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Abstract 

Purpose: Degeneration of the cartilage after anterior cruciate ligament reconstruction (ACL-R) is known, and further 
deterioration can be expected in patients with tunnel malplacement or partial meniscal resection. It was hypoth-
esized that there is a significant increase in cartilage degeneration after failed ACL-R.

Material and methods: Isolated ACL revision surgery was performed in 154 patients at an interval of 
46 ± 33 months (5–175 months) between primary and revision surgery. Cartilage status at the medial, lateral femoroti-
bial, and patellofemoral compartments were assessed arthroscopically during primary and revision ACL-R in accord-
ance with the Outerbridge classification. Tunnel placement, roof angle, and tibial slope was measured using anter-
oposterior and lateral radiographic views.

Results: Cartilage degeneration increased significantly in the medial femorotibial compartment, followed by the 
lateral and patellofemoral compartments. There was a correlation between both cartilage degeneration in the 
patellofemoral compartment (PFC) (rs = 0.28, p = 0.0012) and medial tibial plateau (Rs = 0.24, p = 0.003) in relation to 
the position of tibial tunnel in the frontal plane. Worsening of the cartilage status in the medial femorotibial com-
partment, either femoral or tibial, was correlated with the tibial aperture site in the lateral view (Rs = 0.28, p < 0.001). 
Cartilage degeneration in the lateral compartment of the knee, on both femoral or tibial side, was inversely correlated 
with the femoral roof angle (Rs = −0.1985, p = 0.02). Meniscal tears, either at the medial or lateral site or at both, were 
found in 93 patients (60%) during primary ACL-R and increased to 132 patients (86%) during revision ACL-R.

Discussion: Accelerated cartilage degeneration and high prevalence of meniscal lesions are seen in failed ACL-R. 
Tunnel placement showed significant impact on cartilage degeneration and may partially explain the increased risk of 
an inferior outcome when revision surgery is required after failed primary ACL-R.

Level of evidence: Level IV—retrospective cohort study.
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Introduction
Cartilage degeneration at different sites of the knee 
occurs after anterior cruciate ligament reconstruction 
(ACL-R) [9, 14, 23]. Older age, higher body mass index 
(BMI), meniscal tears, and technical errors may acceler-
ate cartilage degeneration after primary ACL-R [11, 19].
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An evaluation of cartilage status after ACL-R with 
second-look arthroscopy indicated worsening of the car-
tilage status in all knee compartments, except for the lat-
eral femoral condyle [4]. Interestingly, anterior laxity and 
meniscal lesions did not correlate with the deterioration 
of the cartilage status. However, degenerative change of 
normal cartilage was found in 45% of the entire study 
cohort [4].

In contrast to these findings after primary ACL-R, the 
current study focused on a special group of patients who 
had received a second arthroscopy due to failed ACL-
R. Up to 15% of patients experience a re-tear or insuf-
ficiency after ACL-R [10]. Failure is mainly caused by 
another trauma, surgical errors during primary ACL-R, 
or biological factors. Nonanatomical tunnel placement 
causes revision of failed ACL-R in 22–79% of the cases [7, 
11, 12, 29, 33]. The impact of anatomic and nonanatomic 
ACL-R on osteoarthritis was analyzed in a literature 
review, and an increased prevalence was found between 
23.2% and 43.9% when tunnel placement was nonana-
tomical after 10 years of follow-up [28]. Significant accel-
eration of cartilage degeneration after failed ACL-R has 
been reported [2, 22, 24].

However, the site of the most pronounced cartilage 
degeneration in the knee remains unclear. Most stud-
ies used magnet resonance imaging (MRI) for cartilage 
assessment. MRI commonly underestimates cartilage 
damage when compared with arthroscopic assessment, 
emphasizing the relevance of the current study [15, 37]. 
No clear conclusions can be drawn with respect to the 
degrees and sites of cartilage degeneration from the cur-
rently available literature.

It was hypothesized that deterioration of the cartilage 
will occur after failed ACL-R and will be accelerated 

by both, tunnel malplacement and partial meniscal 
resection.

Material and methods
Records and radiographies of 154 consecutive patients 
operated at the sport clinic, Erfurt, between January 
2010 and December 2015 were evaluated in the ret-
rospectively designed study. Meniscus lesion and car-
tilage degeneration at the medial, lateral femorotibial, 
and patellofemoral compartments were assessed during 
primary and revision ACL-R, in accordance with the 
Outerbridge classification [32].

