
Dissertation
zum Erwerb des Doktorgrades der

an der Medizinischen Fakultät 
der Ludwig-Maximilians-Universität München

vorgelegt von

aus

Jahr
20

 Aus der

Klinik für Orthopädie und Unfallchirurgie

Klinik der Universität München

Direktoren: Prof. Dr. Wolfgang Böcker und Prof. Dr. Boris Holzapfel

Matrix-assoziierte autologe Chondrozyten-Transplantation für
Knorpeldefekte am Knie - Effekte Hydrogel-basierter Matrizes sowie des

Rauchens auf das Outcome

Felix Frank Uhlemann

Berlin

25

zum Erwerb des Doktorgrades der Medizin



Mit Genehmigung der Medizinischen Fakultät 
der Universität München

:

Dekan: Prof. Dr. med. Thomas Gudermann

Tag der mündlichen Prüfung:

_________________________________________________________

:

Prof. Dr. Thomas Niethammer

Prof. Dr. Marcus Schmitt-Sody

Prof. Dr. Robert Stahl

08.05.2025



1. Inhaltsverzeichnis 

1. Inhaltsverzeichnis .................................................................................................... 3 

2. Affidavit ..................................................................................................................... 4 

3. Abkürzungsverzeichnis ........................................................................................... 5 

4. Publikationsliste ...................................................................................................... 6 

5. Einleitung .................................................................................................................. 7 

5.1 Fachliche Einordnung ................................................................................................ 7 

5.1.1 Epidemiologische Auswertung ................................................................................... 8 

5.1.2 Paper I (Hydrogel-based autologous chondrocyte implantation leads to subjective 
improvement levels comparable to scaffold based autologous chondrocyte 
implantation.).............................................................................................................. 9 

5.1.3 Paper II (The Effect of Smoking on the Outcome of Matrix-Based Autologous 
Chondrocyte Implantation: Data from the German Cartilage Registry.) .................. 10 

5.2 Eigenanteil an den Publikationen ............................................................................ 11 

5.2.1 Paper I (Hydrogel-based autologous chondrocyte implantation leads to subjective 
improvement levels comparable to scaffold based autologous chondrocyte 
implantation)............................................................................................................. 11 

5.2.2 Paper II (The Effect of Smoking on the Outcome of Matrix-Based Autologous 
Chondrocyte Implantation: Data from the German Cartilage Registry.) .................. 12 

6. Zusammenfassung ................................................................................................ 13 

6.1 Abstract (deutsch) .................................................................................................... 13 

6.2 Abstract (englisch) ................................................................................................... 14 

7. Paper I ..................................................................................................................... 15 

8. Paper II .................................................................................................................... 23 

9. Literaturverzeichnis ............................................................................................... 31 

10. Danksagung............................................................................................................ 33 

3



2. Affidavit

Uhlemann, Felix Frank 
________ 

_________________________________________________________________ 
Name, Vorname 

Ich erkläre hiermit an Eides statt, dass ich die vorliegende Dissertation mit dem Titel: 

Matrix-assoziierte autologe Chondrozyten-Transplantation für Knorpeldefekte am Knie - Effekte 
Hydrogel-basierter Matrizes sowie des Rauchens auf das Outcome 

(eine kumulative Dissertation) 

selbständig verfasst, mich außer der angegebenen keiner weiteren Hilfsmittel bedient und alle Er-
kenntnisse, die aus dem Schrifttum ganz oder annähernd übernommen sind, als solche kenntlich 
gemacht und nach ihrer Herkunft unter Bezeichnung der Fundstelle einzeln nachgewiesen habe. 

Ich erkläre des Weiteren, dass die hier vorgelegte Dissertation nicht in gleicher oder in ähnlicher Form 
bei einer anderen Stelle zur Erlangung eines akademischen Grades eingereicht wurde. 

München, 08.05.2025 
__________________________   __________________________________
Ort, Datum   Unterschrift Doktorandin bzw. Doktorand 

Eidesstattliche Versicherung 

4

Felix Uhlemann



3. Abkürzungsverzeichnis 

• ACI: autologous chondrozyte implantation 

• ACT: autologe Chondrozyten-Transplantation 

• BMI: Body Mass Index 

• IKDC: International Knee Documentation Committee Subjective Knee 

Form 

• KOOS: Knee Injury and Osteoarthritis Outcome Score 

• NRS: Numeric Rating Scale oder Numerische Rating-Skala 

• VAS: Visual Analog Scale oder Visuelle Analog-Skala 
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5. Einleitung 

5.1 Fachliche Einordnung 

Knorpeldefekte des Kniegelenks sind eine häufige Diagnose. Sie werden in einer 

von fünf durchgeführten Arthroskopien am Kniegelenk diagnostiziert. [1] Dabei 

beeinträchtigen die Schädigungen Patient*Innen speziell wegen der dadurch ent-

stehenden Schmerzen. Zum Teil gehen mit den Beschwerden erhebliche Ein-

schränkungen des Alltags und der Lebensqualität einher. [2] Dies gilt nicht nur 

im Alter, sondern häufig auch bei jüngeren Menschen, ob degenerativ oder post-

traumatisch. Das Durchschnittsalter der in unseren Arbeiten untersuchten Pati-

enten lag bei unter 40 Jahren. Die Aufgabe der Medizin ist es, die Therapie sol-

cher Knorpeldefekte weiter zu erforschen, um sie stetig weiter zu verbessern. 

Bisher bestehende Therapieformen sind vielfältig und umfassen u. a. das Debri-

dement, Mikrofrakturierung, osteochondrale Transplantationen, Knochenmarksti-

mulation und die autologe Chondrozyten-Transplantation (ACT). [3]  

Letztere war der Hauptfokus unserer Arbeit. Erstmals beschrieben wurde sie 

1994 von Britberg et. al und wird seitdem stetig weiterentwickelt. [4] Bei der ACT 

handelt es sich um einen zweizeitigen Eingriff. Das Prinzip dabei ist, in einem 

ersten Schritt gesunde Knorpelzellen aus weniger belasteten Bereichen des 

Kniegelenks eines Patienten zu entnehmen. Nachdem diese angezüchtet wer-

den, können sie dann in einem zweiten Schritt in die Defektstellen eingebracht 

werden, wo sie möglichst hyalin-ähnlichen Knorpel bilden sollen.  

