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Residual Joint Laxity and Increased Cartilage Contact
Deformation in ACL Reconstructed Knees
ABSTRACT
BACKGROUND The precise mechanisms contributing to postoperative degenerative cartilage changes in anterior cruciate ligament (ACL) reconstructed
knees are not completely understood. This study further investigates the potential biomechanical aspects contributing to early degenerative changes.
METHODS Eight patients with a unilateral ACL reconstruction and intact contralateral knee were imaged using magnetic resonance and dual fluoroscopy
imaging techniques during a quasi-static lunge. Knee kinematics and cartilage
contact deformation were measured in both knees. The correlation between
postoperative knee kinematics and cartilage contact deformation was studied.
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RESULTS In the medial compartment at full extension, a moderate negative
correlation was observed between cartilage deformation and anterior-posterior
translation (R2 = 0.29, p=0.20), and a strong negative correlation was observed
between deformation and internal-external rotation (R2 = 0.82, p=0.005). For
the lateral compartment at full extension, a weak correlation for anterior-posterior translation was observed (R2 = 0.12, p=0.43). No correlation was seen in the
medial or lateral compartment at 30° of flexion.
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CORRESPONDING AUTHOR
CONCLUSION Our results indicate that reductions in anterior translation and
internal rotation after ACL reconstruction are correlated with increased cartilage
deformations. Hence, improved knee joint kinematics may result in increased
cartilage contact deformation, highlighting an important potential mechanism
for the high incidence of degenerative changes in ACL-reconstructed knees.
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osteoarthritis
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The goal of anterior cruciate ligament (ACL) reconstruction is to restore knee stability,
reduce the risk of secondary injuries, facilitate pre-injury activity level, and potentially
prevent posttraumatic osteoarthritis (OA).1 Yet, the incidence of postoperative joint
degenerative changes is 50-80%.1,2 Persistent postoperative knee laxity,3 inflammatory
cytokines in the synovial fluid,4 occult cartilage abnormalities,5 and increased T1ρ/
T2 signals of cartilage6-8 have been implicated in postoperative cartilage degeneration.
However, the precise mechanisms contributing to these postoperative degenerative
changes are not completely understood.

32

The authors report no conflict of
interest related to this work.
©2017 by The Orthopaedic Journal at
Harvard Medical School

THE ORTHOPAEDIC JOURNAL AT HARVARD MEDICAL SCHOOL

Residual Joint Laxity and Increased Cartilage Contact Deformation in ACL Reconstructed Knees

RESULTS
Changes in Kinematics
The change in tibiofemoral joint kinematics (i.e. reconstructed minus intact contralateral) is shown in Figure 1. At full extension, in
the AP direction, a mean extra 2.5 mm anterior tibial translation was
observed relative to the intact contralateral knees. No change was notable at 30° of knee flexion. Regarding IE rotation, the reconstructed
knees had an extra external tibial rotation of 0.5° and 1.3° relative to
intact knees at full extension and 30° of flexion, respectively.
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This study is a re-analysis of our previous published studies of
the tibiofemoral kinematics3 and tibiofemoral cartilage contact
deformation in knees with a torn ACL and after ACL reconstruction.11 Our institutional review board approved both studies,
and written consent was obtained from all participants prior to
study participation. Eight patients with unilateral ACL rupture
and intact contralateral knees participated in the studies (19-38
years old; 5 men, 3 women). The ACL rupture was confirmed on
both clinical examination and MRI findings. All patients underwent arthroscopic surgical reconstruction of the ACL performed
by the same orthopaedic surgeon as was described previously.3,11
The combined magnetic resonance (MR) and dual fluoroscopic imaging system (DFIS) technique has been described in detail
previously.3,15 Briefly, both the ACL-injured and the intact contralateral knee were MR scanned with the patient supine, with the
knee in a relaxed, extended position while sagittal and coronal
plane images were acquired with a 3-Tesla MRI scanner. The MR
images were then imported into solid modeling software to construct 3-dimensional (3D) surface mesh models of the tibia, femur, and articular cartilage.3
Next, both knees of the patients were imaged using the DFIS
technique pre-operatively and six months postoperatively. Each patient performed a single-leg quasi-static lunge.11 The joint kinematics were regenerated using captured DFIS images and 3D MRI joint
model. This technique has an accuracy of 0.1 mm and 0.3° in determining tibiofemoral joint translations and rotations, respectively.15
To measure the tibiofemoral joint kinematics, a coordinate system was created on both knees of each patient. The axes of both
the tibia and femur and kinematic measurements have been described in detail previously.3
Cartilage thickness was calculated by finding the smallest Euclidian distance connecting a vertex of the articular mesh model
to the cartilage-bone interface of the 3D models. The accuracy
and repeatability of cartilage thickness measurement using MRI-
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based models of the knee joint has been validated to be 0.04 ±
0.01 mm.16 Cartilage contact deformation was then defined for
each vertex of the articular surface mesh as the amount of cartilage surface intersection divided by the sum of the tibial and
femoral cartilage thicknesses .16 The peak cartilage contact point
was determined at each tested flexion angle in both medial and
lateral condyles. Previous validation studies showed an accuracy of 4% when this technique was used to measure the cartilage
contact deformation.17
Tibial anterior-posterior (AP) translation and internal-external (IE) rotation of six month postoperative knees were compared to those of intact contralateral knees. The changes (i.e., Δ
= reconstructed – intact contralateral) were defined as ΔAP and
ΔIE. Also changes in peak articular cartilage contact deformation were defined as ΔD. A paired Student’s t-test was used to
detect significant differences between intact and reconstructed
knees, with significance level set at p<0.05. The correlation between the changes in knee kinematics (ΔAP and ΔIE) with the
changes in cartilage contact deformation of medial and lateral
condyles (ΔD) were studied at full extension and 30° of knee
flexion as the ACL primarily functions at lower flexion angles.