The femoral and tibial tunnel position was measured 
using the anteroposterior and lateral view of radiogra-
phies after primary ACL-R. The angulation between 
both the tibial and femoral tunnel, and the intraarticu-
lar aperture site was measured in the coronal plane. The 
posterior slope of the tibial plateau, the femoral roof 
angle, the intraarticular aperture site of femoral and 
tibial bone tunnel, and the angle of the tibial bone tun-
nel to the joint line was measured in the sagittal plane 
(Table 1) [20].

Additionally, the cause of secondary instability was 
analyzed. According to the history of failure, the study 
cohort was divided into a trauma and nontrauma 
group. A factor analysis was performed between the 
two groups to study the impact of tunnel position on 
failure of ACL-R. Patients in the trauma group had 
experienced an adequate trauma during sports activity 
such as football, handball, wrestling, jogging, or alpine 
skiing. A lack of appropriate trauma was allocated to 
the nontrauma group.

Table 1 Definition of the radiographic measurements using the anteroposterior and lateral view

Tibial slope Angle between the tibial plateau and the mechanical axis in the lateral view

Femoral roof angle Angle between the Blumensaat’s line and the posterior cortical bone of the femur

Intraarticular aperture site of the tibial tunnel in the AP view Aperture site in % = 100% × A/A + B
A = distance from the medial border of the tibial plateau to the center of the tunnel
B = distance from the lateral border of the tibial plateau to the center of the tunnel

Intraarticular aperture site of the tibial tunnel in the lateral view Aperture site in % = 100% × A/A + B
A = distance from the anterior border of the tibial plateau to the center of the tunnel
B = distance from the posterior border of the tibial plateau to the center of the tunnel

Angle of the tibial tunnel in the AP view Angle between the tibial plateau and the tibial tunnel

Angle of the tibial tunnel in the lateral view Angle between the tibial plateau and the tibial tunnel

Intraarticular aperture of the femoral tunnel in the lateral view Aperture site at the Blumsaat’s line in % = 100% × A/A + B
A = distance from the posterior femoral cortical bone to the center of the tunnel
B = distance from the anterior femoral condyle to the center of the tunnel

Femoral angle in the AP view Angle between a line drawn perpendicular to the tibial plateau and the femoral 
tunnel

Graft angulation in the AP view Angle between the graft orientation and the tibial plateau
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Statistical analysis
Descriptive statistics were used to present demographic 
data. Data were presented as mean ± standard deviation 
and range where appropriate. All variables were analyzed 
for normal distribution using the Shapiro–Wilkinson 
test. Nominal values between groups were correlated 
using the chi-square test. Independent group variables 
were analyzed by an unpaired t-test or Mann–Whitney 
U-test, depending on the distribution of normality.

Wilcoxon signed rank test was used to identify any sig-
nificant difference between cartilage status, as classified 
by the Outerbridge classification, at two different time 
points: primary and revision ACL-R at five different loca-
tions of the knee such as (1) patellofemoral compartment, 
(2) medial femoral condyle, (3) lateral femoral condyle, 
(4) medial tibial plateau, and (5) lateral tibial plateau.

Difference in cartilage status, as defined by the Outer-
bridge classification, was calculated by subtracting the 
former cartilage grade (at primary ACL-R) from the lat-
est cartilage grade (at revision ACL-R). The results were 
analyzed by the Spearman correlation test with the indi-
vidual numeric radiographic measurements. A p-value 
of < 0.05 was regarded as statistically significant. All sta-
tistical analyses were performed using  SPSS© Statistics 
Version 27 (IBM Corporation, Armonk, NY, USA).

Ethical approval was granted by the ethical committee 
of the University at Jena (5115-03/17) and written con-
sent was given by all patients.

Results
Overall, 31 female and 123 male patients with a mean 
age of 23.9 ± 7.5  years (range, 11–57  years) at the time 
of primary ACL-R were included in the analysis. The 
right knee was affected in 52% of the included patients. 
All patients had undergone primary ACL-R using a 
quadrupled autologous hamstring graft (semitendino-
sus and gracilis tendons). Isolated ACL revision sur-
gery was performed in 154 patients after a mean time of 
46 ± 33 months (5–175 months).

The mean diameter of the quadrupled hamstring graft 
was 8 ± 1  mm in primary ACL-R. Transtibial drilling 
for the femoral tunnel was performed in 132 patients 
(85.7%) and anteromedial portal drilling in 22 patients 
(14.3%). Femorally, button fixation (Endobutton®, 
Smith & Nephew; Andover, MA, USA, ACL Tight rope, 
Arthrex Naples FL, USA) was performed in 118 patients, 
Rigidfix (Mitek-DePuySynthes Raynham, MA, USA) in 
26 patients, and interference screw fixation (Fa. Storz, 
Tuttlingen, Germany) in 10 patients. Fixation on the tib-
ial side was performed using suture disc (Fa. Storz, Tut-
tlingen, Germany) in 105 patients and an interference 
screw (Fa. Storz, Tuttlingen, Germany) in 49 patients.

