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 � Knee

Tibiofemoral contact and alignment 
in patients with anterior cruciate 
ligament rupture treated nonoperatively 
versus reconstruction
An upright, open Mri study

Aims
Anterior cruciate ligament (ACL) rupture commonly leads to post- traumatic osteoarthri-
tis, regardless of surgical reconstruction. This study uses standing MRI to investigate 
changes in contact area, contact centroid location, and tibiofemoral alignment between 
ACL- injured knees and healthy controls, to examine the effect of ACL reconstruction on 
these parameters.

Methods
An upright, open MRI was used to directly measure tibiofemoral contact area, centroid 
location, and alignment in 18 individuals with unilateral ACL rupture within the last five 
years. eight participants had been treated nonoperatively and ten had ACL reconstruc-
tion performed within one year of injury. All participants were high- functioning and 
had returned to sport or recreational activities. Healthy contralateral knees served as 
controls. Participants were imaged in a standing posture with knees fully extended.

Results
Participants’ mean age was 28.4 years (SD 7.3), the mean time since injury was 2.7 years 
(SD 1.6), and the mean International Knee Documentation Subjective Knee Form score 
was 84.4 (SD 13.5). ACL injury was associated with a 10% increase (p = 0.001) in contact 
area, controlling for compartment, sex, posture, age, body mass, and time since inju-
ry. ACL injury was associated with a 5.2% more posteriorly translated medial centroid 
(p = 0.001), equivalent to a 2.6 mm posterior translation on a representative tibia with 
mean posteroanterior width of 49.4 mm. Relative to the femur, the tibiae of ACL rup-
tured knees were 2.3 mm more anteriorly translated (p = 0.003) and 2.6° less externally 
rotated (p = 0.010) than healthy controls. ACL reconstruction was not associated with an 
improvement in any measure.

Conclusion
ACL rupture was associated with an increased contact area, posteriorly translated medial 
centroid, anterior tibial translation, and reduced tibial external rotation in full extension. 
These changes were present 2.7 years post- injury regardless of ACL reconstruction status.

Cite this article: Bone Joint J 2021;103-B(9):1505–1513.

Introduction
in patients who rupture their anterior cruciate liga-
ment (ACL), 41% to 51% will subsequently develop 
osteoarthritis ten to 20 years after their injury.1,2 ACL 
reconstruction reliably improves dynamic insta-
bility resulting from ACL rupture, however long- 
term outcome studies indicate that surgery may not 
protect the knee from osteoarthritis (oA).3,4

ACL rupture results in the loss of an important 
knee stabilizer whose primary function is to resist 
anterior tibial translation and whose secondary 
role is to protect against excess internal rotation.5 
Anteroposterior laxity occurs primarily in the 
lateral compartment in the ACL ruptured knee,6,7 
and ACL reconstruction has proven effective at 
reducing this;8 however, the degree to which this 
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Table I. T2 double echo steady state sequence parameters in the 
upright, open MRI.

Parameter Value

Repetition time, ms 16

Echo time, ms 6

Field of view, cm 22 × 22 x 16

Acquisition matrix size 256 × 256 x 38

Slice thickness, mm 2.5

Slice gap, mm 0

Voxel dimensions, mm 0.859 × 0.859 x 2.5

Flip angle, ° 30

Bandwidth, Hz/pixel 146.9

Total scan time, mins 3.5

Table II. Descriptive data for participants.

Variable Total ACL-R ACL-nR p- value*

Total, n 18 10 8

Mean age, yrs
(SD)

28.4 (7.3) 25.5 (4.6) 32.1 (8.7) 0.081

Female, n (%) 11 (61.1) 6 (60.0) 5 (62.5) > 0.999

Mean BMI, kg/m2 
(SD)

24.6 (3.7) 24.3 (3.2) 25.0 (4.6) 0.710

Mean time to 
surgery, yrs (SD)

N/A 0.53 (0.36) N/A N/A

Mean time since 
injury, yrs (SD)

2.7 (1.6) 2.6 (1.3) 2.8 (1.9) 0.826

Mean IKDC (SD) 84.4 (13.5) 89.4 (9.0) 77.3 (16.2) 0.108

Mean KOOS (SD) 87.9 (14.4) 92.3 (8.4) 81.6 (19.3) 0.210

*ACL- R vs ACL- nR; paired t- test.
ACL- nR, anterior cruciate ligament ruptured, nonreconstructed; ACL- R, 
anterior cruciate ligament ruptured, reconstructed; IKDC, International 
Knee Documentation Committee questionnaire; KOOS, Knee Injury 
and Osteoarthritis Outcome Score; N/A, not applicable; SD, standard 
deviation.

