) were performed at a volume of interest (VOI) along the

most proximal 4.5 em of the proximal fibular tip with

respect to the long axis of the bone using an ex vivo protocol

(60kVp, 900pA, 100-ms integration time, 42-pm voxel

size).'® For optimal standardization, all scans were

acquired by the same trained researcher (J.S.). All
specimens were positioned with the same orientation and
fixed within the manufacturer’s cast to prevent motion
artifacts. A standard evaluation protocol provided by the
manufacturer was used to generate 3-dimensional micro-
architectural data sets of the cortical and trabecular com-
partment. Consistent quality of the scans was controlled
daily by using the manufacturer’s calibration phantom.

We assessed the following parameters according to cur-
rent guidelines®*:

Densitometric—volumetric total bone mineral density
(Tt.BMD), trabecular BMD (Th.BMD), and cortical BMD
(Ct.BMD}

Bone microarchitectural—bone volume to tissue volume
(BV/TV), trabecular number (Tb.N), trabecular thick-
ness, cortical thickness (Ct.Th), and cortical porosity

Geometric—total area, trabecular area, cortical area, and
cortical perimeter.

VOI Analysis and Simulation of Tunnel Positions

Next to the measurement of bone microarchitecture para-
meters in the whole proximal fibula, 4 VOI subregions
within the metaepiphysis representing different heights
(ie, proximal to distal) were generated. The most proximal
slice with a visible trabecular structure and the slice at the
most distal point of the former growth line were identified.
The number of slices between these points was measured
and divided by 3 to get the number of slices for VOIs 1 to 3
proximal of the former growth line. For VOI 4, the same
number of slices was added distal to the identified
growth line.

Within each VOI, the corresponding slices from the prox-
imal 25% to the distal 75% were selected for final analysis.
Densitometric and microarchitectural parameters in the
VOI subregions were analyzed using customized Python-
based scripts. Moreover, specific quadrants representing
the entry and exit points of drill tunnels according to the
anatomic techniques and nonanatomic fibula-based
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technique''®?% were analyzed. For this purpose, each fib-

ular scan was oriented with respect to the anteroposterior
rotation around the long axis, and the center of mass was
automatically calculated for each axial slice. Four neigh-
boring columns were created out of the fibular stack. A
combined analysis of the heights (VOIs) and columns
allowed a determination of individual quadrants, with each
quadrant being cropped respecting the Cartesian coordi-
nate system with its origin aligned to the center of mass
per slice. Finally, the bone microarchitecture parameters of
the automatically segmented individual quadrants repre-
senting the entry and exit positions of the drill tunnels were
compared: anatomic (anterolateral quadrant of VOI 2 to
posteromedial quadrant of VOI 1) and nonanatomic (ante-
rior quadrant of VOI 2 to posterior quadrant of VOI 2).
Customized Python seripts were handled with the workflow
manager XamFlow (Version 1.7.5.0; Lucid Concepts AG).

Statistical Analysis

Statistical analysis was performed using Prism (Version
8.4.0; GraphPad Software, Inc). Data were analyzed by
ROUT test and significant outliers (@ = 0.1%) excluded
from further analysis. Normality distribution of the data
was tested using the Shapiro-Wilk test, and for comparison
between 2 groups, the Student ¢ test or Mann-Whitney U
test was used for parametric or nonparametric data, respec-
tively. For the analysis of an association between age and
bone microarchitectural parameters, linear regression
analysis was performed, and the coefficient of determina-
tion (R?) was calculated, as well as the regression slopes
with confidence intervals. For comparisons of >3 groups,
1-way analysis of variance was carried out, including
repeated measures with Tukey correction for parametric
data or the Kruskal-Wallis test with the Dunn multiple-
comparison test for nonparametric data. Repeated mea-
sures analysis of variance was used for paired analysis of
bone microarchitecture parameters. Results are given as
absolute values or mean and standard deviation. The level
of significance was defined as P < .05. Exact P values are
reported unless P < .0001.

RESULTS

Weight, height, and BMI did not differ significantly
between women and men (Table 1). Most densitometric and
microarchitectural parameters were not different between
women and men. Only trabecular thickness was signifi-
cantly lower in women than men (0.216 + 0.015 vs 0.236 +
0.020 mm; P = .004). Geometric indices were also signifi-
cantly lower in women than men.