Während in der ersten Generation der ACT noch Zellsuspensionen in Kombina-

tion mit Periostlappen verwendet wurden, kamen in der 2. Generation erstmals 

Kollagen-basierte Matrizes zum Einsatz. Die Zellsuspensionen wurden dabei al-

lerdings noch unter die Matrizes appliziert. In der dritten Generation werden die 

Knorpelzellen dann bereits in vitro mit einer Matrix kombiniert und anschließend 

gemeinsam in den Defekt eingebracht. [5] Mittlerweile existiert mit der Verwen-

dung sogenannter Sphäroide, kleiner Kügelchen aus Knorpelzellen und ex vivo 

selbst gebildeter extrazellulärer Matrix, ein weiteres Verfahren für die ACT, das 

ebenfalls gute Ergebnisse im bisherigen Follow-up liefert. [6] 
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Speziell für fokale Defekte bei Patient*Innen im Alter von unter 55 Jahren, die die 

gesamte Knorpelschicht betreffen und eine Größe von > 2,5 cm² haben, ist die 

ACT die Therapie der Wahl. [7] Von Vorteil ist dabei, dass das Alter an sich keine 

Kontraindikation für die Durchführung der Therapie darstellt. Die ACT kann somit 

auch bei älteren Patienten, die bis auf den fokalen Defekt einen guten Gelenk-

status haben, zur Anwendung kommen und liefert dabei auch im Vergleich zur 

Behandlung jüngerer Patient*Innen gute Ergebnisse. [8] Insbesondere die zweite 

und dritte Generation der ACT führen nachweislich zu positiven Resultaten. [9-

12] 

Trotz, oder vielleicht gerade wegen des rasanten Fortschritts der Therapiemög-

lichkeiten gilt es, Schritt zu halten und die jeweiligen Therapieformen mit ihren 

Vor- und Nachteilen richtig einzuordnen. Dabei sind sowohl Faktoren, die die In-

dikationsstellung betreffen, als auch die Wahl der richtigen therapeutischen Me-

thode wichtig, um das bestmögliche Ergebnis zu erzielen. Ziel unserer Forschung 

ist und war es, genau das zu ermöglichen. 

5.1.1 Epidemiologische Auswertung 

 

Durch die Schaffung einer multizentrischen Datenbank für Knorpelerkrankungen 

im Jahr 2013, dem Deutschen Knorpelregister, an welchem sich mittlerweile über 

100 Zentren aus Deutschland, Österreich und der Schweiz in weiterwachsender 

Zahl beteiligen, eröffneten sich für die Forschungsgemeinschaft Möglichkeiten, 

mittels großer, gut vergleichbarer Patient*Innenkollektive mehr Erkenntnisse 

über die Therapie sowie Komplikationen bei Knorpeldefekten und knorpelrege-

nerativen Eingriffen zu gewinnen. In der Anfangszeit meiner Arbeit beschäftigten 

wir uns dementsprechend viel mit der Zusammenstellung und Auswertung epi-

demiologischer Daten aus dem Register.  

Dabei war für uns insbesondere die Therapie des Patello-Femoral-Gelenkes in-

teressant, da hier signifikant schlechtere Outcomes im Vergleich zur Therapie 

des Tibio-Femoral-Gelenkes beschrieben sind. [11, 13-15] Am ehesten ist dies 

auf die komplexe Gelenkmorphologie zurückzuführen. Wir untersuchten die Da-

ten von insgesamt 479 Patient*Innen. und fanden heraus, dass sich die Indikati-
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onsstellung am Patello-Femoral-Gelenk nicht wesentlich von empfohlenen Indi-

kationsstellung am Tibio-Femoral-Gelenk unterscheidet. [7] Aus diesem Grund 

kam es nicht zu einer Veröffentlichung des bis dahin verfassten Manuskripts. 

5.1.2 Paper I (Hydrogel-based autologous chondrocyte 
implantation leads to subjective improvement levels 
comparable to scaffold based autologous chondrocyte 
implantation.) 

 

Bei der dritten Generation, also der matrix-assoziierten ACT, werden den Pati-

ent*Innen wie oben beschrieben in einem ersten Eingriff Knorpelzellen insbeson-

dere aus der intercondylären Notch entnommen, in einem komplexen Verfahren 

angezüchtet, mit einer bestimmten Matrix zusammengeführt und später in einem 

zweiten Eingriff in den Defekt eingebracht. Dabei gibt es verschiedene Formen 

der Matrizes. [5] 

Neben der bereits länger bekannten festen Kollagen-basierten Matrix, die in ei-

nem offenen operativen Eingriff in den Defekt eingenäht werden muss, besteht 

die Möglichkeit, die Knorpelzellen in einem flüssigen, Hydrogel-basierten Träger 

anzuzüchten, der sich arthroskopisch und dadurch minimal-invasiv einbringen 

lässt. Das Material härtet im Anschluss im Gelenk rasch aus. Wenngleich diese 

Option vor allem aufgrund der Möglichkeit des schonenderen Eingriffs vielver-

sprechend klingt, gab es bis dato noch keine veröffentlichten Vergleiche beider 

Methoden. Für uns war das der Grund, die Forschung an genau diesem Vergleich 

voranzutreiben. Weitere Arbeiten zu der Verwendung von Hydrogel-basierten 

Matrizes im Vergleich zu anderen Therapiemethoden sind parallel entstanden. 

[12, 16] 

In Hinblick auf die Methodik wählten wir eine Match-Pairing Analyse. Jeweils 25 

Patient*Innen mit Hydrogel-ACT wurden 25 passenden Patient*Innen, die eine 

ACT mit fester Matrix erhalten hatten, zugeordnet. Bei der Analyse ging es uns 

dabei vor allem um objektivierbare Effekte der Therapie für die Patient*Innen, 

weshalb wir mit der Visuellen Analog Skala (VAS) und vor allem dem Internatio-

nal Knee Documentation Committee Subjective Knee Form (IKDC) Score gut 

etablierte Items wählten, anhand derer wir das Outcome in den 2 Jahren nach 

dem Eingriff bewerten konnten. [17, 18] 

  

9



5.1.3 Paper II (The Effect of Smoking on the Outcome of Matrix-
Based Autologous Chondrocyte Implantation: Data from the 
German Cartilage Registry.) 

 

Bei der Frage nach möglichen Faktoren, die das Outcome einer Knorpeltherapie 

mittels ACT begünstigen oder verschlechtern, beschäftigten wir uns insbeson-

dere mit dem Nikotinkonsum. Rauchen ist trotz eingeführter gesetzlicher Ein-

schränkungen im öffentlichen Raum in der Gesellschaft mit einer Prävalenz von 

28,9 % immer noch weit verbreitet [19]. Laut dem aktuellen WHO-Report von 

2023 sterben jährlich ca. 8,7 Millionen Menschen weltweit an den Folgen von 

Tabakexposition, 1,3 Millionen davon durch Passivrauch-Belastung. [20] 

Zu den negativen Auswirkungen des Rauchens gehört auch eine schlechtere 

Knochen- und Weichteilheilung, die in multiplen Studien beschrieben ist. [21-26] 

Bezüglich der Knorpelheilung gibt es jedoch Hinweise darauf, dass diese Korre-

lation u. a. aufgrund der Avaskularität des betroffenen Gewebes nicht zutrifft. [27-

30] Da es zum Effekt des Rauchens bei ACT in der bisherigen Literatur gegen-

sätzliche Ergebnisse gab, wollten wir dies genauer untersuchen. [31, 32] 

Anhand von Patient*Innen-Daten aus den Jahren 2015-2018 untersuchten wir 

ein Kollektiv von insgesamt 281 Studienteilnehmer*Innen, die eine matrixassozi-

ierte ACT erhalten hatten. Wir teilten die Patient*Innen in Nicht-Raucher, Ex-Rau-

cher und Raucher auf und verglichen die Teilgruppen auf Unterschiede in Hin-

blick auf das Outcome. Dazu nutzten wir mit der Visuellen Analog Skala (VAS) 

und dem Knee Injury and Osteoarthritis Outcome Score (KOOS) gut validierte 

und häufig verwendete Messinstrumente. [17, 18, 33] 
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5.2 Eigenanteil an den Publikationen 