mitigates future arthritis is the subject of ongoing debate.3,9 the 
potential failure of ACL reconstruction to protect the knee from 
oA may result from the procedure being unable to completely 
restore normal joint mechanics. reviews of gait kinematics 
report changes in sagittal and frontal plane kinematics which 
persist for years after ACL reconstruction.10,11 Joint alignment, 
represented by the six degrees- of- freedom position of the tibia 
relative to the femur, remains abnormal.12 Cartilage contact 
behaviour is also not restored by ACL reconstruction, with 
medial contact centroids that are posteriorly translated and 
contact areas observed to be smaller than in normal knees.13,14

the post- reconstruction rehabilitation process, evidence of 
persistent mechanical changes, and no guarantee of a reduced 
arthritis risk, can make the decision to undergo ACL reconstruc-
tion surgery difficult for patients. Some are able to resume pre- 
injury levels of activity without dynamic instability and have 
been termed ACL “copers”.15 it has been suggested that ACL 
copers may have equivalent functional outcomes to patients 
who undergo ACL reconstruction.16

there is no description of the contact mechanics of patients 
that were successfully treated nonoperatively. All participants 
in previously reported in vivo studies on the contact mechanics 
of ACL- deficient knees subsequently went on to undergo 
surgery.13,17-20 this knowledge would aid understanding of any 
changes in mechanics that may influence the eventual devel-
opment of OA, where no difference between patients treated 
operatively and nonoperatively has been identified.21-23

our research questions were: in a standing, weightbearing 
posture, are there differences in tibiofemoral contact area, 
centroid location, and alignment between knees with ACL 
rupture versus healthy contralateral knees; and in a standing, 
weightbearing posture, are there differences in tibiofemoral 
contact area, centroid location, and alignment between patients 
with ACL rupture treated nonoperatively versus those treated 
with ACL reconstruction?

Methods
this was an observational cohort study approved by the univer-
sity of British Columbia Clinical research ethics Board (h18-
01459). All participants provided informed, written consent.
Participants. A convenience sample of 18 patients with prior 
ACL rupture was recruited through posted notifications and 
targeted emails. inclusion criteria for the study were: adult 
participants aged between 18 and 50 years; reported unilateral, 

isolated ACL rupture diagnosed by a physician within the last 
five years; if reconstructed, done within one year of injury; in-
tact cartilage (i.e. no evidence of arthritis) and confirmation of 
complete ACL rupture on Mri; and self- reported graduated 
rehabilitation programme culminating with return to sport or 
recreational activities.

exclusion criteria were: associated ligament rupture other 
than the ACL, with the exception of incomplete medial collat-
eral ligament (MCL) ruptures; incompletely rehabilitated 
injury, defined as range of motion less than 0° to 130°, quad-
riceps atrophy, or persistent dynamic instability; individuals 
prohibited from undergoing Mri; prior or subsequent knee 
surgery other than diagnostic arthroscopy to the affected knee, 
or any surgical intervention to the healthy knee; and history of 
corticosteroid injection to either knee.
Outcomes. demographic data were obtained from participants 
and they completed two validated outcome questionnaires.24,25

All Mr scanning was performed in a 0.5 t upright, open 
Mri (uo- Mri) scanner (paraMed Mropen, italy). partici-
pants sat for 30 minutes prior to scanning, during which time 
they completed questionnaires. supine scans were initially 
acquired with the knees in full extension and the toes taped 
together to ensure the patellae were pointing directly anterior 
(Figure 1a). hip and ankle scans were used, noting the distance 
between them and the knee, to define 3D coordinate systems 
in the tibia and femur. Both knees were imaged while supine 
to confirm that the ACL of the affected knees was ruptured 
or reconstructed depending on the participant, and that the 
ACL and other soft- tissue structures in the healthy knee were 
intact. participants then stood for 15 minutes prior to acquiring 
standing scans to ensure that a cartilage deformation equilib-
rium had been reached.26,27 participants were instructed to stand 
comfortably with their legs fully extended, distributing their 
weight equally between legs. the Mri technician suspended 
a two- channel commercial knee coil (paraMed) around the 
knee and placed three horizontal support bars that helped the 
participant remain still during scanning. each participant wore 
a chest harness suspended from an aluminium ceiling track as 
a precautionary measure in case the participant fainted during 
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Fig. 1

a) Supine participant scan setup and b) standing participant scan setup.