There was a significant difference in cartilage status 
between primary and revision surgery in all knee com-
partments (Fig. 1). Increased cartilage degeneration was 
observed in comparison to the primary ACL-R in the 
patellofemoral compartment (p < 0.001), medial femoral 
condyle (p < 0.001), lateral femoral condyle (p < 0.001), 
medial tibial plateau (p = 0.01), and lateral tibial plateau 
(p = 0.003) (Table 2).

Data on the tibial slope, femoral roof angle, and the 
position of the tibial and femoral bone tunnel are sum-
marized in Table 3.

The aperture of the tibial tunnel averaged 42.1 ± 3.2% 
in the coronal plane and 40.4 ± 5.2% in the sagittal plane, 
relative to the size of the plateau.

Aperture site of the femoral tunnel was 26.2 ± 7.3% of 
the entire diameter of the lateral condyle in the lateral 
radiographic view. When the entire lateral femoral con-
dyle was divided into four quarters from posterior to 
anterior parallel to the Blumensaat’s line, femoral aper-
ture was present in the first quarter in 38.2%, in the sec-
ond in 61.1%, and in the third in 0.7% of the cases. The 
femoral aperture site did not affect the cartilage status.

A statistically significant correlation was found between 
both worsening of the cartilage status in the patellofemo-
ral compartment (PFC) (Rs = 0.28, p = 0.0012) and medial 
tibial cartilage (Rs = 0.24,  p = 0.003) in relation to the 
position of tibial bone tunnel in the frontal plane.

Cartilage degeneration on the medial side of the knee, 
either femoral or tibial, was correlated with the tib-
ial aperture site of the tibial tunnel in the lateral view 
(Rs = 0.28, p < 0.001).

Worsening of the cartilage status on the lateral com-
partment of the knee, femoral or tibial, was found to 
be inversely correlated with the femoral roof angle 
(Rs = −0.1985, p = 0.02).
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Fig 1  Accumulation of cartilage degeneration for all three 
compartments at t1 (primary ACL reconstruction) and t2 (revision 
ACL reconstruction)
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Meniscal tears, either at the medial or lateral site or 
both, were found in 93 patients (60%) during primary 
ACL-R and increased to 132 patients (86%) during revi-
sion ACL-R (Table 4). All these patients received partial 
meniscal resection during primary ACL-R, however, no 
significant impact on cartilage degeneration was found, 
in either the medial nor lateral compartment.

The traumatic and nontraumatic groups comprised 
89 and 58 patients, respectively. The remaining seven 
patients complained about chronic knee instability and 
were excluded from analysis. Analysis of data between 
traumatic and nontraumatic failure after primary 
ACL-R showed that only the aperture of the tibial tun-
nel in the coronal plane outside the recommended ref-
erence of 42–44% had a significant impact between the 
two groups (Table  5). A difference in cartilage status 
was only found at the lateral femoral condyle between 

the two groups, with an increase in degeneration in the 
traumatic group (p = 0.004).

Discussion
This study showed a significant increase in cartilage 
degeneration at a mean of 46 months after ACL-R. A sig-
nificant increase in cartilage degeneration was found in 
all three knee compartments. While 62.3% of the patients 
did not show any cartilage degeneration at the time of 
primary ACL-R, this number decreased to 33.1% in the 
current young study population after 4  years of follow-
up. Progression of cartilage degeneration was predomi-
nantly found at the medial femorotibial compartment, 
followed by the lateral and the patellofemoral compart-
ment (Fig.  1). One may expect accelerated cartilage 
degeneration at the site where bone bruises occur during 
ACL injury, as seen on MRI, typically at the posterolat-
eral tibia plateau and the lateral femoral condyle [21]. The 
distribution of bone bruises was analyzed in a review, 
showing 35.5% on the lateral femoral condyle, followed 
by 41% on the lateral tibial plateau, 15% on the medial 
tibial plateau, and 8% on the medial femoral condyle [8]. 
However, the accelerated cartilage degeneration at the 
medial femorotibial compartment may rely on the adduc-
tion moment causing an increase in loading. Kinematic 
studies have previously demonstrated that ACL-R does 
not restore normal knee function [35]. While anterior 

