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1. Introduction: ACL injury

Janssen RPA. Anterior Cruciate Ligament Reconstruction & Accelerated Rehabilitation. PhD Thesis 2016, Maastricht University



Introduction

Succesful ACL surgery requires understanding of:  

• Anatomical graft placement 

• Mechanical properties: 

• selected graft 

• fixation methods  

• Rehabilitation

ACL

Biological processes graft after reconstruction

Janssen RPA. Anterior Cruciate Ligament Reconstruction & Accelerated Rehabilitation. PhD Thesis 2016, Maastricht University



Unterhauser et al 2003, Petersen et al 2003, Weiler et al 2004, Menetrey et al 2008, Scheffler et al 2008  
Janssen et al 2011/2014/2018, Nagelli et al 2017

• ACL surgical technique improved last 15-20 years 

• Graft failure:  
0.7-10% adults, up to 30% pediatric/adolescents 

• ACL graft healing: 

• Intra-tunnel  

• Intra-articular (remodelling)



Law of functional adaptation

• “An organ will adapt itself structurally to an alteration, 
quantative or qualitative in function”  Wilhelm Roux 1905 

• “Ligamentization” Clancy 1981, Amiel 1986, Scranton 1998, Goradia 2000 

• ”Physiological knee joint biomechanics need to be 
restored in ACL reconstruction & rehabilitation for an 
optimal biomechanical stimulus to guide graft adaptation 
to new ACL”  Janssen 2018

Janssen RPA & Scheffler SU. Graft remodelling and ligamentization after ACL reconstruction.  
In Prodromos CC (Ed). The Anterior Cruciate Ligament: Reconstruction and Basic Science. 2018 Elsevier
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2. Remodelling ACL grafts

Animal studies: 3 phases   

1. Early graft healing 
2. Proliferation 
3. Ligamentization (maturation)

Rehabilitation protocols after ACL reconstruction

Janssen RPA. Anterior Cruciate Ligament Reconstruction & Accelerated Rehabilitation. PhD Thesis 2016, Maastricht University



Phase 1: Early graft healing

Arnoczky et al 1982, Amiel et al 1984, Kleiner et al 1986, Bosch et al 1992, Goradia et al 2000, Kawamura et al 2005 
Scheffler et al 2005, Yoshikawa et al 2006, Mayr et al 2012, Janssen & Scheffler 2018

• Graft center necrosis 

• Hypocellularity 

• No revascularization 

• Collagen structure/crimp pattern maintained

0-4 weeks

Importance fixation due to lack of biological graft 
incorporation in tunnels with risk pull-out



Phase 2: Proliferation

Shino et al 1984, Ballock et al 1989, Jackson et al 1993, Murray et al 2000, Unterhauser et al 2003, Petersen et al 2003 
Weiler et al 2004, Scheffler et al 2005, Tohyama et al 2006, Mayr et al 2012, Janssen & Scheffler 2018

• Cellularity ↑ 

• Myofibroblasts 

• Revascularization 

• Collagen fibril density ↓ 

• Type III collagen synthesis

4-12 weeks

Mechanical properties weakest 6-8 weeks



Phase 3: Ligamentization

12 weeks - 12 months

• Cellularity ≈ ACL  (3-6 months) 

• Vascularity ↓ ≈ ACL  (6-12 months) 

• Collagen III ↑  

• Collagen alignment ↑ (loss bimodality ≠ ACL)

1 year: structural properties 50-60% of intact ACL

Intact ACL12 months

Clancy et al 1981, Arnoczky et al 1982, Amiel et al 1986, Weiler et al 2001, Unterhauser et al 2003 
Scheffler et al 2005/2007, Yoshikawa et al 2006, Janssen & Scheffler 2018



Revascularization

Janssen RPA & Scheffler SU. Graft remodelling and ligamentization after ACL reconstruction.  
In Prodromos CC (Ed). The Anterior Cruciate Ligament: Reconstruction and Basic Science. 2018 Elsevier

Intact ACL

12 weeks

6 weeks

52 weeks



Summary ACL graft remodelling

Animal studies

• Restoration graft integrity / histological appearance is 
completed at 6-12 months (≈ morphology intact ACL) 

• Mechanical properties reach maximum strength at 12 
months without further significant changes thereafter  

• Mechanical strength is 50-60% of intact ACL

Janssen RPA & Scheffler SU. Graft remodelling and ligamentization after ACL reconstruction.  
In Prodromos CC (Ed). The Anterior Cruciate Ligament: Reconstruction and Basic Science. 2018 Elsevier
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3. Remodelling human ACL grafts

Factors that limit comparisons from animal studies:

• graft isometricity (arthrotomy, non-anatomic) 

• patient compliance 

• rehabilitation  

• healing response/vascularity 

• biomechanical strength

Janssen RPA & Scheffler SU. Graft remodelling and ligamentization after ACL reconstruction.  
In Prodromos CC (Ed). The Anterior Cruciate Ligament: Reconstruction and Basic Science. 2018 Elsevier



Limitations human remodelling studies

• MRI (gadolinium-enhanced): limited value 

Bachmann et al 1994, Howell et al 1995, Weiler et al 2001, Gohil et al 2007, Vogrin et al 2010, Janssen & Scheffler 2018



Remodelling ACL grafts

• MRI (gadolinium-enhanced): limited value 

• Biopsy studies: 