Posterior

We have previously shown that ACL reconstruction was
unable to fully restore normal knee kinematics in both cadaveric
and in vivo experiments.3,10 We have also demonstrated that
in vivo tibiofemoral cartilage contact deformations after
clinically successful ACL reconstruction were higher than
those measured in the intact contralateral knees at lower
flexion angles.11 Multiple studies have indicated altered loading
conditions within the knee are an important risk factor for OA
development.12,13 Degenerative changes in response to altered
joint loading after ACL transection have been well-demonstrated
in longitudinal animal experiments.14 However, the relationship
between postoperative knee kinematics and cartilage contact
deformations after ACL reconstruction is not well defined.
We hypothesized that in ACL-reconstructed knees, decreased
postoperative knee joint laxity is correlated with increased
articular cartilage contact deformation. Therefore, we assessed
the correlation between the changes in knee kinematics and
corresponding changes in cartilage contact deformation in eight
ACL-reconstructed knees.

Changes in Kinematics of ACL-reconstructed
knees relative to those of intact contralateral
knees at full extension during a quasi-static
lunge motion
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Changes in Contact Deformation
The changes in tibiofemoral cartilage contact deformation are shown in Figure 2. In the medial compartment,
an increased cartilage deformation of 7.3% (p<0.001) and
1.6% (p>0.05) was measured in reconstructed knees at full
extension and 30° of flexion, respectively. In the lateral
compartment of reconstructed knees at full extension, an
increased cartilage contact deformation of 6.6% (p=0.006)
was observed. However, no significant changes in the cartilage deformation were found in the lateral compartment
at 30° of flexion.
FIGURE 2

Changes in contact deformation of ACL-reconstructed knees relative to those of intact
contralateral knees at full extension during
a quasi-static lunge motion.
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FIGURE 3

Correlation of Changes in Tibiofemoral Cartilage Contact Deformation with Changes in Tibiofemoral Kinematics
A moderate negative correlation was observed between ΔD
and ΔAP in the medial compartment at knee full extension
(R2 = 0.29, p=0.20 Fig. 3), and a weak correlation in the lateral
compartment (R2 = 0.12, p=0.43). With regard to internal tibial
rotations, a strong negative correlation was observed between
ΔD and ΔIE in the medial compartment at knee full extension
(R2 = 0.82, p=0.005 Figure 3). No correlation was observed in the
lateral compartment at full extension, and no correlations were observed in either the medial or lateral compartment at 30° of flexion.
DISCUSSION
The most important finding of this pilot study was the existence
of a moderate negative correlation between cartilage contact deformation and AP translation, and a strong negative correlation between cartilage contact deformation and IE rotation in the medial
compartment at full extension of the knee. This data indicates that
restoring knee kinematics (i.e., reducing laxity in AP translation and
IE rotation) by means of ACL reconstruction may lead to increased
cartilage deformation when compared to those of the intact knees.
Aberrant ACL graft forces may play a role in this correlation,
as previous research has demonstrated an inability of ACL reconstruction to restore native ACL forces.9,18-23 For example, Li et al.18
found that in vitro ACL graft forces were greater at all flexion angles
when compared to the intact ACL knee, and that higher ACL graft
forces were required to reproduce native anterior tibial translation.
Similarly, anatomic double bundle reconstruction is widely reported to better restore (or overcorrect) native knee kinematics24-26 but
this techniques leads to significantly elevated graft forces.26,27 In
the cadaveric study by Araujo et al.,19 three different ACL reconstruction techniques were tested; the anatomic single bundle ACL
reconstruction had greater graft forces at full extension and an