Evaluation of the age-related associations (Figure 1A)
revealed a moderate to strong linear decline in volumetric
BMD for the trabecular and cortical compartments
in women (Th.BMD, R? = 0.698, P = .0002; Ct.BMD,
R?=10.361, P =.023) (Figure 1B). In contrast, no association
with age was observed in men for either densitometric or
microarchitectural parameters except for Ct.BMD
(R? = 0.300; P = .034) (Figure 1C). Regarding BMI-related
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TABLE 1
Demographic and Bone Microarchitecture Parameters of
the Proximal Fibula by Sex“

Women (n = 15) Men (n = 15) P Value

Demographies
Age, y 51.7+20.0 51.56+ 1856 .985
Weight, kg 78.3+19.6 78.9+16.5 931
Height, em 170.8+ 59 17569+ 9.4 .085
BMI 26.8+£6.7 25.56 £5.0 530
Bone microarchitecture
Tt.BMD, mg HA/em®  165.0 £ 62.7 162.5 + 38.7 .897

Th.BMD, mg HA/em®  106.6 + 40.0 1185+ 34.2 .389
Ct.BMD, mg HA/em?  636.7 £ 112.1  658.1+58.9 522
BV/TV 0.155£0.048 0.183+0.054 .146

Tbh.N, mm™" 0.981+0.244 0943 £0.217 .651
Tb.Th, mm 0.216+ 0.015 0.236+0.020 .004
Ct.Th, mm 0.479+0.140 0.497+0.079 .679

Ct.Po 0.009 £ 0.007 0.008 £0.003 .769

Tt.Ar, mm? 256.1+73.9 353.7+557  .0003
Tb.Ar, mm? 233.2+72.3 3129+626 .004
Ct.Ar, mm? 246+ 8.2 30.2+54 041
Ct.Pm, mm 654482 80.2+6.7 .003

“Data are presented as mean + SD. Bold P values indicate sta-
tistically significant difference between women and men (P < .05).
BMI, body mass index; BV/TV, bone volume to tissue volume;
Ct.Ar, cortical area; Ct.BMD, cortical bone mineral density;
Ct.Pm, cortical perimeter; Ct.Po, cortical porosity; Ct.Th, cortical
thickness; Th.Ar, trabecular area; Th.BMD, trabecular bone min-
eral density; Th.N, trabecular number; Tbh.Th, trabecular thick-
ness; Tt.Ar, total area; Tt.BMD, total bone mineral density.

changes, there were some positive associations in men, includ-
ing Ct.BMD and Th.N, whereas no associations between BMI
and proximal fibular microarchitecture could be detected in
women (Supplemental Figure S1, available online).

Analysis of microarchitectural differences in relation to
height (ie, 4 VOIs from proximal to distal) (Figure 2, A and
B) showed decreasing trabecular mineralization
(Th.BMD) and microarchitecture (BV/TV), while cortical
parameters increased (Ct.BMD) or remained stable
(Ct.Th, cortical porosity) from proximal to distal (Figure 2,
C and D). Geometric parameters showed distinct differ-
ences of the trabecular and cortical area at the different
heights (Figure 2E), with the smallest area located at the
fibular tip. These findings could be replicated in both sexes
(Supplemental Tables S1 and S2 and Figure S2, available
online). Assessment of specific age-related patterns within
the different heights revealed a decline of trabecular para-
meters within all heights, whereas cortical values declined
predominantly at the most distal VOI 4 in women (Sup-
plemental Figure S3A). In men, no significant associations
with age were observed except for Ct.BMD in VOI 4
(Supplemental Figure S3B).

Evaluation of the bone microarchitecture according to axial
quadrants corresponding to the regions used for drill tunnel
positions during PLC reconstruction (Figure 3, A and B)
showed superior values for densitometric and microarchitec-
tural parameters in the anatomic fibular drill tunnel when
comparing entry or exit drill regions with the Larson
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Figure 1. Age-related changes in trabecular and cortical bone microarchitecture in women vs men. (A) Representative
3-dimensional reconstructions of the proximal fibula in a young individual (top panel) and in a woman (middle panel) and a man
(bottom panel) during aging. The virtual cut section is indicated in red. Associations between age and microarchitectural para-
meters in (B) women and (C) men. a, anterior; BV/TV, bone volume to tissue volume; Ct.BMD, cortical bone mineral density; Ct.Th,
cortical thickness; |, lateral; m, medial; p, posterior; Tb.BMD, trabecular bone mineral density; Tb.N, trabecular number; Tb.Th,
trabecular thickness.