Medial contact area
and centroid

Lateral contact area
and centroid

a

b

Fig. 2

a) Mid- lateral tibiofemoral compartment sagittal 0.5T MRI T2 DESS 
slice showing tibial (yellow) and femoral (blue) cartilage in contact and 
b) representation of medial and lateral cartilage contact areas with 
corresponding contact centroids (red dots).

upright scanning. no weight was borne through the bars or the 
harness (Figure 1b).
MRI sequence. sagittal images were obtained with a double 
echo steady state (dess) t2 sequence (table i) using a com-
mercial two- channel knee coil (paraMed). the sequence was 
chosen because it provides excellent cartilage signal and can 
be acquired quickly enough to minimize the effects of patient 
movement and fatigue while standing.

the free induction decay (Fid) image of the dess 
sequence was used for contact area definition and joint coor-
dinate system determination.
Contact area. Contact area was defined as the regions of tibi-
ofemoral cartilage in direct contact on cross- sectional imaging 
(Figure 2a). Cartilage contact areas were manually segmented 
using the editor module in 3d slicer28 to manually trace con-
tact in a slice- by- slice manner, similar to the method previous-
ly validated by McWalter et al.29 Multiplying the number of 
voxels within each contact region by the known voxel dimen-
sions yielded contact areas for the medial and lateral compart-
ments. To account for differences in size between subjects, this 
measure was normalized by taking the ratio (%) of the contact 
area over the maximum axial cross- sectional area of the tib-
ial plateau. the centroid location was the geometrical centre 

generated from the contact area segmentation in the medial and 
lateral compartments (Figure 2b).

We previously established inter- rater, test- retest, and intra-
rater reliability for tibiofemoral contact area using this scan-
ning protocol in the uo- Mri.30 Five participants from the 
present study participated in the analysis. intraclass correla-
tion coefficients (ICCs) for reliability measures ranged from 
0.95 to 0.99 in the medial compartment and 0.83 to 0.91 in 
the lateral compartment. the smallest detectable change with 
95% confidence (SDC95) was 1.28% in the medial compart-
ment and 0.95% in the lateral. An accuracy assessment was 
carried out in which four bovine osteochondral blocks were 
axially loaded and contact areas acquired in 0.5 t uo- Mri 
were compared to high- resolution 7 t scans. our method was 
accurate to within 11 mm.30

Alignment and centroid location. the knee joint coordinate 
system proposed by grood and suntay31 was used to describe 
tibiofemoral alignment using images acquired in the uo- Mri. 
right- handed Cartesian coordinate systems local to the tibia 
and femur were established based on bony landmarks, allow-
ing for description of the position and orientation of the tibia 
relative to the femur in three dimensions.32 in this system, the 
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Control ACL-Ruptured

381 mm2

(±78)
419 mm2*

(±107) 308 mm2*

(±62)
273 mm2

(±55)

Fig. 3

Contact area differences between knees with anterior cruciate ligament (ACL) rupture and healthy matched controls.*Significant at p = 0.001.

origin of the tibial segment is located between the intercondylar 
eminences. reference bony landmarks were established from 
supine scans of the hip, knee, and ankle, with the scan position 
relative to each other noted from the difference in UO- MRI scan 
table position. positions and orientations of the coordinate sys-
tems in the upright posture were determined by registering su-
pine images of the tibia and femur to corresponding upright im-
ages using Analyze 10.0 (Analyzedirect, usA). three rotations 
and three translations describing the orientation and position of 
the tibia segment relative to the femur segment for the standing 
positions were calculated using a custom MAtLAB program. 
this allowed comparison of joint position changes between 
ACL- reconstructed and non- reconstructed knees, and between 
participants’ ACL- ruptured knees and their healthy knees.

We implemented a normalized reference frame for centroid 
location translation by segmenting the tibial plateau and 
creating bounds mediolaterally and posteroanteriorly based on 
the minimum and maximum coordinates of the corresponding 
axes. the result was a 2d reference frame with the origin at the 
most posterior and medial point on the tibial plateau. Centroid 
location translations were calculated in the posteroanterior and 
mediolateral direction. in a previous assessment of the reli-
ability of the six degrees- of- freedom alignment analysis using 
the same grood and suntay method in the uo- Mri, test- retest 
iCC ranged from 0.95 to 0.99 for the tibiofemoral joint.33

Sample size. the sample size was calculated based on data 
from a supine Mri study34 that examined in vivo, loaded tibi-
ofemoral contact area. sample size calculations were based on 
the planned cohort analysis comparing ACL- non- reconstructed 
knees to reconstructed knees to ensure the study was powered 
for both the cohort analysis and the case- control analyses. From 
the study’s observed contact area standard deviation of 13.6 
mm2, we calculated that eight or more knees per group were 
needed to detect a minimum contact area change of 20 mm2 
with 80% power and an α of 0.05.
Statistical analysis. A linear mixed- effects model was em-
ployed to test the null hypothesis that there was no effect of 
ACL rupture on tibiofemoral contact area, controlling for carti-
lage region, sex, posture, age, BMi, and time from injury, allow-
ing for random intercepts for inter- subject variability. similar 