5.2.1 Paper I (Hydrogel-based autologous chondrocyte 
implantation leads to subjective improvement levels 
comparable to scaffold based autologous chondrocyte 
implantation) 

 

Wie in der Einleitung beschrieben war unser Ziel, einen Vergleich zwischen Hyd-

rogel- und festen Matrizes bei ACT zu ziehen. Dabei wirkte ich zunächst in der 

Konzeption der Studie mit. Herr Prof. Niethammer und ich entschieden uns hier-

bei für eine Match-Pairing-Analyse. Zunächst war deshalb wichtig, eine für eine 

wissenschaftliche Arbeit geeignete Patientenzahl zu erreichen. Hierbei kümmerte 

ich mich in Zusammenarbeit mit den behandelnden Ärzt*Innen um die Aufklärung 

der Patient*Innen über die Studie sowie darum, insbesondere im postoperativen 

Verlauf die Datenerhebung zu überwachen, Patient*Innen an das Ausfüllen der 

Fragebogen zu erinnern, die Fragebögen wenn nötig zu verschicken und in unser 

System zu übertragen. 

Als wir 25 Patient*Innen für mindestens 2 Jahre nach dem Eingriff beobachtet 

hatten und deren Follow-up-Daten vollständig waren, war ich für das Match-Pai-

ring mit der deutlich größeren Population von Patient*Innen nach ACT mit fester 

Matrix zuständig. Hierbei ließen sich jeweils gut geeignete Paare finden. An-

schließend führte ich die statistische Arbeit durch, die für das Paper notwendig 

war, das heißt sowohl die Zusammenstellung der epidemiologischen Daten als 

auch die jeweiligen Vergleiche zwischen den Patient*Innengruppen. Auch die 

graphische Aufbereitung der Ergebnisse lag in meinem Aufgabenbereich. 

Gleichzeitig führte ich während des gesamten Zeitraums die Literaturrecherche 

zu unserem Thema durch und verfasste gemeinsam mit Herrn Prof. Dr. Nietham-

mer das Paper. 
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5.2.2 Paper II (The Effect of Smoking on the Outcome of Matrix-
Based Autologous Chondrocyte Implantation: Data from the 
German Cartilage Registry.) 

Die Hauptaufgabe zur Arbeit an diesem Paper lag in der Patientenakquise und 

der Datenerhebung im Rahmen der Deutschen Knorpelregisters. In Zusammen-

arbeit mit den in unserem Zentrum behandelnden Ärzt*Innen klärte ich die Pati-

ent*Innen über das Register auf, überwachte den Follow-up und stellte sicher, 

dass die Patient*Innen zeitgerecht ihre Rückmeldungen gaben. Falls die Stu-

dienteilnehmer*Innen keine Möglichkeit zur elektronischen Dateneingabe hatten, 

führte ich diese händisch gemeinsam mit den Patient*Innen bzw. über telefoni-

schen oder postalischen Kontakt aus. Bei Fragen unsererseits unterhielt ich Kon-

takt zum Studienzentrum in Freiburg. 

Unser Ziel war es zunächst, mit der großen Breite an epidemiologischen Daten 

aus dem Register für die Wissenschaft relevante Erkenntnisse zu finden und für 

weitere Studien aufzubereiten. Dabei führte ich die statistische Auswertung der 

Daten durch. Aufgrund wenig richtungsweisender Ergebnisse stellten wir dieses 

Projekt allerdings ein und entschieden, uns bei der Auswertung der Daten aus 

dem Knorpelregister zunächst auf ein Thema – das Rauchen – zu fokussieren, 

wobei das zweite Paper dieser Dissertation entstand. 
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6. Zusammenfassung 

6.1 Abstract (deutsch) 

Hintergrund/Zielsetzung:  

Viele Menschen weltweit leiden aufgrund von fokalen Knorpeldefekten unter großen Einschrän-

kungen, insbesondere hinsichtlich ihrer Lebensqualität. Zur Therapie dieser Defekte hat sich u. 

a. die matrix-basierte autologe Chondrozyten-Transplantation etabliert.  

Das Ziel unserer Arbeit war es, die aktuelle Therapie besser einordnen zu können. Hierfür ging 

es uns zum einen darum, Faktoren zu identifizieren, die Hinweise auf den weiteren post-operati-

ven Verlauf geben können, wobei wir uns im Verlauf auf das Rauchen fokussierten, da die Aus-

wirkung des Rauchens auf die Knorpelheilung bisher nicht eindeutig geklärt ist. Zum anderen 

wollten wir die aktuell nebeneinander bestehenden Therapieformen mit Verwendung der schon 

länger bekannten festen Matrizes auf der einen Seite und der relativ neuen Hydrogel-basierten, 

flüssigen Matrizes auf der anderen Seite auf Unterschiede bezüglich des Outcomes untersuchen.  

Material und Methoden:  

Für die Untersuchung verschiedener Einflussfaktoren auf das Outcome nach autologer Chondro-

zyten-Transplantation verwendeten wir Daten von insgesamt 281 Patient*Innen aus dem Deut-

schen Knorpelregister, einer multizentrisch geführten Datenbank. Die Patienten wurden in drei 

bzgl. Parametern wie Alter, BMI, Geschlecht, Defektgröße- und Lokalisation, notwendiger Be-

gleitoperationen und Voroperationen am betreffenden Gelenk vergleichbare Gruppen (Nicht-Rau-

cher, Ex-Raucher und Raucher) geteilt. Untersucht wurden die postoperativen Ergebnisse an-

hand des KOOS, der NRS und der subjektiven Zufriedenheit der Patient*Innen nach 6, 12 und 

24 Monaten. 

Zum Vergleich der festen und Hydrogel-basierten Matrizes bildeten wir insgesamt 25 anhand von 

Defektanzahl und Geschlecht (sowie bei mehreren bestehenden Optionen auch Defektlokalisa-

tion, Alter, Defektgröße, Voroperationen und Begleitoperationen) passende Paare aus 50 Pati-

ent*Innen, die an der Ludwig-Maximilians-Universität München operiert wurden. Diese wurden im 

Anschluss bezüglich des IKDC-Scores und der VAS 6, 12 und 24 Monate nach der Operation 

miteinander verglichen. 

Zur statistischen Analyse verwendeten wir jeweils IBM SPSS Statistics in der jeweils aktuellen 

Version (21 bzw. 26) 

Ergebnisse: 

Das postoperative Outcome nach autologer Chondrozyten-Transplantation bei Rauchern und Ex-

Rauchern zeigt in den ersten 24 Monaten keine signifikanten Unterschiede im Vergleich zu dem 

Outcome bei Nicht-Rauchern. Sowohl bei der festen als auch der Hydrogel-basierten Variante 

zeigen sich postoperativ signifikante Verbesserungen bzgl. IKDC-Scores und VAS. Bei dem Hyd-

rogel-basierten Vorgehen ließ sich der Fortschritt anhand der IKDC-Scores schon nach 6, bei der 

festen Matrix nach 12 Monaten statistisch nachweisen. 