technique (eg, BV/TV iy, P < .0001; Th.Noy, P < .0001; were revealed for BV/TV and Th.N, whereas no associations
Ct.Thepgry, P < .0001) (Figure 3C). For the exit point of the were observed for the exit point of the anatomic procedures
Larson technique, significant negative associations with age (Supplemental Figure S4, available online).
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Figure 2. Fibular head microarchitecture parameters among different heights. (A) Schematic drawing (anterolateral view) with the
4 volumes of interest (VOIs 1-4) defined from proximal to distal and relative to the distance between the fibular tip and the distal end
of the growth plate. (B) Examples of high-resolution peripheral quantitative computed tomography slices from the VOls with visible
differences in cortical and trabecular microarchitecture. Quantification and comparison of (C) densitometric parameters,
(D) microarchitectural parameters, and (E) geometric parameters. The dashed lines of the truncated violin plots represent the
median and quartiles. BV/TV, bone volume to tissue volume; Ct.Ar, cortical area; Ct.BMD, cortical bone mineral density;
Ct.Po, cortical porosity; Ct.Th, cortical thickness; Tb.Ar, trabecular area; Tb.BMD, trabecular bone mineral density; Th.N, trabec-

ular number; Tb.Th, trabecular thickness.

DISCUSSION

Although the complexity of the PLC of the knee and
its surgical care have been highlighted by previous
reports,>'"*! no microarchitectural data existed on the prox-
imal fibular microarchitecture and specific anatomy-based
recommendations for fibula-based drill tunnel orientations
until now. Significant differences were observed between
women and men for the underlying association with age.
Namely, moderate to strong negative associations between
age and trabecular parameters were observed in women,
whereas these associations were absent in men. Our findings
further revealed distinct alterations in microarchitecture with
respect to axial VOIs and columns. Importantly, microarchi-
tecture parameters, including trabecular bone volume and
Ct.Th, showed superior values in the fibular drill tunnel
regions corresponding to the anatomic reconstruction techni-
ques versus in the nonanatomic technique.

While an age-related decrease in bone microarchitecture
is considered to occur in the skeleton in general, site-specific
characteristics of the bone microarchitecture have been

elaborated for different skeletal regions. In the clinical
setting, the distal tibia and distal radius are routinely
measured,?>2%#33%33 hut also other skeletal sites or bones,
such as the proximal tibia'? or calcaneus,?? have been
investigated by HR-pQCT in the past. Only recently, the
bone microarchitecture of the distal fibula has been studied
by HR-pQCT by our group, demonstrating an age-related
loss of bone microarchitecture in women but not men,
which likely explains the higher susceptibility to distal
fibular fractures in elderly women.?"*® Consistent with
these previous findings, women in this study showed a
moderate to strong age-associated decrease in bone micro-
architecture, which is in line with the high prevalence of
osteoporosis in older women. However, the observed micro-
architecture decline in the fibular head observed here was
predominantly within the trabecular compartment, while
the bone microarchitecture in the distal fibula showed cor-
tical deterioration.?® A reason for the compartment-specific
decrease in microarchitecture could be the divergent
mechanical environment in proximal versus distal regions.”
Overall, it appears likely that impaired microarchitecture
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Figure 3. Variations in bone microarchitecture based on drill tunnel directions according to anatomic techniques vs Larson.
(A) Representative axial view of segmentations of the cortical (left) and trabecular (right) bone compartments. The color coding
indicates the thickness. (B) Demonstration of entry (En) and exit (Ex) points of the drill tunnels (left) in a 3-dimensional segmented
scan and schematic axial slices. The letter and number (eg, A2) indicate the orientation and height (see Figure 2A). (C) Densito-
metric and microarchitectural parameters between En and Ex in the regions according to drill tunnels corresponding to anatomic
techniques vs Larson. The dashed lines of the truncated violin plots represent the median and quartiles. A, anterior; AL, ante-
rolateral; BV/TV, bone volume to tissue volume; Ct.BMD, cortical bone mineral density; Ct.Th, cortical thickness; P, posterior;
PM, posteromedial; Tb.BMD, trabecular bone mineral density; Tb.N, trabecular number.