Correlation of changes (postoperative relative to preoperative states) of (A) anterior-posterior translations
(Δ AP) and (B) internal-external rotation (Δ IE) with changes of contact deformations (medial compartment).
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overconstrained knee in anterior tibial translation at this angle. The
non-anatomic ACL reconstructions on the other hand showed lesser graft forces and greater knee laxity. Sim et al.9 showed that three
different ACL reconstruction techniques achieved lesser graft forces
when compared to the intact knee. In this study, the reconstructive
techniques were unable to restore AP translations or IE rotations at
lower flexion angles. A closer look at above described data suggests
that reconstructions with greater graft forces may be able to better restore knee kinematics than reconstructions with lesser graft
forces. Importantly, our study reveals that the elevated graft forces
required to achieve better kinematics may be leading to increased
cartilage contact deformation in ACL reconstructed knees when
compared to the intact contralateral knee.
Previous studies have been unable to show substantial OA prevention related to ACL reconstruction when compared to non-surgically treated patients,28-30 with up to 50-80% of patients developing
OA within 10 years after ACL reconstruction.1,2 The exact pathophysiology of cartilage degeneration remains unclear, but may be due to
the altered postoperative mechanical and biochemical factors. It has
been suggested that even minor, persistent abnormal kinematics after ACL reconstruction alter the cartilage contact locations to smaller areas of thinner cartilage with increased magnitudes of cartilage
contact deformation.12,31,32 It is thought that this shift in loading of
previously unloaded cartilage areas could lead to early degenerative
changes.16,31-33 This may play an especially important role in the development of OA in unreconstructed knees. It has also been shown that
an above-threshold dynamic compression of cartilage in the presence
of inflammatory cytokines can induce and accelerate cartilage degradation.34 Hence, the increased cartilage contact deformation associated with better kinematics may play an important role in the high
incidence of OA even in ACL-reconstructed knees. Specifically, the
increased cartilage contact deformation in the ACL-reconstructed
knee further supports the idea of mechanical overload playing an important role in the progressive development of OA.
Increased cartilage deformation may also lead to biochemical
changes within the tissue. Analyzing the biochemical composition of
cartilage using specific MR imaging biomarkers such as T1ρ and T2 has
become increasingly popular for assessing early degenerative changes to
cartilage indirectly.6-8 Zaid et al.35 recently correlated postoperative knee
kinematics and cartilage T1ρ values one year after ACL reconstruction and found patients overloading previously unloaded areas were at
higher risk of developing degenerative cartilage changes in the medial
compartment of the knee. These findings demonstrate that mechanical deviations can result in observable biochemical changes in vivo. In
future studies, the combined investigation of kinematics and cartilage
deformation measurements with observable biochemical changes (e.g.,
T1ρ) represents a novel opportunity to help elucidate certain aspects of
the complex interplay between mechanical and biochemical factors in
the etiology of OA after ACL reconstruction.
There are a number of limitations to this study. In vivo ACL graft
forces were not measured due to technical challenge. Only one functional activity, a single-legged, quasi-static lunge was studied. A trans-tibial ACL reconstruction technique was used. As the ACL is most active
at low flexion angles, only full extension and 30° of knee flexion were
studied. Future studies should assess the correlation between kinematics and cartilage deformation at additional flexion angles, with different