model parameters were used for the cohort analysis, testing the 
null hypothesis that there was no effect of ACL reconstruction 
status on contact area. Meniscal injury was not included as a 
confounder due to heterogeneity in the location, size, and type 
that would lead to excessively small cell sizes in the regression 
models. For the secondary analysis examining joint alignment 
and contact centroids, we used a paired t- test to test the null 
hypothesis that there was no difference between ACL- ruptured 
knees versus control knees, and the independent- samples t- test 
between ACL reconstruction versus no reconstruction. tests 
were two- sided, the level of significance was set at p < 0.05, and 
Bonferroni correction was used to account for multiple compar-
isons. All analyses were performed using r Version 3.5.1 (r 
Core team, Austria).

Results
eight participants with non- reconstructed ACL rupture and 
ten participants with reconstructed ACL rupture met the inclu-
sion criteria and were recruited. each participant’s healthy 
contralateral knee was included in the control group. the 
case- control analysis therefore included 18 ACL- ruptured 
knees and 18 healthy matched control knees; the cohort 
analysis included eight ACL- ruptured, non- reconstructed 
knees (i.e. ACL copers) and ten ACL- ruptured, reconstructed 
knees (table ii). hamstrings autograft was used in all recon-
structed ACLs, except one where patellar tendon autograft 
was used. A single- bundle technique was universally used in 
the ACL- reconstructed cohort, with tunnels drilled through 
the standard anatomical ACL insertion sites. A total of 13 
participants had meniscal pathology: seven had tears in the 
posterior portion of the lateral meniscus, three in the posterior 
portion of the medial meniscus, and three in both the medial 
and lateral menisci. Five occurred in the non- reconstructed 
group and eight in the reconstructed group. nine were in the 
white- white zone (in the operative group, these were treated 
with partial meniscectomy), two in the red- white zone (both 
in the operative group, both repaired), and two in the red- 
red zone (both noted on Mri in the nonoperative group). t- 
tests showed no significant difference in medial contact area 
(p = 0.577) or lateral contact area (p = 0.925) based on the 
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Control (n = 18) ACL-Ruptured (n = 18)

24.8, 69.7

72.8, 49.1

ACL-Recon (n = 10) ACL-Non-Recon (n = 8)

23.4, 63.9 23.2, 65.4
72.5, 42.2

23.3, 64.5*
72.4, 46.6

72.4, 50.2

(0, 100) (100, 100)

(100, 0)(0, 0)

(0, 100) (100, 100)

(100, 0)(0, 0)

(0, 100) (100, 100)

(100, 0)(0, 0)

(0, 100) (100, 100)

(100, 0)(0, 0)

Fig. 4

Contact centroid locations comparing anterior cruciate ligament (ACL)- ruptured knees versus healthy contralateral control knees, and ACL- 
reconstructed knees versus non- reconstructed knees. *Significant at p = 0.001.

presence of any meniscal tear, nor any significant difference 
in medial contact area (p = 0.419) or lateral contact area (p = 
0.455) based on the presence of a medial meniscal tear.

Knees with ACL rupture had 10.4% higher mean contact 
area (p = 0.001) than healthy knees after adjusting for region, 
posture, sex, age, BMi, and time since injury (Figure 3, supple-
mentary Table i). There was no difference (p = 0.710) in contact 
area between knees with and without ACL reconstruction 
(supplementary table ii).

in ACL- ruptured knees in the standing position, the medial 
centroid was located 5.2% more posterior (95% confidence 
interval (Ci) 2.4 to 8.0; p = 0.001) than in healthy matched 
control knees (as indicated by the blue arrow in Figure 4 and 
in supplementary table iii). this is equivalent to a 2.6 mm 
posterior translation on a representative tibia from our popula-
tion which had a mean posteroanterior width of 49.4 mm. For 
the change in medial centroid location, post hoc power anal-
ysis gave a 96% chance of correctly observing the difference 
(given a pooled standard deviation of 4.2%, 18 participants in 
each group, and an α of 0.05). There were no differences in 
centroid location in the mediolateral direction for the medial 
centroid, nor in either mediolateral or posteroanterior direc-
tions for the lateral centroid. No differences were found in the 
location of contact centroids between ACL- ruptured knees 
with and without reconstruction (Figure 4; supplementary 
table iv).

the tibiae of knees with ACL rupture were 2.3 mm more 
anterior (95% Ci 0.9 to 3.6; p = 0.003) than controls (as 

indicated by the red arrow in Figure 5 and in supplementary 
Table v). No significant differences in medial/lateral position 
or inferior/superior position between knees with ACL rupture 
versus controls were identified. The position of the tibia rela-
tive to the femur between ACL- ruptured knees with and without 
ACL reconstruction showed no significant difference (Figure 5; 
supplementary table vi).