Schlussfolgerung: 

Hydrogel-basierte und feste Matrizes zur Verwendung bei autologer Chondrozyten-Transplanta-

tion liefern in der ersten 24 Monaten nach dem Eingriff vergleichbare Ergebnisse. Das Rauchen 

spielt für den postoperativen Verlauf innerhalb der ersten 2 Jahre keine Rolle. 
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6.2 Abstract (englisch) 

Background/Purpose: 

Many people around the world suffer from severe limitations due to focal cartilage defects, espe-

cially with regard to their quality of life. Matrix-based autologous chondrocyte implantation has 

been established as a treatment for those defects over the last decades. 

The main goal of our project was being able to better classify current therapy. On the one hand, 

we wanted to identify factors that can provide clues to the further outcome. We were therefore 

focusing on smoking in the course of the study, as the influence of smoking on healing of cartilage 

has not yet been clearly clarified. On the other hand, we aimed to analyze the currently coexisting 

forms of therapy with the use of the longer-known scaffold matrices and the relatively new hydro-

gel-based, liquid matrices for differences in outcomes. 

Materials and methods: 

To investigate various factors influencing the outcome after autologous chondrocyte implantation, 

we used data of 281 patients included in the German Cartilage Registry, a multicenter database. 

The patients were split into groups of non-smokers, ex-smokers and smokers that were compa-

rable in terms of parameters such as age, BMI, gender, defect size and location, necessary con-

comitant surgeries and previous surgery on the affected joint. The postoperative outcomes were 

examined using the KOOS, the NRS as well as the subjective satisfaction of patients at 6 months, 

one and two years after surgery. 

To compare scaffold and hydrogel-based matrices, we formed a total of 25 matching pairs from 

50 patients who underwent surgery at Ludwig-Maximilians-University of Munich. As criteria for 

match-pairing we used the number of defects and gender (as well as defect location, age, defect 

size, previous surgeries and concomitant surgeries in the case of several existing options). The 

groups were then compared based on IKDC scores and VAS 6, 12 and 24 months after surgery. 

For statistical analysis, IBM SPSS Statistics versions 21 and 26 were used. 

Results: 

The post-surgery outcome after autologous chondrocyte implantation of smokers and ex-smokers 

shows no significant differences in the first 24 months compared to the outcome of non-smokers. 

Both the scaffold and the hydrogel-based variants showed significant post-surgery improvements 

in IKDC scores and VAS. In the hydrogel-based approach, progress in IKDC scores can be sta-

tistically demonstrated after half a year, in case of scaffold-based matrices, it can be shown after 

a full year. 

Conclusion: 

Hydrogel-based and scaffold matrices provide comparable results over the course of 24 months 

when used in autologous chondrocyte implantation. Smoking has not significantly affected the 

post-surgery results during the first two years. 
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7. Paper I 
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Abstract
Purpose Scaffold-based autologous chondrocyte implantation is a well-established treatment for cartilage defects in the 
knee joint. Hydrogel-based autologous chondrocyte implantation using an in situ polymerizable biomaterial is a relatively 
new treatment option for arthroscopic cartilage defects. It is therefore important to determine if there are significant differ-
ences in the outcomes. The aim of this study is to compare the outcomes (using subjective parameters) of hydrogel-based 
autologous chondrocyte implantation (NOVOCART ® Inject) with the outcomes of scaffold based autologous chondrocyte 
Implantation (NOVOCART ® 3D) using biphasic collagen scaffold.
Methods The data of 50 patients, which were paired with 25 patients in each treatment group, was analyzed. The main param-
eters used for matching were gender, number of defects and localization. Both groups were compared based on Visual Ana-
logue Scale (VAS) and subjective IKDC scores, both of which were examined pre-operatively and after 6, 12 and 24 months.
Results Significant benefits in both VAS and IKDC scores after 2 years of follow-up in both groups were found. Comparing 
the groups, the results showed that in the hydrogel-based autologous chondrocyte implantation group, significant changes 
in IKDC scores are measurable after 6 months, while it takes 12 months until they are seen in the scaffold based autologous 
chondrocyte group.
Conclusion Hydrogel-based autologous chondrocyte and scaffold based autologous chondrocyte show comparable improve-
ments and significant benefits to the patients’ subjective well-being after a 2-year-follow-up.
Level of evidence III.

Keywords Cartilage defect · ACI · Hydrogel · Scaffold

Introduction

Focal cartilage defects of the knee are a common diagnosis 
that often leads to severe problems in quality of life and 
pain. The treatment of these defects is challenging and over 
the last decades, the recommended course of therapy has 
changed a lot. Since autologous chondrocyte implantation 
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was introduced clinically in 1994 by Brittberg et al. [4], this 
technique has been established and according to different 
studies, it is by now the preferred therapy especially for full-
thickness focal cartilage defects over 2.5  cm2 of the knee 
[5, 7, 11].

Over the years, autologous chondrocyte implantation 
(ACI) has been further developed [6]. By now, according to 
recent literature, especially second and third generation ACI 
leads to satisfying outcomes [7, 9, 15]. While collagen-based 
scaffold-ACI is clearly established as a good option for focal 
cartilage knee defects, hydrogel-based ACI (hydrogel-ACI) 
has been more recently developed and used as a potentially 
effective treatment. Reliable data on the outcomes of this 
procedure is not yet available, but because of the possibil-
ity of an arthroscopic implantation, promising results are 
expected.

For scaffold-ACI, the cultivated chondrocytes were 
seeded on a collagen-based membrane and implanted in an 
open surgery. For using a hydrogel, the cultivated chondro-
cytes were applied in an injectable suspension that combines 
a gel with a crosslinker in situ. Another difference between 
the two procedures is the base material. While collagen-
based membranes are used commonly, there are fewer stud-
ies about hyaluronic-acid-based scaffold or hydrogel.

By now, although there are many studies on ACI, com-
parisons regarding outcomes of scaffold- and hydrogel-ACI 
in recent literature could not be found. This is probably 
due to the novelty of hydrogel-ACI procedure. The aim of 
this study is to see if there are significant differences in the 
subjective outcomes of these two procedures over the first 
2 years after treatment. The hypothesis was that both scaf-
fold- and hydrogel-ACI lead to good comparable results after 
2 years. If hydrogel-ACI leads to comparable clinical results 
we recommend to use hydrogel-ACI because of its possibil-
ity to applicate it less invasive or arthroscopic.

Materials and methods

This study was performed with an IRB (institutional review 
board, ID 344-12) approval from Ludwig-Maximilians-
Universität München. A total of 50 patients were included 
consecutively in this monocentric study. The inclusion cri-
teria were: symptomatic cartilage defects ICRS grade III-IV 
of the femorotibial and patellofemoral joint with a minimum 
defect size of 2.5  cm2. Exclusion criteria were: malalign-
ment > 3–5 degrees mechanical axis deviation, osteoarthri-
tis (Kellgren Lawrence > 2), subtotally resected meniscus in 
the affected compartment, rheumatoid arthritis with relevant 
synovitis, haemophilia-associated arthropathy and corre-
sponding bipolar cartilage defects.