reconstruction techniques, and under different motions and loading
conditions. Additionally, a longitudinal, prospective study is warranted
to investigate the time dependent knee joint kinematics, cartilage contact deformation and early cartilage biochemical composition changes
of the knee after ACL reconstruction to investigate the biomechanical
factors that could affect the postoperative cartilage degeneration.
In conclusion, this pilot study indicates that reduced anterior
translation and internal rotation after ACL reconstruction is correlated with increased cartilage deformation. Therefore, the consequences of improved knee kinematics after ACL reconstruction
might be related to the early degeneration of cartilage.
REFERENCES
1. Spindler KP, Wright RW. Clinical practice. Anterior cruciate ligament tear. N Engl J Med. 2008 Nov 13;359(20):2135-42.
2. JLohmander LS, Englund PM, Dahl LL, Roos EM. The longterm consequence of anterior cruciate ligament and meniscus injuries: osteoarthritis. Am J Sports Med. 2007 Oct;35(10):1756-69.
3. Papannagari R, Gill TJ, Defrate LE, Moses JM, Petruska AJ, Li
G. In vivo kinematics of the knee after anterior cruciate ligament
reconstruction: a clinical and functional evaluation. Am J Sports
Med. 2006 Dec;34(12):2006-12.
4. Cameron M, Buchgraber A, Passler H, Vogt M, Thonar E, Fu F,
Evans, CH. The natural history of the anterior cruciate ligament-deficient knee. Changes in synovial fluid cytokine and keratan sulfate
concentrations. Am J Sports Med. 1997 Nov-Dec;25(6):751-4.
5. Hernandez-Molina G, Guermazi A, Niu J, Gale D, Goggins J, Amin
S, Felson, DT. Central bone marrow lesions in symptomatic knee osteoarthritis and their relationship to anterior cruciate ligament tears
and cartilage loss. Arthritis Rheum. 2008 Jan;58(1):130-6.
6. Williams A, Winalski CS, Chu CR. Early articular cartilage MRI
T2 changes after anterior cruciate ligament reconstruction correlate with later changes in T2 and cartilage thickness. J Orthop
Res. 2017 Mar;35(3):699-706.
7. Theologis AA, Haughom B, Liang F, Zhang Y, Majumdar S,
Link TM, et al. Comparison of T1rho relaxation times between
ACL-reconstructed knees and contralateral uninjured knees. Knee
Surg Sports Traumatol Arthrosc. 2014 Feb;22(2):298-307.
8. Su F, Hilton JF, Nardo L, Wu S, Liang F, Link TM, Ma CB, Li
X.. Cartilage morphology and T1rho and T2 quantification in
ACL-reconstructed knees: a 2-year follow-up. Osteoarthritis Cartilage. 2013 Aug;21(8):1058-67.
9. Sim JA, Gadikota HR, Li JS, Li G, Gill TJ. Biomechanical evaluation of knee joint laxities and graft forces after anterior cruciate
ligament reconstruction by anteromedial portal, outside-in, and
transtibial techniques. Am J Sports Med. 2011 Dec;39(12):2604-10.

Volume 18 June 2017

35

Hosseini et al.
10. Gadikota HR, Hosseini A, Asnis P, Li G. Kinematic Analysis of
Five Different Anterior Cruciate Ligament Reconstruction Techniques. Knee Surg Relat Res. 2015 Jun;27(2):69-75.
11. Hosseini A, Van de Velde S, Gill TJ, Li G. Tibiofemoral cartilage
contact biomechanics in patients after reconstruction of a ruptured
anterior cruciate ligament. J Orthop Res. 2012 Nov;30(11):1781-8.
12. Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG,
Jordan JM, et al. Osteoarthritis: new insights. Part 1: the disease and
its risk factors. Ann Intern Med. 2000 Oct 17;133(8):635-46.-4.
13. Guilak F, Butler DL, Goldstein SA, Baaijens FP. Biomechanics
and mechanobiology in functional tissue engineering. J Biomech.
2014 Jun 27;47(9):1933-40.
14. Brandt KD. Transection of the anterior cruciate ligament in
the dog: a model of osteoarthritis. Semin Arthritis Rheum. 1991
Dec;21(3 Suppl 2):22-32.
15. Li G, Van de Velde SK, Bingham JT. Validation of a non-invasive fluoroscopic imaging technique for the measurement of dynamic knee joint motion. J Biomech. 2008;41(7):1616-22.
16. Van de Velde SK, Bingham JT, Hosseini A, Kozanek M, DeFrate LE, Gill TJ, Li G. Increased tibiofemoral cartilage contact
deformation in patients with anterior cruciate ligament deficiency.
Arthritis Rheum. 2009 Dec;60(12):3693-702.
17. Wan L, de Asla RJ, Rubash HE, Li G. In vivo cartilage contact
deformation of human ankle joints under full body weight. J Orthop Res. 2008 Aug;26(8):1081-9.
18. Li G, Papannagari R, DeFrate LE, Yoo JD, Park SE, Gill TJ.
Comparison of the ACL and ACL graft forces before and after
ACL reconstruction: an in-vitro robotic investigation. Acta Orthop. 2006 Apr;77(2):267-74.
19. Araujo PH, Asai S, Pinto M, Protta T, Middleton K, Linde-Rosen M, Irrgang J, Smolinski P, Fu FH. ACL Graft Position Affects in
Situ Graft Force Following ACL Reconstruction. J Bone Joint Surg
Am. 2015 Nov 4;97(21):1767-73.
20. Hoher J, Kanamori A, Zeminski J, Fu FH, Woo SL. The position of the tibia during graft fixation affects knee kinematics and
graft forces for anterior cruciate ligament reconstruction. Am J
Sports Med. 2001 Nov-Dec;29(6):771-6.
21. Markolf KL, Burchfield DM, Shapiro MM, Cha CW, Finerman
GA, Slauterbeck JL. Biomechanical consequences of replacement
of the anterior cruciate ligament with a patellar ligament allograft.
Part II: forces in the graft compared with forces in the intact ligament. J Bone Joint Surg Am. 1996 Nov;78(11):1728-34.
22. Goss BC, Hull ML, Howell SM. Contact pressure and tension
in anterior cruciate ligament grafts subjected to roof impingement
during passive extension. J Orthop Res. 1997 Mar;15(2):263-8.