Knees with ACL rupture were significantly less externally 
rotated by 2.6° (95% CI 0.7 to 4.5; p = 0.010) than controls (as 
indicated by the red arrow in Figure 5 and in supplementary 
Table vii). There were no differences in flexion/extension or 
abduction/adduction between knees with ACL rupture versus 
controls. tibiofemoral alignment between knees with and 
without reconstruction were not significantly different (Supple-
mentary table viii).

Discussion
results from this study suggest that ACL injury results in 
changes to tibiofemoral contact area, contact centroid location, 
and knee alignment that ACL reconstruction does not restore.

The finding of larger contact area, by a mean 38 mm2 in the 
medial compartment and 35 mm2 in the lateral compartment, 
in knees with ACL rupture at a mean 2.7 years after injury, is 
not consistent with studies done sooner after injury. Chen et 
al13 reported a smaller contact area by 14.3 mm2 in the medial 
compartment with non- significant changes in the lateral 
compartment of ACL- deficient knees,13 and Van de Velde et 
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Control
(n = 18)

ACL-Recon
(n = 10)

ACL-Non-Recon
(n = 8)

ACL-Ruptured
(n = 18)

2.3*
mm 2.6o

Fig. 5

Alignment mean differences comparing anterior cruciate ligament (ACL)- ruptured knees versus healthy contralateral control knees, and ACL- 
reconstructed knees versus non- reconstructed knees. *Significant at p = 0.003.

al20 reported a smaller contact area by 94.8 mm2 medially 
and 56.3 mm2 laterally. the former study then re- imaged 
participants at the two- year postoperative mark finding that 
contact areas had increased from the immediate postoperative 
measurement, suggesting that longitudinal changes to contact 
area may occur.13 Moderate arthritis has been associated with 
a significant increase in contact area in the medial compart-
ment by 93.1 mm2.34 our cohorts were scanned at a mean of 
2.7 years from injury while other investigators scanned much 
closer to the time of injury, which suggests our findings may 
represent the natural course of injury if participants devel-
oped pre- clinical, post- traumatic arthritis. Another contrib-
uting factor may be the method of contact area determination. 
A commonly used method of weightbearing contact area 
determination matches weightbearing biplanar radiological 
models to high- resolution Mri images and inferring contact 
area via projected areas of cartilage overlap. the measure-
ment error for this technique is reportedly 14%,35 whereas 
the measurement error for the direct method of contact area 
determination used in this study was 4.8%.30

in this study, ACL rupture was associated with a posterior 
translation of the medial centroid by 5.2% which was consistent 
with a prior study. A study of 20 participants in supine Mri 
found that the medial contact centroid in healthy control knees 
was positioned a mean 66.4% of the posteroanterior distance 
versus a mean 64.4% in ACL- ruptured knees (p = 0.012).36 
our results were consistent with a previous study showing 
ACL- deficient knees that go on to total knee arthroplasty have 
more posteriorly located wear patterns.37 other studies report 
contact location in ACL- deficient knees that eventually under-
went reconstruction, however this is the first study to demon-
strate similar findings in a group of ACL- deficient participants 
following successful nonoperative treatment.

in the cohort of ACL copers there was no evidence of 
significant anterolateral laxity which has been described,7 
however, previous findings were in individuals who ulti-
mately received an ACL reconstruction so they likely were 
dynamically unstable. early studies, also using an open bore 
0.5 T MRI, measured the displacement of the femoral flexion 
facet centres relative to the posterior tibia, on mid- medial and 
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mid- lateral compartment slices, in weightbearing participants 
during a wall- slide squat from 0° to 90°.6-8 After ACL recon-
struction sagittal laxity was observed to improve although 
anterior tibial translation persisted. We noted similar findings 
that anterior translation persisted but the absence of signif-
icant lateral compartment changes was unexpected. this is 
important with the slight internal rotation that was noticed 
in both the ACL reconstruction and the ACL coper group. 
One important difference between these studies done in 
open Mri was the measures used to deduce alignment. the 
relationship between a change in alignment and a change in 
contact centroid may not be proportional given the interac-
tion between the shape and congruity of articulating surfaces. 
Both have been implicated as important variables in knee 
kinematics after ACL rupture and reconstruction.38,39

the key strength of this study is the recruitment of an 
ACL coper cohort enabling a comparison of contact and 
alignment measures directly between a high- functioning, 
ACL- reconstructed cohort and a similarly high- functioning, 
non- reconstructed cohort. We did not observe a significant 
change in the lateral contact centroid in the ACL copers. this 
suggests that not all ACL ruptures result in significant antero-
lateral instability and those patients may be predisposed to 
successful nonoperative management. Another advantage is 
that our measures were well- validated, with a clear specifica-
tion of the minimum detectable difference. Finally this study 
assessed knee joint contact in a weightbearing, standing posture 
using a single modality. Conventional Mri studies require 
simulation of physiological weightbearing, and biplanar radi-
ography studies require assessments with two or more scanners 
followed by substantial analysis.