Table 2 Frequency of cartilage damage in number of patients at the time of primary and revision ACL surgery

Compartment Patellofemoral Medial tibia Lateral tibia Medial femur Lateral femur

ACL surgery Primary Revision Primary Revision Primary Revision Primary Revision Primary Revision

Grade 0 138 112 152 144 153 142 108 64 150 133

Grade 1 0 3 0 0 0 2 1 1 0 0

Grade 2 11 14 1 3 1 7 28 41 4 11

Grade 3 5 21 1 6 0 3 16 32 0 6

Grade 4 0 4 0 1 0 0 1 16 0 4

Table 3 Measurements on the anteroposterior and lateral radiographic view

Measurements sagittal plane Mean and SD

Posterior slope of the tibial plateau 6.8 ± 3.3°

Femoral roof angle 33.7 ± 4.6°

Aperture site of the tibial tunnel 40.4 ± 5.2%

Aperture site of the femoral tunnel on the Blumensaat line referenced to the posterior cortical bone 26.2 ± 7.3%

Angle of the tibial tunnel 62.4 ± 6.3°

Measurements coronal plane Mean and SD

Intraarticular aperture site of the tibial tunnel 42.4 ± 3.2%

Angulation of the femoral tunnel 75.5 ± 4.0°

Angulation of the tibial tunnel 62.7 ± 7.2°

Table 4 Medial and lateral meniscal tear at the primary and 
revision ACL-R

Medial meniscus Lateral meniscus Medial 
and lateral 
meniscus

Primary ACL-R 62 (40.3%) 55 (35.7%) 24 (15.6%)

Revision ACL-R 36 (23.4%) 36 (23.4%) 33 (21.4%)
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tibial translation was similar to the healthy contralateral 
side, more external rotation and adduction was found, 
increasing the anterior contact point on the lateral tib-
ial plateau [34]. Altered knee kinematics may have an 
impact on the magnitude of stress applied to the carti-
lage. Change in kinematics is caused by the differences 
in bony morphology, ACL injury, and reconstruction [17, 
18]. Anatomic graft geometry showed impacts on kine-
matics, such as tibial contact location and sliding veloc-
ity, on both the medial and lateral tibial plateau [36].

Anatomical variation of the insertion site and accuracy 
of tunnel placement are challenges in ACL reconstruc-
tion, and some kind of knee instability or even tightness 
after reconstruction may occur as a result [6, 30]. Patho-
logical ACL graft tension can be expected after incorrect 
tunnel placement and may accelerate cartilage degenera-
tion. However, identification of the exact insertion site 
on both the femur and tibia is very demanding due to the 
significant variation of the natural ACL insertion site in 
terms of dimension, geometry, and fiber bundle orienta-
tion [30].

Position of the intraarticular aperture site of the cur-
rent study was 26% of the entire anteroposterior dimen-
sion of the lateral femoral condyle measured in the lateral 
view. These results are comparable to the intraarticular 
aperture site analyses in a literature review of 11 stud-
ies [40]. Correct femoral tunnel placement in the anter-
oposterior dimension according to the lateral view in the 
present study may explain why no impact on cartilage 
degeneration was observed. However, the lateral view 
does not allow correct aperture site assessment perpen-
dicular to the anteroposterior measurements. More exact 
measurements will require computer tomography.

In this study, tibial tunnel position showed more 
impact on cartilage degeneration progression than femo-
ral tunnel position. The intraarticular aperture at the tib-
ial site was 42.1 ± 3.2% in the coronal and 40.4 ± 5.2% in 
the sagittal plane, considering the entire anteroposterior 