36

23. Brady MF, Bradley MP, Fleming BC, Fadale PD, Hulstyn MJ,
Banerjee R. Effects of initial graft tension on the tibiofemoral
compressive forces and joint position after anterior cruciate ligament reconstruction. Am J Sports Med. 2007 Mar;35(3):395-403.
24. Yagi M, Wong EK, Kanamori A, Debski RE, Fu FH, Woo SL.
Biomechanical analysis of an anatomic anterior cruciate ligament
reconstruction. Am J Sports Med. 2002 Sep-Oct;30(5):660-6.
25. Yamamoto Y, Hsu WH, Woo SL, Van Scyoc AH, Takakura Y,
Debski RE. Knee stability and graft function after anterior cruciate
ligament reconstruction: a comparison of a lateral and an anatomical
femoral tunnel placement. Am J Sports Med. 2004 Dec;32(8):1825-32.
26. Seon JK, Gadikota HR, Wu JL, Sutton K, Gill TJ, Li G. Comparison of single- and double-bundle anterior cruciate ligament reconstructions in restoration of knee kinematics and anterior cruciate
ligament forces. Am J Sports Med. 2010 Jul;38(7):1359-67.
27. Markolf KL, Park S, Jackson SR, McAllister DR. Anterior-posterior
and rotatory stability of single and double-bundle anterior cruciate ligament reconstructions. J Bone Joint Surg Am. 2009 Jan;91(1):107-18.
28. Ajuied A, Wong F, Smith C, Norris M, Earnshaw P, Back D, Davies A. Anterior cruciate ligament injury and radiologic progression of knee osteoarthritis: a systematic review and meta-analysis.
Am J Sports Med. 2014 Sep;42(9):2242-52.
29. Lohmander LS, Ostenberg A, Englund M, Roos H. High prevalence of knee osteoarthritis, pain, and functional limitations in
female soccer players twelve years after anterior cruciate ligament
injury. Arthritis Rheum. 2004 Oct;50(10):3145-52.
30. Øiestad BE, Engebretsen L, Storheim K, Risberg MA. Knee
osteoarthritis after anterior cruciate ligament injury: a systematic
review. Am J Sports Med. 2009 Jul;37(7):1434-43
31. Chu CR, Beynnon BD, Buckwalter JA, Garrett WE, Jr., Katz
JN, Rodeo SA, Spindler KP, Stanton RA. Closing the gap between
bench and bedside research for early arthritis therapies (EARTH):
report from the AOSSM/NIH U-13 Post-Joint Injury Osteoarthritis Conference II. Am J Sports Med. 2011 Jul;39(7):1569-78.
32. Sanchez-Adams J, Leddy HA, McNulty AL, O’Conor CJ, Guilak F. The mechanobiology of articular cartilage: bearing the burden of osteoarthritis. Curr Rheumatol Rep. 2014 Oct;16(10):451.
33. Stergiou N, Ristanis S, Moraiti C, Georgoulis AD. Tibial rotation in anterior cruciate ligament (ACL)-deficient and ACL-reconstructed knees: a theoretical proposition for the development
of osteoarthritis. Sports Med. 2007;37(7):601-13.
34. Brown TD, Johnston RC, Saltzman CL, Marsh JL, Buckwalter JA.
Posttraumatic osteoarthritis: a first estimate of incidence, prevalence,
and burden of disease. J Orthop Trauma. 2006 Nov-Dec;20(10):739-44.
35. Zaid M, Lansdown D, Su F, Pedoia V, Tufts L, Rizzo S, Souza
RB, Li X, Ma CB. Abnormal tibial position is correlated to early
degenerative changes one year following ACL reconstruction. J
Orthop Res. 2015 Jul;33(7):1079-86.

THE ORTHOPAEDIC JOURNAL AT HARVARD MEDICAL SCHOOL