First, the scaffold-ACI group of 25 patients were 
treated and afterwards the hydrogel-ACI group (n = 25) 

were treated. Surgery was performed by three experienced 
surgeons at our clinic. After harvesting the osteochondral 
biopsies after 3–4 weeks, ACI surgery was performed with 
a knee arthrotomy in both groups. After careful debride-
ment of the cartilage defect and measuring of the defect 
size scaffold-ACI (NOVOCART ® 3D, TETEC GmbH, 
Reutlingen, Germany), hydrogel-ACI (NOVOCART 
® Inject, TETEC GmbH, Reutlingen, Germany) was 
injected with a syringe directly in the cartilage defect. A 
dual chamber syringe was used to inject a suspension of 
autologous cell in a solution of modified human albumin, 
isotonic sodium hyaluronate, human serum, and cell cul-
ture media with a cross-linker into the prepared site of 
the defect.

In both groups, there were 14 patients with a single 
defect and 11 patients with two defects that needed to be 
treated. Also, there were 13 men and 12 women in each 
of the respected treatment groups. The mean age in the 
hydrogel-ACI group (SD 12.8) at the time of treatment 
was 37.0 years, while patients treated with scaffold-ACI 
had a mean age of 33.9 years (SD 11.6). The mean defect 
size was 4.4  cm2 (SD 3.1) in the hydrogel-ACI group, and 
5.5  cm2 (SD 2.8) in the scaffold-ACI group. More epide-
miologic data such as etiology of the defect can be seen 
in Table 1.

For match pairing, gender and number of defects as the 
main parameters were used. When there was more than one 
option, defect localization, patient age, defect size, former 
surgical treatments and contemporary treatments were taken 
in that order as further comparison parameters to find the 
optimal pairs.

Signed informed consent from the patients were required. 
The follow-up was over 24 months after treatment with 
both scaffold-ACI and hydrogel-ACI. All patients treated 
with any form of ACI are surveyed before treatment, after 
6 months, 12 months and 24 months with standardized ques-
tionnaires. The two groups were compared regarding the 
pain level on Visual Analogue Scale (VAS) in movement 
and International Knee Documentation Committee (IKDC) 
subjective score. Both scoring systems are well established 
for the evaluation of knee symptoms. A complete follow-up 
in both tested items (VAS and IKDC score) after 2 years was 
given in both cases.

 Statistical analysis

Statistical analysis and graphics were performed with IBM 
SPSS Statistics Version 26. For samples size calculation 
G*Power 3.1 was used. A total sample size of 46 were 
calculated. Normal distribution was tested with Kolmogo-
rov–Smirnov and Shapiro–Wilk tests. After normal distri-
bution was declined, group comparisons were done with 
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Wilcoxon-test. p-Values smaller than 0.05 were taken as 
significant.

Results

In both groups, statistical tests showed significant improve-
ments in both VAS and IKDC scores after a follow-up of 
2 years. Hydrogel-based ACI leads to an earlier improve-
ment in the IKDC score (Table 2).

The median IKDC score improved comparable from 
41.4 to 66.7 points in the Hydrogel-ACI group and from 
36.5 to 67.8 points in the scaffold-ACI group (p < 0.001) 
(Fig. 1). In the hydrogel-ACI group, the median VAS score 
improved from 4.0 preoperatively to a score of 2.0 after 
2 years, while in the scaffold-ACI group it improved from 
a level of 7.0 preoperatively to 2.0 (p < 0.001) (Fig. 2).

Regarding the IKDC scores, significant improvements 
were found after 6 months in the hydrogel-ACI group, 
while the first improvements found in the scaffold-ACI 
group were after 12 months (p < 0.05) (Fig. 3). In compari-
son, VAS Scores showed an earlier significant improve-
ment in the scaffold-ACI group. The same applies for the 
measurement after 12 months. These developments can 
be seen in Fig. 4.

Another finding of this study was that VAS did not 
improve further from 12 to 24 months. Even though there 

Table 1  Comparison of epidemiologic data of patients in both treat-
ment groups

Hydrogel-
ACI 
(n = 25)

Scaffold-
ACI 
(n = 25)

Age at time of treatment
 Mean 37.0 33.9
 Median 38.0 32.0
 Min 14 13
 Max 55 51

Defect size
 Mean 4.4 5.5
 Median 3.0 5.0
 Min 1.0 0.8
 Max 12.0 12.0

Body mass index
 Mean 27.2 26.3
 Median 26.3 25.6
 Min 18.7 20.9
 Max 39.1 35.3

Number of defects
 1 14 14
 2 11 11

Localization
 Medial femoral condyle 12 9
 Lateral femoral condyle 1 3
 Patellar 11 12
 Trochlear 1 1
 Tibial 0 0

Aetiology
 Osteochondrosis dissecans 0 2
 Traumatic (< 1 year) 1 3
 Post-traumatic (> 1 year) 6 8
 Unknown 18 11

Earlier surgical treatments
 Total 4 9
 Bone marrow stimulation 4 7
 Autologous chondrocyte implantation 0 1
 Flake refixation 0 1

Simultaneous treatments
 Total 3 8
 Osteotomy 1 0
 Bone grafting 0 1
 Medial patellofemoral ligament recon-

struction
0 2

 Collagen meniscus implantation 0 2
 Anterior crucial ligament reconstruction 2 3

Table 2  Development of VAS and IKDC scores in both treatment 
groups

Median Max Min SD

IKDC before surgery
 Hydrogel-ACI (n = 25) 41.4 89.7 18.4 18.1
 Scaffold-ACI (n = 25) 36.5 94.3 2.3 25.3

IKDC 6 months post-surgery
 Hydrogel-ACI (n = 25) 51.7 80.5 6.9 18.2
 Scaffold-ACI (n = 25) 44.8 98.9 9.8 21.4

IKDC 12 months post-surgery
 Hydrogel-ACI (n = 25) 59.8 100.0 9.2 20.9
 Scaffold-ACI (n = 25) 60.9 100.0 32.8 17.2

IKDC 24 months post-surgery
 Hydrogel-ACI (n = 25) 66.7 100.0 17.2 21.7
 Scaffold-ACI (n = 25) 67.8 100.0 18.4 18.4

VAS before surgery
 Hydrogel-ACI (n = 25) 4.0 8.0 0.0 2.6
 Scaffold-ACI (n = 25) 7.0 10.0 0.0 3.4

VAS 6 months post-surgery
 Hydrogel-ACI (n = 25) 3.6 9.0 0.0 2.4
 Scaffold-ACI (n = 25) 2.6 9.0 0.0 2.7

VAS 12 months post-surgery
 Hydrogel-ACI (n = 25) 2.0 9.0 0.0 2.6
 Scaffold-ACI (n = 25) 1.7 7.0 0.0 2.4

VAS 24 months post-surgery
 Hydrogel-ACI (n = 25) 2.0 8.0 0.0 2.3
 Scaffold-ACI (n = 25) 2.0 8.2 0.0 2.1
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were no significant findings, the tendency in the scaffold-
ACI group showed a rising median VAS score (from 1.7 to 
2.0), while in the Hydrogel-ACI group, the median score 
stayed at 2.0 (Fig. 4).