one limitation of the study is that we did not evaluate kine-
matic changes through the range of knee flexion, and focused 
on the static, terminally extended position. this was not a 
complete representation of physiological activity, however 
this knee position is where differences were most notable 
in previous studies,12,18,40 and is the position of the knee in 
mid- stance of gait during which the ipsilateral leg bears 
the majority of body weight. previous open Mri studies on 
patients with ACL rupture were able to perform dynamic 
assessment throughout greater ranges of motion because 
the scan was optimized for bone, with only two Mri slices 
used to determine the outcome measurements.6-8 the multis-
lice scans in this study were optimized for cartilage detec-
tion and as a result were necessarily longer and precluded 
dynamic analysis. second, it was not possible to ensure 
complete homogeneity of the ACL- reconstructed group, and 
there may have been some differences in placement of graft 
that may have affected the findings in the ACL- reconstructed 
cohort.41 owing to the heterogeneity of meniscal lesions in 
the recruited patinets, we were unable to control for them 
in our analysis. Meniscal lesions undoubtedly play a role in 
tibiofemoral contact mechanics,42–45 and to accurately control 
for their presence would require a sample size beyond that of 
this study. There was no significant difference in the number 
of meniscal lesions between the ACL- reconstructed and non- 
reconstructed groups, and no partial meniscectomies were 
performed beyond the white- white zone. Finally, while there 

were no statistically significant differences between cohorts, 
the ACL- non- reconstructed group tended to be older with 
slightly worse functional outcome scores. this may represent 
a potential bias towards ACL reconstruction in the younger 
patient. it is possible that ACL ‘copers’ may not reach quite 
the level of physical function as individuals who undergo 
a reconstruction. in the present study, this observation may 
have contributed to type ii error in the comparison between 
the ACL reconstructed and non- reconstructed group.

This is the first study to quantify the mechanical changes 
present in a cohort of ACL ‘copers’ that have returned to activity 
after injury. in joint contact area, centroid location, and align-
ment, our findings support the recommendation to trial nonop-
erative management in individuals without dynamic instability. 
secondly, we describe an in vivo method to directly measure 
these mechanical outcomes in standing, weightbearing postures. 
Longer- term follow- up and investigation of associated patient, 
injury,46 and surgical factors is required.47–49

this study supports the hypothesis that persistently abnormal 
mechanics may predispose to cartilage degeneration after ACL 
rupture. patients and clinicians can be reassured that nonoper-
ative management of this injury, in certain individuals, results 
in no detectable differences in the measures used in this study 
compared to ACL reconstruction.

Take home message
  - Using standing MRI, we found evidence of abnormal 

tibiofemoral cartilage contact area, contact centroid location, and 
knee alignment after anterior cruciate ligament (ACL) rupture.

  - These changes were present in active individuals, regardless of 
whether or not their ACLs were reconstructed.
  - Our findings support the theory that persistently abnormal knee 

mechanics may predispose to osteoarthritis after ACL rupture.

Twitter
Follow D. J. Stockton @OrthoDocStock
Follow A. M. Schmidt @AndrewMcSchmidt
Follow B. A. Masri @Bas_Vancouver

Supplementary material
  tables i and ii describe the results of the linear mixed- 

effect models examining the adjusted effects of anterior 
cruciate ligament (ACL) rupture and ACL reconstruc-

tion on contact area. tables iii through viii describe the data 
used to construct Figures 3 to 5.

References
 1. 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;50(10):3145–3152. 

 2. von Porat A, Roos EM, Roos H. High prevalence of osteoarthritis 14 years after an 
anterior cruciate ligament tear in male soccer players: A study of radiographic and 
patient relevant outcomes. Ann Rheum Dis. 2004;63(3):269–273. 

 3. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long- term consequence 
of anterior cruciate ligament and meniscus injuries. Am J Sports Med. 
2007;35(10):1756–1769. 

 4. Smith TO, Postle K, Penny F, McNamara I, Mann CJ. Is reconstruction the best 
management strategy for anterior cruciate ligament rupture? A systematic review 
and meta- analysis comparing anterior cruciate ligament reconstruction versus non- 
operative treatment. Knee. 2014;21(2):462–470. 