and mediolateral distance as reference (Table 3). A tibial 
insertion site outside the range of 42–44% significantly 
increased the risk for primary ACL-R failure according 
to the current study (Table 4). There was a tendency for 
more medial tibial tunnel placement in the current study 
than the natural insertion site of the ACL. A more medi-
ally placed tibial tunnel may increase rotational stability 
of the knee, however, the impact on femorotibial con-
tact and force might be of concern. The tibial tunnel was 
placed 40.4% in the sagittal plane, which is slightly ante-
rior to the natural ACL insertion site of 42%, but inside 
the range of 38.5–45.5% (5th to 95th percentile) accord-
ing to the review of 1393 articles [26]. A high percent-
age (45%) of partially anatomical tibial tunnel placement 
has been reported [1]. Less than 50% overlap between 
the natural ACL footprint and the tibial aperture site of 
the tunnel has been reported in 22 of 40 patients during 
ACL-R [27]. The significant impact of tibial tunnel place-
ment on knee anteroposterior and rotational stability 
was shown in a cadaveric study [5]. The present results 
are in contrast to other studies reporting a more poste-
rior placement of the tibial tunnel in the sagittal plane in 
order to achieve proper femoral tunnel placement when 
using the transtibial technique [16]. The more anterior 
placement of the tibial tunnel may cause notch impinge-
ment, especially when the femoral tunnel is placed more 
superiorly, which in general occurs with the transti-
bial drilling technique. The most pronounced effect on 
notch impingement was reported when tibial ACL inser-
tion was shifted anterolaterally by 3  mm, which caused 
an increase in impingement force of 242.9% [25]. Graft 
impingement may prevent full extension of the knee, 
increase both femorotibial and patellofemoral contact, 
and may accelerate cartilage degeneration [31]. Tibial 
graft fixation in 5° of knee hyperextension does show a 
significant impact on knee extension during the first 
12  weeks [41]. A weak, yet significant correlation was 
found between the roof angle, which averaged 33.7 ± 4.6°, 

Table 5 Factor analysis between traumatic and nontraumatic ACL failure

Parameter p-Value

Female 0.162

Transtibial drilling 0.074

Smaller graft diameter 0.079

Greater angulation of the femoral tunnel in the AP view 0.97

Greater FTA 0.08

Greater FcA 0.066

Intraarticular aperture of femoral tunnel outside the reference of 19–25% 0.145

Intraarticular aperture of tibial tunnel outside the reference of 42–44% 0.018

Tibial slope of more than 12° 0.837
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and cartilage degeneration in the present study. The roof 
angle seems to range between 23° and 60° [3]. A decrease 
in the roof angle increases the risk of graft impingement, 
and notchplasty might be required during ACL-R. The 
roof angle should be measured in the lateral view prior to 
surgery to respect the individual shape of the notch dur-
ing ACL-R.

Beside tunnel placement, the impact of partial menis-
cal resection should be emphasized. Meniscal lesions 
increased from 60% to 86% in all patients between pri-
mary and revision ACL-R. Partial meniscal resection 
during ACL-R causes more knee swelling and inferior 
outcomes according to International Knee Documenta-
tion Committee (IKDC) and Lysholm scoring [13, 39]. 
More radiographic abnormalities were also reported 
[39]. Partial medial and lateral meniscal resection dur-
ing ACL-R causes an increase in radiographic signs of 
osteoarthritis at the medial (OR, 2.1) and lateral (OR, 
2.97) compartment at a minimum follow-up of 2  years 
[11]. However, no correlation between meniscal lesion 
and progression of cartilage degeneration has been dem-
onstrated, although these findings presented at an early 
stage after 15 months of follow-up [4].

To analyze the potential impact of bone tunnel place-
ment, tibial slope, roof angle, and history of failure, the 
study cohort was divided into patient groups with and 
without a history of adequate trauma that caused revi-
sion ACL-R. Tibial tunnel placement outside the range of 
42–44% in the coronal plane showed an impact. None of 
the other factors had any impact on the cause of failure. 
More frequently, tunnel enlargement was noticed at the 
tibial aperture side, presumable causing more stress on 
the tibial bone [38]. Traumatic and nontraumatic causes 
for ACL-R failure were recently studied [10]. Tibial tun-
nel placement did not show any impact in their study and 
the authors concluded that other factors, such as insuf-
ficiency in muscle function, might be more relevant for 
failure.

This present study is not without limitations. First, the 
study was performed retrospectively. However, cartilage 
staging was performed by the same group of surgeons 
at primary and revision ACL-R and high consistency in 
cartilage assessment can be presumed. Second, a three-
dimensional analysis of the bone tunnels was impossible 
due to the lack of routine computed tomography (CT) 
scans or MRI images.

Conclusion
The present study has demonstrated accelerated carti-
lage degeneration in all three compartments after failed 
ACL-R, irrespective of a second adequate or inadequate 
trauma. Tunnel placement had significant impact on 
cartilage degeneration. Surgeons should be aware of the 

importance of tunnel placement during revision ACL-R, 
to reduce the risk of a potential revision surgery.

Acknowledgements
No further acknowledgements.

Authors’ contributions
Data collection was performed by K.A., L.I., E.L., P.U., and T.T. The data were ana-
lyzed and the manuscript was written by K.A., R.B., R.P., and E.K. Final correction 
of the manuscript was performed by all authors. The manuscript has been 
revised by Becker according to the suggestions by the reviewers. All authors 
read and approved the final manuscript.