Discussion

The major findings of this study are that both scaffold-
based ACI using a biphasic collagen scaffold and hydro-
gel-based ACI using an in situ polymerizable biomaterial 

lead to comparable subjective improvements after a fol-
low-up of 2 years. Neither one of the two delivered sig-
nificantly better results after 2 years, but there were differ-
ences in the progress over time. Hydrogel-based ACI leads 
to an earlier improvement in the IKDC score.

There are multiple studies on scaffold-ACI. Promising 
results were shown in a recent study regarding the hydro-
gel-ACI [3, 17, 19]. As there are several papers about first 
generation up to third generation ACI [1, 2, 12] and few 
comparisons between different generations [2, 16], there is 

Fig. 1  Development of IKDC 
score in both treatment groups. 
Tests have shown significant 
improvements in IKDC score 
after a follow-up of 2 years 
(p < 0.001)

Fig. 2  Development of VAS 
score in both treatment groups. 
Tests have shown significant 
improvements in VAS score 
after a follow-up of 2 years 
(p < 0.001)
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no comparison between hydrogel-based and scaffold-based 
ACI.

It has been described in earlier studies that collagen-
based scaffolds lead to satisfying subjective outcomes for 
patients when they are used in scaffold-ACI [13, 14, 18]. 
Similar results were found in our study. Both VAS and IKDC 
showed clear improvements in the comparison surveys 
before and after treatment. In addition, analogical results for 
the treatment with hyaluronic-based hydrogel were found. 
This suggests that neither of the two procedures is superior 
to the other when it comes to subjective parameters.

Regarding the scaffold-ACI, there is evidence that hyalu-
ronic based scaffolds can lead to significant improvements. 

Studies showed that its use—also after a follow-up period 
of up to more than 10 years—delivered significant improve-
ments and satisfying outcomes [1, 8]. Welsch et al. have 
compared hyaluronic based and collagen-based scaffolds in 
their study [21]. While the clinical results of both groups 
were similar and MOCART scores did not significantly vary 
between both groups after a follow-up of 24 months, the 
surface of the repair tissue was found to be in significantly 
better condition in the group treated with the collagen based 
scaffold.

Up until now, there were very few studies on hydrogel-
ACI. Although there have been different reports about the 
clinical outcomes of hydrogel-ACI already, none of them 

Fig. 3  Comparison of the 
development of median IKDC 
score in both treatment groups. 
Significances already showed 
after 6 months in the Hydrogel-
ACI group, while the first time 
significances showed in the 
scaffold-ACI group was after 
12 months (p < 0.05)

Fig. 4  Comparison of the devel-
opment of median VAS score 
in both treatment groups. While 
the improvement was significant 
after 6 months in the scaffold-
ACI-group, the first significant 
improvement in the Hydrogel-
ACI-group was after 24 months 
(p < 0.05)
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focus on the treatment of the knee. Thier et al. as well as 
Krueger et al. both reported good clinical outcomes for the 
use in the hip joint after a follow up of one to 3 years [10, 
20]. Both papers show significant improvements in subjec-
tive scores. Blanke et al. examined the short-term results of 
hydrogel-ACI for the knee and reported significant improve-
ments in clinical and radiological scores 2 years after treat-
ment [3]. Their findings were supported by the results of the 
present study.

In the present study, a match-paired analysis was used 
with two patient groups to compare patients treated with 
either hydrogel- or scaffold-ACI regarding their subjective 
outcomes after a follow-up of 2 years. Significant improve-
ments in the first review 6 months after treatment were 
shown. IKDC scores seem to improve faster in the hydrogel-
ACI group.

The biggest limitation of our study is the number of 
patients treated. A larger group of patients would lead to 
more conclusive results. In addition, the scores used were 
both subjective. Another potentially limiting factor of this 
study could be the novelty of the use of hyaluronic-based 
cell-suspensions as physicians could improve with more 
experience so that the quality of the outcome could also 
improve over the course of multiple years.

This study shows that both scaffold-ACI and hydrogel-
ACI lead to comparable results at this time. Regarding the 
clinical scores, clinical improvements were seen earlier after 
the hydrogel-based ACI compared with the scaffold based 
ACI. Hydrogel-ACI is a less invasive procedure and can be 
performed all-arthroscopically, which might be the reason 
for the earlier clinical improvement in the IKDC score.

Conclusion

This study showed, that both groups demonstrated a sig-
nificant improvement after 2 years with neither of the two 
groups showing significantly better results than the other. 
Both scaffold based ACI and hydrogel-based ACI with a 
minimum incision lead to good and comparable clinical 
results after 2 years. Hydrogel-based ACI leads to an earlier 
improvement in the IKDC score.
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Focal cartilage defects can severely impact the quality of
patient’s lives due to severe pain and impaired function. These
patients are also at a higher risk to develop osteoarthritiswhich
leads to further destruction of the joint and may lead to long-
term disability. Even partial thickness focal defects under 1cm
increase the risk of further cartilage damage in persons who

have or are at high risk to develop osteoarthritis.1 Current
treatment options of focal cartilage defects of the knee joint
include microfracture,2 osteochondral autograft transfer,3

osteochondral allograft transplantation,4 and autologous chon-
drocyte implantation (ACI).5 The third-generation ACI method
comprises of autologous cartilage cells seeded on a three-

Keywords

► smoking
► autologous cartilage

implantation
► cartilage repair
► knee
► German Cartilage
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Abstract Smoking is known to have various deleterious effects on health. However, it is not clear
whether smoking negatively affects the postoperative outcome followingmatrix-based
autologous cartilage implantation (MACI) in the knee. The purpose of this study was to
evaluate the effect of smoking on the outcome of MACI in the knee. A total of 281
patients receiving MACI in the knee between 2015 and 2018 were registered in the
German Cartilage Database. The cohort was divided into ex-smokers, smokers, and
nonsmokers. Data regarding the Knee Injury and Osteoarthritis Outcome Score
(KOOS), the numeric rating scale (NRS) for pain, and satisfaction with the outcome
were analyzed and compared. Follow-ups were performed at 6, 12, and 24months after
surgery. Of the 281 patients, 225 (80.1%) were nonsmokers, 43 (15.3%) were smokers,
and 13 (4.6%) were ex-smokers. The three groups were comparable with respect to age,
sex, body mass index (BMI), height, defect size, the need for additional reconstruction
of the subchondral bone defect, number of previous knee surgeries, and defect
location. However, nonsmokers had a significantly lower weight as compared with
smokers. Besides a significantly lower preoperative NRS of nonsmokers as compared
with smokers, there were no significant differences between the three groups with
respect to KOOS, NRS, and satisfaction at 6, 12, and 24 months of follow-ups. The
present study of data retrieved from the German Cartilage Registry suggests that the
smoking status does not influence the outcome of MACI in the knee.
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dimensional collagen scaffold. This approach requires the har-
vest of cartilage from the patient, isolation, and expansion of
chondrocytes invitro over severalweeks, seeding of the cells on
the matrix, and subsequently the implantation of the cell-
scaffold construct into the patient’s focal cartilage defect.6

Third-generation ACI is applied for full-thickness cartilage
defects of a size of at least 2.5 cm2, while patients are typically
up to approximately 55 years without certain concomitant
pathologies, including advanced arthritis, rheumatoid arthritis,
or subtotal resected meniscus in an impacted compartment.7