of the proximal fibula, as observed in older women, could the LaPrade or Arciero technique with an ascending tunnel
increase susceptibility to, for example, arcuate fractures'? from anterolateral to posteromedial.*® While initial visu-
and especially contribute to failure in surgical reconstruc- alization suggested topographic differences in cortical and
tion of the PLC. trabecular microarchitecture, customized segmentation
Specific subregions were analyzed to characterize the with regional analysis revealed superior results for entry
site-specific microarchitecture within the proximal fibula. and exit quadrants for several microarchitecture para-
The proximal fibular tip showed significantly lower bone meters in the anatomic techniques (LaPrade/Arciero) as
area but overall preserved microarchitecture, illustrating compared with the nonanatomic Larson technique. A rea-
that the skeletal quality in this region is likely not the son for this difference could be that ligamentous attach-
leading reason for the skeletal-related failure of PLC recon- ments led to locally higher loading forces and thus
struction, such as graft cutout. Based on microarchitecture represented a bone-anabolic stimulus. As the microarchi-
outcomes and regardless of the surgical technique, the ideal tecture parameters corresponding to the Larson technique
drill tunnel positions would most likely be in VOI 1 and VOI especially declined with age, older individuals might be at
2, given the favorable combination of preserved trabecular additional risk for failure with this technique. Given the
and cortical microarchitecture. Notably, cortical thickness growing functional demands of older individuals, these
was relevantly higher only in the region inferior to VOI 4 results appear clinically important.
(ie, the diaphyseal region). Simulation of specific drill tun- Although anatomic PLC reconstruction techniques
nel positions frequently used in PLC reconstruction was involving fibular drill tunnels as described by LaPrade or
performed afterward. For the Larson technique,'® a hori- Arciero®' may provide higher rotational stabilization than
zontal anteroposterior tunnel was simulated, contrasting a nonanatomic technique, as in the Larson technique,®
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anatomic reconstructions may also fail. A systematic
review indicated a mean failure rate of 9.4% in PLC recon-
struction or repair cases and 3 intraoperative fractures,?!
although the individual causes for failure were not often
reported. Graft slippage and tunnel widening are acknowl-
edged problems of transplant fixation in the proximal
tibia in anterior cruciate ligament reconstruction, which
has been attributed to decreased BMD,*!® large tunnel
diameter,**¢ and hone impaction.'® From the collective
results of previous studies and the present investigation,
the clinical implication is that, although bone-related fail-
ure may occur, fibular drill tunnels have favorable micro-
architectural support in anatomic reconstruction, possibly
resulting in the observed low bone-related complication
rates in young individuals. In this context, it should be
noted that fibular fixation strength is only 1 reason for
failure and that the biomechanical function of the grafts
is highly dependent on their location.

Limitations

Our study has a few limitations. While HR-pQCT is a state-
of-the-art technique with the best possible resolution in the
context of a clinical microarchitecture analysis, no biome-
chanical tests could be performed in the current study
setup. Additional biomechanical studies should evaluate
cutout and/or tunnel widening in different drill tunnel posi-
tions, for example, by applying a defined cyclic tensile load.
The individual contribution of the trabecular and cortical
compartments within the fibular drill tunnels regarding
stability as well as skeletal-related complications is not
known. While we hypothesize that cortical thickness may
be the major contributor to stability, this merits further
investigation, including finite element modeling and bio-
mechanical testing. Moreover, reproducibility in terms of
intra- or interrater reliability was not assessed in this
study. Nonetheless, excellent reproducibility of second-
generation HR-pQCT regarding geometry, BMD, trabecular
bone, and cortical thickness has been reported in a previous
study.® Another limitation is that other surgical techniques
or alternative drill tunnel positions for PL.C reconstruction
were not investigated. Although anatomic reconstructions
(ie, LaPrade or Arciero) were associated with superior micro-
architecture, this technique might not be applicable in all
patients owing to intraoperative factors.

CONCLUSION

This study revealed that age represents a relevant risk
factor for impaired skeletal microarchitecture in the prox-
imal fibula in women but not men. Since the skeletal sub-
regions around drill tunnels for PLC reconstruction
according to LaPrade or Arciero showed superior bone
microarchitecture as compared with those per Larson, it
should now be explored whether this implies improved sta-
bility and lower failure rates attributed to skeletal compli-
cations such as fractures, graft cutout, or tunnel widening.
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