Funding
No funding.

Availability of data and materials
All data are available an anonymized according to the data protection 
guidelines.

Declarations

Ethics approval and consent to the participant
This study was performed according to the Helsinki declaration. Ethical 
approval was given by the Ethical Committee at the University of Jena (5115-
03/17) and all patients gave written consent.

Consent for publication
Please find enclosed the disclosure of all authors.

Competing interests
There are no competing interests.

Author details
1 Center of Orthopaedics and Traumatology, University of Brandenburg, Medi-
cal School “Theodor Fontane”, Hochstrasse 29, 14770 Brandenburg an der 
Havel, Germany. 2 SportsClinic Erfurt, Erfurt, Germany. 3 Department of Ortho-
pedics and Traumatology, Istanbul Taksim Training and Research Hospital, 
Siraselviler Cad, Beyoglu, Istanbul 34433, Turkey. 

Received: 17 May 2021   Accepted: 8 December 2021

References
 1. Achtnich A, Ranuccio F, Willinger L, Pogorzelski J, Imhoff AB, Braun S, 

Herbst E (2018) High incidence of partially anatomic tunnel placement in 
primary single-bundle ACL reconstruction. Knee Surg Sports Traumatol 
Arthrosc 26:462–467

 2. Amin S, Guermazi A, Lavalley MP, Niu J, Clancy M, Hunter DJ, Grigoryan 
M, Felson DT (2008) Complete anterior cruciate ligament tear and the risk 
for cartilage loss and progression of symptoms in men and women with 
knee osteoarthritis. Osteoarthritis Cartilage 16:897–902

 3. Amis AA, Jakob RP (1998) Anterior cruciate ligament graft positioning, 
tensioning and twisting. Knee Surg Sports Traumatol Arthrosc 6(Suppl 
1):S2-12

 4. Asano H, Muneta T, Ikeda H, Yagishita K, Kurihara Y, Sekiya I (2004) 
Arthroscopic evaluation of the articular cartilage after anterior cruciate 
ligament reconstruction: a short-term prospective study of 105 patients. 
Arthroscopy 20:474–481

 5. Bedi A, Maak T, Musahl V, Citak M, O’Loughlin PF, Choi D, Pearle AD (2011) 
Effect of tibial tunnel position on stability of the knee after anterior cruci-
ate ligament reconstruction: is the tibial tunnel position most important? 
Am J Sports Med 39:366–373

 6. Bernard M, Pappas E, Georgoulis A, Haschemi A, Scheffler S, Becker R 
(2020) Risk of overconstraining femorotibial rotation after anatomical ACL 
reconstruction using bone patella tendon bone autograft. Arch Orthop 
Trauma Surg 140:2013–2020



Page 7 of 7Andrä et al. Journal of Orthopaedics and Traumatology           (2021) 22:54  

 7. Culvenor AG, Collins NJ, Guermazi A, Cook JL, Vicenzino B, Whitehead TS, 
Morris HG, Crossley KM (2016) Early patellofemoral osteoarthritis features 
one year after anterior cruciate ligament reconstruction: symptoms and 
quality of life at three years. Arthritis Care Res (Hoboken) 68:784–792

 8. Filardo G, Andriolo L, di Laura FG, Napoli F, Zaffagnini S, Candrian C (2019) 
Bone bruise in anterior cruciate ligament rupture entails a more severe 
joint damage affecting joint degenerative progression. Knee Surg Sports 
Traumatol Arthrosc 27:44–59

 9. Hiranaka T, Furumatsu T, Kamatsuki Y, Sugiu K, Okazaki Y, Masuda S, 
Okazaki Y, Takihira S, Miyazawa S, Nakata E, Ozaki T (2019) Posttraumatic 
cartilage degradation progresses following anterior cruciate ligament 
reconstruction: a second-look arthroscopic evaluation. J Orthop Sci 
24:1058–1063

 10. Jaecker V, Zapf T, Naendrup JH, Kanakamedala AC, Pfeiffer T, Shafizadeh S 
(2018) Differences between traumatic and non-traumatic causes of ACL 
revision surgery. Arch Orthop Trauma Surg 138:1265–1272

 11. Jones MH, Oak SR, Andrish JT, Brophy RH, Cox CL, Dunn WR, Flanigan DC, 
Fleming BC, Huston LJ, Kaeding CC, Kolosky M, Kuyumcu G, Lynch TS, 
Magnussen RA, Matava MJ, Parker RD, Reinke EK, Scaramuzza EA, Smith 
MV, Winalski C, Wright RW, Zajichek A, Spindler KP (2019) Predictors of 
radiographic osteoarthritis 2 to 3 years after anterior cruciate ligament 
reconstruction: data from the MOON on-site nested cohort. Orthop J 
Sports Med 7:2325967119867085