Since 2004, in many countries complete national smoking
bans in public places were adopted due to the well-known
deleterious effects of first-hand and second-hand smoke
exposure.8 It is estimated that smoking is responsible for
approximately 6million deathsworldwide per year.9Despite
this fact, the prevalence of smoking inGermany remains high
with 28%.10 The estimated global prevalence of daily tobacco
smoking among the adult population was 15.2% in 2015.11

Several investigations have demonstrated that smoking
has adverse effects on the musculoskeletal system.12 In
particular, it was reported that smoking is associated with

poorer outcomes following orthopaedic surgical procedures,
whilemost of these reports are derived from studies on bone
healing.13–17 Another research work demonstrated that
smoking increases the risk of early meniscus repair failure.18

In this retrospective study, significantly more smokers than
nonsmokers needed revision surgery after meniscus repair
leading to the conclusion that smoking status should be
added to the list of factors influencing the decision between
meniscus repair andmeniscectomy.18 The authors explained
the poorer outcome with the detrimental effects of smoking
on tissue perfusion causing vasoconstriction and platelet
aggregation. Similarly, it was found that smoking has a
negative effect on rotator cuff repair, leading to impaired
healing and poorer clinical outcomes.19 The authors
concluded that smoking cessation would benefit patients
improving clinical outcome.

Interestingly, the relationship between smoking and
osteoarthritis is controversial.12 Cartilage is an avascular
tissue receiving oxygen and nutrients from the synovial fluid
by diffusion. Therefore, cartilage may not be as negatively
affected by smoking as other tissues.

Table 1 The patient cohort investigated in the present study was divided into three groups: ex-smokers, nonsmokers, and smokers

Demographics Ex-smokers Smokers Nonsmokers p-Value

Age (y) 40.5� 11.2 36.8�10.1 34.6� 10.5 0.089

Sex 0.309

Female 30.8% 34.9% 45.1%

Male 69.2% 65.1% 54.9%

Body mass index (kg/m2) 27.5� 4.2 26.5�3.6 25.4� 3.8 0.054

Weight (kg) 85.2� 15.4 83.5�13.6 79.1� 13.5 0.055

Height (cm) 175.4�6.6 176.4� 9.5 175.3� 9.2 0.755

Defect size (mm2) 429.9�170.2 410.7� 192.5 426.7� 201.3 0.888

Repair of subchondral bone 15.4% 9.3% 11.6% 0.054

Number of previous knee surgeries 0.599

0 46.2% 37.2% 44.9%

1 15.4% 37.2% 35.6%

2 7.7% 11.6% 11.1%

3 23.1% 4.7% 6.2%

4 0% 9.3% 1.3%

5 7.7% 0% 0.9%

Defect localization 0.688

Patella 30.8% 32.6% 39.1%

Trochlea 7.7% 7.0% 12.9%

Medial femoral condyle 38.5% 44.2% 35.1%

Lateral femoral condyle 23.1% 16.3% 9.8%

Medial tibial plateau 0% 0% 1.3%

Lateral tibial plateau 0% 0% 1.8%

Notes: Recorded parameters were age, sex, body mass index, weight, height, defect size, the need for additional reconstruction of the subchondral
bone defect, number of previous knee surgeries, and defect location.
The weight of nonsmokers was significantly lower than that of smokers (p¼0.032).
There was no statistically significant difference between the three groups with respect to all other parameters.
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The purpose of this study was to investigate whether
smoking influences the outcome following treatment of focal
cartilage defects in the knee by third-generation ACI. Due to
the well-known general deleterious health effects of smok-
ing, we hypothesized that smokers show worse outcomes
after third-generation ACI.

Methods

Patients and German Cartilage Registry
Data were obtained from the German Cartilage Registry.20 A
total of 281 patients assigned for third-generation ACI be-
tween 2015 and 2018 were included in this study. Surgeons

Fig. 1 Clinical outcomes of ex-smokers, non-smokers and smokers analyzed by means of the Knee Injury and Osteoarthritis Outcome Score
(KOOS). There were no significant differences detected between the three groups at 6, 12, and 24 months follow-ups. Post-op, postoperative;
Pre-op, preoperative.

Fig. 2 Outcomes of ex-smokers, non-smokers and smokers analyzed by the five KOOS subscores. (A) The Knee Injury and Osteoarthritis
Outcome Score (KOOS) ADL (function in daily living), (B) KOOS QOL (knee-related quality of live), (C) KOOS pain, (D) KOOS symptoms, (E) KOOS
sport/recreation. There were no significant differences detected between the three groups at 6, 12, and 24 months follow-ups. ADL, activity of
daily living; Post-op, postoperative; Pre-op, preoperative; QOL, quality of life.
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have entered datasets of their patients in this international
(Germany, Austria, and Switzerland) and longitudinal
multicenter registry preoperatively, as well as at 6, 12, and
24 months of follow-ups. Patients who are at least 18 years
old, have a personal e-mail address, have given written
informed consent, and had surgical treatment of cartilage
defects in the knee, hip, or ankle are eligible to take part in
the German Cartilage Registry. The study was approved by
the local ethical committee (approval number: 105/13) and
registered at the DRKSweb site (DRKS00005617). Data were
collected applying a web-based remote data entry system.
Patient- and defect-specific parameters were evaluated. The
patient cohort investigated in the present study was divided
into three groups: ex-smokers, nonsmokers, and smokers.

Evaluated Parameters
Recorded parameters were age, sex, body mass index (BMI),
weight, height, defect size, the need for additional recon-
struction of the subchondral bone defect, number of previ-
ous knee surgeries, and defect location.

Clinical outcomes were analyzed by means of the Knee
Injury and Osteoarthritis Outcome Score (KOOS) and a
numeric rating scale (NRS) for pain description. The KOOS
is a well-established patient-reported questionnaire com-
prising the five subscales KOOS pain, KOOS symptoms, KOOS
ADL (activity of daily living), KOOS sports/recreation, and
KOOS QOL (knee-related quality of live).

Also, patient satisfaction was evaluated. Original data
were given as categorical variables. To perform additional
statistical analysis of nominally scaled parameters, a patient
satisfaction score was applied as follows: “excellent”¼1,
“good”¼2, “fair”¼3, and “poor”¼4.

Statistical Analysis
Descriptive cohort data are presented as means� standard
deviations or percentages. SPSS (version 21, IBM Corp.) was
employed to conduct statistical analysis. Analysis of variance
(ANOVA) was applied to analyze nominally scaled parameters
of KOOS, KOOS subscores, NRS, and patient satisfaction score.
Relationships between categorical variables of patient satis-
factionwere tested using a Chi-square test. An error probabili-
ty <5% (p<0.05) was considered statistically significant.

Results

Of the 281 patients, 225 (80.1%) were nonsmokers, 43
(15.3%) were smokers, and 13 (4.6%) were ex-smokers.
Age, sex, BMI, height, defect size, the need for additional
reconstruction of the subchondral bone defect, number of
previous knee surgeries, and defect location were not signif-
icantly different between groups. Interestingly, nonsmokers
had a significantly lower weight as compared with smokers
(p¼0.032; ►Table 1).