 5. Frank CB, Jackson DW. The science of reconstruction of the anterior cruciate 
ligament. J Bone Joint Surg Am. 1997;79- A(10):1556–1576. 



Follow us @BoneJointJ

D. J. STOCKTON, A. M. SCHMIDT, A. YUNG, J. DESROCHERS, H. ZHANG, B. A. MASRI, D. R. WILSON1512

THE BONE & JOINT JOURNAL 

 6. Logan M, Dunstan E, Robinson J, Williams A, Gedroyc W, Freeman 
M. Tibiofemoral kinematics of the anterior cruciate ligament (ACL)- deficient 
weightbearing, living knee employing vertical access open “interventional” multiple 
resonance imaging. Am J Sports Med. 2004;32(3):720–726. 

 7. Logan MC, Williams A, Lavelle J, Gedroyc W, Freeman M. What really happens 
during the Lachman test? A dynamic MRI analysis of tibiofemoral motion. Am J 
Sports Med. 2004;32(2):369–375. 

 8. Logan MC, Williams A, Lavelle J, Gedroyc W, Freeman M. Tibiofemoral 
kinematics following successful anterior cruciate ligament reconstruction using 
dynamic multiple resonance imaging. Am J Sports Med. 2004;32(4):984–992. 

 9. Houck DA, Kraeutler MJ, McCarty EC, Frank RM, Bravman JT. Doctor, what 
happens after my anterior cruciate ligament reconstruction. J Bone Joint Surg Am. 
2019;101- A(4):372–379. 

 10. Hart HF, Culvenor AG, Collins NJ, et  al. Knee kinematics and joint moments 
during gait following anterior cruciate ligament reconstruction: A systematic review 
and meta- analysis. Br J Sports Med. 2016;50(10):597–612. 

 11. Kaur M, Ribeiro DC, Theis JC, Webster KE, Sole G. Movement patterns of 
the knee during gait following ACL reconstruction: A systematic review and meta- 
analysis. Sports Med. 2016;46(12):1869–1895. 

 12. 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;34(12):2006–2012. 

 13. Chen E, Amano K, Pedoia V, Souza RB, CB M, Li X. Longitudinal analysis of 
tibiofemoral cartilage contact area and position in ACL reconstructed patients. J 
Orthop Res. 2018;36(10):2718–2727. 

 14. 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;30(11):1781–1788. 

 15. Eastlack ME, Axe MJ, Snyder- Mackler L. Laxity, instability, and functional 
outcome after ACL injury: Copers versus noncopers. Med Sci Sports Exerc. 
1999;31(2):210–215. 

 16. Frobell RB, Roos EM, Roos HP, Ranstam J, Lohmander LS. A randomized 
trial of treatment for acute anterior cruciate ligament tears. N Engl J Med. 
2010;363(4):331–342. 

 17. Defrate LE, Papannagari R, Gill TJ, Moses JM, Pathare NP, Li G. The 6 degrees 
of freedom kinematics of the knee after anterior cruciate ligament deficiency: An in 
vivo imaging analysis. Am J Sports Med. 2006;34(8):1240–1246. 

 18. Li G, Moses JM, Papannagari R, Pathare NP, DeFrate LE, Gill TJ. Anterior 
cruciate ligament deficiency alters the in vivo motion of the tibiofemoral cartilage 
contact points in both the anteroposterior and mediolateral directions. J Bone Joint 
Surg Am. 2006;88- A(8):1826–1834. 

 19. Shefelbine SJ, CB M, Lee KY, et  al. MRI analysis of in vivo meniscal and 
tibiofemoral kinematics in ACL- deficient and normal knees. J Orthop Res. 
2006;24(6):1208–1217. 

 20. Van de Velde SK, Bingham JT, Hosseini A, et al. Increased tibiofemoral cartilage 
contact deformation in patients with anterior cruciate ligament deficiency. Arthritis 
Rheum. 2009;60(12):3693–3702. 

 21. Friel NA, Chu CR. The role of ACL injury in the development of posttraumatic knee 
osteoarthritis. Clin Sports Med. 2013;32(1):1–12. 

 22. Frobell RB, Roos HP, Roos EM, Roemer FW, Ranstam J, Lohmander LS. 
Treatment for acute anterior cruciate ligament tear: Five year outcome of randomised 
trial. BMJ. 2013;346:f232. 

 23. van Yperen DT, Reijman M, van Es EM, Bierma- Zeinstra SMA, Meuffels DE. 
Twenty- year follow- up study comparing operative versus nonoperative treatment 
of anterior cruciate ligament ruptures in high- level athletes. Am J Sports Med. 
2018;46(5):1129–1136. 