 12. Kamath GV, Redfern JC, Greis PE, Burks RT (2011) Revision anterior cruci-
ate ligament reconstruction. Am J Sports Med 39:199–217

 13. Kartus JT, Russell VJ, Salmon LJ, Magnusson LC, Brandsson S, Pehrsson 
NG, Pinczewski LA (2002) Concomitant partial meniscectomy worsens 
outcome after arthroscopic anterior cruciate ligament reconstruction. 
Acta Orthop Scand 73:179–185

 14. Kato K, Kamishima T, Kondo E, Onodera T, Ichikawa S (2017) Quantitative 
knee cartilage measurement at MR imaging of patients with anterior 
cruciate ligament tear. Radiol Phys Technol 10:431–438

 15. Kohl S, Meier S, Ahmad SS, Bonel H, Exadaktylos AK, Krismer A, Evangelo-
poulos DS (2015) Accuracy of cartilage-specific 3-Tesla 3D-DESS magnetic 
resonance imaging in the diagnosis of chondral lesions: comparison with 
knee arthroscopy. J Orthop Surg Res 10:191

 16. Kopf S, Forsythe B, Wong AK, Tashman S, Anderst W, Irrgang JJ, Fu FH 
(2010) Nonanatomic tunnel position in traditional transtibial single-
bundle anterior cruciate ligament reconstruction evaluated by three-
dimensional computed tomography. J Bone Joint Surg Am 92:1427–1431

 17. Lansdown DA, Pedoia V, Zaid M, Amano K, Souza RB, Li X, Ma CB (2017) 
Variations in knee kinematics after ACL injury and after reconstruc-
tion are correlated with bone shape differences. Clin Orthop Relat Res 
475:2427–2435

 18. Mahfouz MR, Komistek RD, Dennis DA, Hoff WA (2004) In vivo assessment 
of the kinematics in normal and anterior cruciate ligament-deficient 
knees. J Bone Joint Surg Am. https:// doi. org/ 10. 2106/ 00004 623- 20041 
2002- 00009

 19. Maletis GB, Chen J, Inacio MC, Funahashi TT (2016) Age-related risk fac-
tors for revision anterior cruciate ligament reconstruction: a cohort study 
of 21,304 patients from the kaiser permanente anterior cruciate ligament 
registry. Am J Sports Med 44:331–336

 20. MARS Group (2013) Radiographic findings in revision anterior cruciate 
ligament reconstructions from the Mars cohort. J Knee Surg 26:239–247

 21. McCauley TR, Moses M, Kier R, Lynch JK, Barton JW, Jokl P (1994) MR 
diagnosis of tears of anterior cruciate ligament of the knee: importance 
of ancillary findings. AJR Am J Roentgenol 162:115–119

 22. Mehl J, Otto A, Baldino JB, Achtnich A, Akoto R, Imhoff AB, Scheffler 
S, Petersen W (2019) The ACL-deficient knee and the prevalence of 
meniscus and cartilage lesions: a systematic review and meta-analysis 
(CRD42017076897). Arch Orthop Trauma Surg 139:819–841

 23. Michalitsis S, Hantes M, Thriskos P, Tsezou A, Malizos KN, Fezoulidis I, 
Vlychou M (2017) Articular cartilage status 2 years after arthroscopic ACL 
reconstruction in patients with or without concomitant meniscal surgery: 
evaluation with 3.0T MR imaging. Knee Surg Sports Traumatol Arthrosc 
25:437–444

 24. Okafor EC, Utturkar GM, Widmyer MR, Abebe ES, Collins AT, Taylor DC, 
Spritzer CE, Moorman CT, Garrett WE, DeFrate LE (2014) The effects of 
femoral graft placement on cartilage thickness after anterior cruciate 
ligament reconstruction. J Biomech 47:96–101

 25. Orsi AD, Canavan PK, Vaziri A, Goebel R, Kapasi OA, Nayeb-Hashemi H 
(2017) The effects of graft size and insertion site location during anterior 
cruciate ligament reconstruction on intercondylar notch impingement. 
Knee 24:525–535

 26. Parkar AP, Adriaensen MEAPM, Vindfeld S, Solheim E (2017) The anatomic 
centers of the femoral and tibial insertions of the anterior cruciate liga-
ment: a systematic review of imaging and cadaveric studies reporting 
normal center locations. Am J Sports Med 45:2180–2188