In the group of ex-smokers, 92.3% of patients responded to
the KOOS questionnaire at 6, 12, and 24 months of follow-
ups, respectively. In the group of smokers, there were 93%
KOOS responders at all three follow-up time points, and
96.4% of nonsmokers entered their KOOS scores in the web-
based data collection system at 6, 12, and 24 months.

No significant differences between the three groups with
respect to KOOS, KOOS subscores, and NRS at 6, 12, and
24 months of follow-ups were detected (►Figs. 1–3). Only
the preoperative NRS of nonsmokers as compared with
smokers was significantly lower (p¼0.013). The groups
showed the following increase of the KOOS over time:

Fig. 3 Clinical outcomes of ex-smokers, nonsmokers and smokers analyzed by means of the numeric rating scale (NRS). Only the preoperative
NRS of nonsmokers as compared with smokers was significantly lower (p¼0.013). No significant differences between the three groups were
detected at 6, 12, and 24 months follow-ups. Post-op, postoperative; Pre-op, preoperative.
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ex-smokers: preoperative¼53.8�12.4, 6 months¼68.8
�13.1, 12 months¼72.3�14.2, and 24 months¼76.6
�13.1; smokers: preoperative¼57.9�16.3, 6 months
¼71.0�13.8, 12 months¼74.4�16.7, and 24 months
¼73.6�19.4; nonsmokers: preoperative¼59.9�17.2, 6
months¼72.5�16.2, 12 months¼75.8�16.6, and 24
months¼76.6�17.2.

Pain analyzed using the NRS decreased from preoperative
to 24 months: ex-smokers: preoperative¼4.4�2.9, 6
months¼2.4�1.6, 12 months¼2.5�2.2, and 24 months
¼2.0�1.8; smokers: preoperative¼4.2�2.5, 6 months
¼2.6�2.2, 12 months¼2.3�2.2, and 24 months¼2.2
�2.3; nonsmokers: preoperative¼3.2�2.5, 6 months¼2.2
�1.9, 12 months¼2.2�2.0, and 24 months¼2.2�2.2.

Patient satisfaction was also not significantly different
between groups (►Fig. 4A, B). None of the ex-smokers voted
“poor” at 6 and 12 months. Instead, 69.2% of ex-smokers
voted “good” at 6 and 12 months. Smokers and nonsmokers
gave very similar answers regarding their satisfaction at 6,
12, and 24 months. At 24 months, all three groups voted
very similar. Patient satisfaction score was not significantly
different between groups and ranged between 2.9 and 3.2.
At 6 months, the score was 3.2�1.0 for ex-smokers,
2.9�0.8 for smokers, and 3�0.8 for nonsmokers; at
12 months, 3.0�1.0 for ex-smokers, 2.9�1.0 for smokers,
and 3.0�0.9 for nonsmokers; and at 24 months, 3.1�1.0
for ex-smokers, 3.0�0.9 for smokers, and 3.0�0.9 for
nonsmokers.

Fig. 4 Patient̀s satisfaction with the outcome was evaluated. Patients were able to choose from “excellent,” “good,” “fair” or “poor,” as shown in
(A). To perform additional statistical analysis of patient satisfaction a score was applied as follows: “excellent”¼1, “good”¼2, “fair”¼ 3, and
“poor”¼ 4 (B). There were no significant differences detected between the three groups at 6, 12, and 24 months follow-ups.
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Discussion

In the present study, we did not find evidence that the
smoking behavior affects the outcome of third-generation
ACI in the knee until 24 months following surgery. This
finding is compatible with results from an earlier investiga-
tion demonstrating that there is no influence of smoking on
the risk of reintervention after ACI.21 However, our conclu-
sion stands in contrast to a study that was published a decade
ago reporting poorer results in smokers than in nonsmokers
after ACI in the knee.22 In this single-center, case-controlled
study, smokers showed a significantly lower Modified Cin-
cinnati Knee Score pre- and postoperatively as compared
with nonsmokers, and smokers demonstrated significantly
less improvement after 2 years than nonsmokers. While our
study included a larger number of patients with data collect-
ed from multiple study centers, we decided to employ the
Knee Injury and Osteoarthritis Outcome Score (KOOS)
instead of the Modified Cincinnati Knee Score. The KOOS
subscores were recommended by the International Cartilage
Repair Society (ICRS) as basic assessment tools to investigate
articular cartilage repair since they show good psychometric
properties and provide relevant and quantitative data in-
cluding pain and joint function.23 The KOOS has been vali-
dated as reliable and responsive for patients suffering from
focal cartilage lesions.24–26

The outcome of our study is supported by findings of
several previous investigations. A recent meta-analysis sug-
gests that there is an inverse association between smoking
and osteoarthritis in the knee, meaning that smoking pro-
tects from this cartilage degeneration.27 A clinical study in
healthy patients showed that smoking is associated with
increased tibial cartilage volume.28 Moreover, in vitro stud-
ies demonstrated that nicotine has a positive effect on
chondrocyte metabolism.29,30 Hence, we believe it is likely
that smoking does not negatively affect cartilage repair
procedures. On the other side, it has been concluded that
smoking impairs healing of several musculoskeletal tis-
sues.12 In particular, there is evidence that smoking is
associated with delayed bone healing.13–17 Also, it was
reported that smokers have a higher risk for impaired
regeneration of wounds of the skin and other soft
tissues.31,32

The negative effects of smoking on healing of bone and
soft tissue are caused by multiple mechanisms, including
vasoconstriction, decreased oxygen delivery, and reduced
fibroblast migration.33–36 Cartilage, however, is an avascular
tissue and the decrease of microperfusion and oxygenation
by nicotine and carbon monoxide may not affect cartilage
healing as much as bone and soft-tissue healing. Instead, an
in vitro experiment demonstrated stimulating effects of
nicotine on human chondrocytes derived from healthy
patients and osteoarthritis patients leading to enhanced
cell proliferation and collagen synthesis.30 Despite these
considerations, in our present study, the group of smokers
did not achieve a better outcome after third-generation ACI
than nonsmokers or ex-smokers.

The preoperative NRS of smokers was significantly higher
than in the group of nonsmokers. Thisfinding is in agreement
with other previous studies reporting that smokers experi-
ence more musculoskeletal pain than nonsmokers.37–39 It is
thought that elevated levels of proinflammatory mediators
can amplify pain in smokers.40,41

Strengths and Limitations

Strengths of this study include the way data were collected.
We used registry data from a large number of “real world
patients” with similar patient- and defect-specific param-
eters. The reported datamay be closer to reality as in contrast
to highly selected cartilage defect patients enrolled in
randomized clinical trials that are suggested not to be
representative of patients in an orthopaedic practice.24,42

Data from the German Cartilage Registry were collected by
multiple international study centers using a web-based
remote data entry system.20

Limitations are that register studies are subject to selec-
tion bias, since it cannot be guaranteed that every single
patient receiving ACI will be documented. Also, there might
have been unconsidered confounding variables influencing
the outcome. Yet, it has been postulated that randomized
controlled trials should be supplemented by observational
studies with data from multicenter patient registries.43–45

Conclusion

Our data suggest that smoking does not affect the outcome
within the first 2 years after third-generation ACI. Despite
this finding, we recommend that prior to cartilage repair
procedures surgeons inform their patients about the various
deleterious effects of smoking on health.
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