• Post-mortem evaluation 

• Second-look arthroscopy 

• peripheral graft biopsy 

• focus proliferation/ligamentization phase

Abe et al 1993, Rougraff et al 1993, Falconiero et al 1998, Marumo et al 2005, Zaffagnini et al 2010, Sanchez et al 2010 
Claes et al 2011, Janssen et al 2011/2014 Pauzenberger et al 2013, Janssen & Scheffler 2018



• 67 patients  

• Second look arthroscopy 2001-2007 

• Midsubstance biopsies: 6-117 months after ACL reconstruction  

• ACL reconstruction: 

• quadruple hamstring reconstruction 

• standardized accelerated rehabilitation protocol



Biopsies allocated to 3 groups: 

• Group 1 = 6-12 months 

• Group 2 = 13-24 months 

• Group 3 = over 24 months 

Control group: 

• Hamstring tendon and native ACL



Biopsies: 

Quantative analysis (immunostaining): 

• Cellular, vascular and myofibroblast density 

Descriptive analysis: 

• Cell morphology /distribution  

• Inflammatory reaction 

• Collagen fibril alignment



Cellular density

 

Fig 1. Results of the median cell density for all biopsy groups. Significant differences 
between groups 1-3 and native hamstring tendon are illustrated with *   

* 

Janssen et al. Remodelling of human hamstring autografts after ACL reconstruction. Knee Surg Sports Traumatol Arthrosc 2011



Myofibroblast density

 

 

Fig. 3  Results for median myofibroblast density for all biopsy groups. Myofibroblast density 
was significantly higher in group 2 (13-24 months) compared to native HT control (marked 
with *). 

* 

Janssen et al. Remodelling of human hamstring autografts after ACL reconstruction. Knee Surg Sports Traumatol Arthrosc 2011



Summary human vs animal remodelling

Graft remains viable. Same 3 phases of remodelling:

Abe et al 1993, Rougraff et al 1993, Falconiero et al 1998, Marumo et al 2005, Zaffagnini et al 2010, Sanchez et al 2010 
Claes et al 2011, Janssen et al 2011/2014 Pauzenberger et al 2013, Janssen & Scheffler 2018

1. Early graft healing 
Graft necrosis ↓↓ (3-6 weeks) 

2. Extended Proliferation phase 
Hypercellularity/hypervascularity up to 1 year 

3. Extended Ligamentization phase  
1 to 3 years

Final graft structural properties unknown in humans



RTP 9-12 months after ACL reconstruction 
Children 12 months?

Janssen RPA. Anterior Cruciate Ligament Reconstruction & Accelerated Rehabilitation. PhD Thesis 2016, Maastricht University



Remodelling………………The future



• Optimize ACL surgery & rehabilitation to fully restore 
anatomy and function while providing  the mechanical 
strength of the intact ACL 

• Develop biological treatments that impact on graft healing 
in the early graft healing and proliferation phases to 
optimize the extra-cellular matrix and avoid excessive 
remodelling that might impair mechanical integrity of the 
healing graft  

• Monitor and differentiate “good” from “bad” remodelling 
to optimize rehabilitation for faster return to unrestricted 
activity

Janssen RPA & Scheffler SU. Graft remodelling and ligamentization after ACL reconstruction.  
In Prodromos CC (Ed). The Anterior Cruciate Ligament: Reconstruction and Basic Science. 2018 Elsevier

Personalized medicine



Tissue 
Mechanics
Potential 
Biological 
Consequences

Early Healing 
Phase

Proliferation 
Phase

Ligamentization 
Phase

Post-Operative Graft Remodelling

Janssen RPA. Anterior Cruciate Ligament Reconstruction & Accelerated Rehabilitation. PhD Thesis 2016, Maastricht University



Tissue 
Mechanics
Potential 
Biological 
Consequences

Rehabilitation & remodelling

ACL graft peak strain: 
 
<4% strain: fibers back to original configuration 
>4% strain: failure intermolecular crosslinks  
>8% strain: graft rupture 

Rehabilitation exercises and ACL graft peak strain: 
• Isometric quadriceps contraction @15 degrees knee flexion 4.4% 
• All other closed and open kinetic exercises < 4%

Janssen RPA. Anterior Cruciate Ligament Reconstruction & Accelerated Rehabilitation. PhD Thesis 2016, Maastricht University
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Graft strain & remodelling

Groningen B, Stefanofska D, Vijfen M, Steen van der M, Foolen J, Ito K, Janssen RPA 
Orthopaedic Biomechancs, Dept.Biomedical Engineering. TU/e



Graft strain & remodelling



Tendon graft remodelling

Groningen B, Vijfen M, Kimenai J, Steen van der M, Foolen J, Ito K, Janssen RPA 
Orthopaedic Biomechancs, Dept.Biomedical Engineering. TU/e



Age & remodelling
▪ Rerupture ACL graft age up to 30% in children/adolescents  
▪ Significant risk rerupture with early RTP 
▪ Relation age & remodelling/contractibility ACL graft  

Groningen B, Kimenai J, Vijfen M, Steen van der M, Foolen J, Ito K, Janssen RPA 
Orthopaedic Biomechancs, Dept.Biomedical Engineering. TU/e
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4. Take home message

• Human ACL autografts remain viable and show typical 3 
stages of remodelling 

• Remodelling process is not finished up to 2 years after ACL 
reconstruction  

• Remodelling process in humans is elongated compared to 
results from animal experimental studies on which 
rehabilitation protocols are based 

• Return to Performance 9-12 months from a biological 
perspective