 27. Pedneault C, Laverdière C, Hart A, Boily M, Burman M, Martineau PA 
(2019) Evaluating the accuracy of tibial tunnel placement after anatomic 
single-bundle anterior cruciate ligament reconstruction. Am J Sports 
Med 47:3187–3194

 28. Rothrauff BB, Jorge A, de Sa D, Kay J, Fu FH, Musahl V (2020) Anatomic 
ACL reconstruction reduces risk of post-traumatic osteoarthritis: a 
systematic review with minimum 10-year follow-up. Knee Surg Sports 
Traumatol Arthrosc 28:1072–1084

 29. Ruano JS, Sitler MR, Driban JB (2017) Prevalence of radiographic knee 
osteoarthritis after anterior cruciate ligament reconstruction, with or 
without meniscectomy: an evidence-based practice article. J Athl Train 
52:606–609

 30. Scheffler SU, Maschewski K, Becker R, Asbach P (2018) In-vivo three-
dimensional MR imaging of the intact anterior cruciate ligament shows a 
variable insertion pattern of the femoral and tibial footprints. Knee Surg 
Sports Traumatol Arthrosc 26:3667–3672

 31. Shelbourne KD, Benner RW, Gray T (2017) Results of anterior cruciate liga-
ment reconstruction with patellar tendon autografts: objective factors 
associated with the development of osteoarthritis at 20 to 33 years after 
surgery. Am J Sports Med 45:2730–2738

 32. Slattery C, Kweon CY (2018) Classifications in brief: outerbridge classifica-
tion of chondral lesions. Clin Orthop Relat Res 476:2101–2104

 33. Sugiu K, Furumatsu T, Kodama Y, Kamatsuki Y, Okazaki Y, Okazaki Y, 
Hiranaka T, Ozaki T (2019) Post-traumatic articular cartilage lesions 
increase at second-look arthroscopy following primary anterior cruciate 
ligament reconstruction. Acta Med Okayama 73:223–228

 34. Tashman S, Collon D, Anderson K, Kolowich P, Anderst W (2004) Abnormal 
rotational knee motion during running after anterior cruciate ligament 
reconstruction. Am J Sports Med 32:975–983

 35. Tashman S, Kopf S, Fu FH (2008) The kinematic basis of ACL reconstruc-
tion. Oper Tech Sports Med 16:116–118

 36. Vignos MF, Kaiser JM, Baer GS, Kijowski R, Thelen DG (2018) American 
Society of Biomechanics Clinical Biomechanics Award 2017: Non-ana-
tomic graft geometry is linked with asymmetric tibiofemoral kinematics 
and cartilage contact following anterior cruciate ligament reconstruction. 
Clin Biomech 56:75–83

 37. von Engelhardt LV, Kraft CN, Pennekamp PH, Schild HH, Schmitz A, von 
Falkenhausen M (2007) The evaluation of articular cartilage lesions of the 
knee with a 3-Tesla magnet. Arthroscopy 23:496–502

 38. Weber AE, Delos D, Oltean HN, Vadasdi K, Cavanaugh J, Potter HG, 
Rodeo SA (2015) Tibial and femoral tunnel changes after ACL recon-
struction: a prospective 2-year longitudinal MRI study. Am J Sports Med 
43:1147–1156

 39. Wu WH, Hackett T, Richmond JC (2002) Effects of meniscal and articular 
surface status on knee stability, function, and symptoms after anterior 
cruciate ligament reconstruction: a long-term prospective study. Am J 
Sports Med 30:845–850

 40. Xu H, Zhang C, Zhang Q, Du T, Ding M, Wang Y, Fu SC, Hopkins C, Yung SH 
(2016) A systematic review of anterior cruciate ligament femoral footprint 
location evaluated by quadrant method for single-bundle and double-
bundle anatomic reconstruction. Arthroscopy 32:1724–1734

 41. Yazdi H, Moradi A, Sanaie A, Ghadi A (2016) Does the hyperextension 
maneuver prevent knee extension loss after arthroscopic anterior cruci-
ate ligament reconstruction? J Orthop Traumatol 17:327–331

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.2106/00004623-200412002-00009
https://doi.org/10.2106/00004623-200412002-00009

	Increase in cartilage degeneration in all knee compartments after failed ACL reconstruction at 4 years of follow-up
	Abstract 
	Purpose: 
	Material and methods: 
	Results: 
	Discussion: 

	Introduction
	Material and methods
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References