 24. Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon BD. Knee Injury and 
Osteoarthritis Outcome Score (KOOS)--development of a self- administered outcome 
measure. J Orthop Sports Phys Ther. 1998;28(2):88–96. 

 25. Irrgang JJ, Anderson AF, Boland AL, et al. Development and validation of the 
International Knee Documentation Committee subjective knee form. Am J Sports 
Med. 2001;29(5):600–613. 

 26. Cutcliffe HC, DeFrate LE. Comparison of cartilage mechanical properties measured 
during creep and recovery. Sci Rep. 2020;10(1):1547. 

 27. Mow VC, Kuei SC, Lai WM, Armstrong CG. Biphasic creep and stress relaxation 
of articular cartilage in compression. J Biomech Eng. 1980;102(1):73–84. 

 28. Fedorov A, Beichel R, Kalpathy- Cramer J, et  al. 3D Slicer as an image 
computing platform for the Quantitative Imaging Network. Magn Reson Imaging. 
2012;30(9):1323–1341. 

 29. McWalter EJ, O’Kane CM, Fitzpatrick DP, Wilson DR. Validation of an MRI- 
based method to assess patellofemoral joint contact areas in loaded knee flexion in 
vivo. J Magn Reson Imaging. 2014;39(4):978–987. 

 30. Schmidt A, Stockton DJ, Hunt MA, Yung A, Masri BA, Wilson DA. Reliability 
of tibiofemoral contact area and centroid location in an upright, open MRI. BMC 
Musculoskelet Disord. 2020;21(1):795. 

 31. Grood ES, Suntay WJ. A joint coordinate system for the clinical description of three- 
dimensional motions: Application to the knee. J Biomech Eng. 1983;105(2):136–144. 

 32. Dabirrahmani D, Hogg M. Modification of the Grood and Suntay Joint Coordinate 
System equations for knee joint flexion. Med Eng Phys. 2017;39:113–116. 

 33. Macri EM, Crossley KM, d’Entremont AG, et al. Patellofemoral and tibiofemoral 
alignment in a fully weight- bearing upright MR: Implementation and repeatability. J 
Magn Reson Imaging. 2018;47(3):841–847. 

 34. Shin CS, Souza RB, Kumar D, Link TM, Wyman BT, Majumdar S. In vivo 
tibiofemoral cartilage- to- cartilage contact area of females with medial osteoarthritis 
under acute loading using MRI. J Magn Reson Imaging. 2011;34(6):1405–1413. 

 35. Bingham JT, Papannagari R, de V, Velde SK, et  al. In vivo cartilage contact 
deformation in the healthy human tibiofemoral joint. Rheumatology (Oxford). 
2008;47(11):1622–1627. 

 36. Scarvell JM, Smith PN, Refshauge KM, Galloway HR, Woods KR. Comparison 
of kinematic analysis by mapping tibiofemoral contact with movement of the femoral 
condylar centres in healthy and anterior cruciate ligament injured knees. J Orthop 
Res. 2004;22(5):955–962. 

 37. Scott CEH, Holland G, Krahelski O, Murray IR, Keating JF, Keenan OJF. 
Patterns of cartilage loss and anterior cruciate ligament status in end- stage 
osteoarthritis of the knee. Bone Joint J. 2020;102- B(6)):716–726. 

 38. Lansdown DA, Pedoia V, Zaid M, et al. Variations in knee kinematics after ACL 
injury and after reconstruction are correlated with bone shape differences. Clin 
Orthop Relat Res. 2017;475(10):2427–2435. 

 39. Nagai K, Gale T, Irrgang JJ, Tashman S, FH F, Anderst W. Anterior cruciate 
ligament reconstruction affects tibiofemoral joint congruency during dynamic 
functional movement. Am J Sports Med. 2018;46(7):1566–1574. 

 40. Kayani B, Konan S, Ahmed SS, Chang JS, Ayuob A, Haddad FS. The effect 
of anterior cruciate ligament resection on knee biomechanics. Bone Joint J. 
2020;102- B(4):442–448. 

 41. Schairer WW, Haughom BD, Morse LJ, Li X, CB M. Magnetic resonance 
imaging evaluation of knee kinematics after anterior cruciate ligament reconstruction 
with anteromedial and transtibial femoral tunnel drilling techniques. Arthroscopy. 
2011;27(12):1663–1670. 

 42. Akpinar B, Thorhauer E, Irrgang JJ, Tashman S, FH F, Anderst WJ. Alteration 
of knee kinematics after anatomic anterior cruciate ligament reconstruction is 
dependent on associated meniscal injury. Am J Sports Med. 2018;46(5):1158–1165. 

 43. Neuman P, Englund M, Kostogiannis I, Friden T, Roos H, Dahlberg LE. 
Prevalence of tibiofemoral osteoarthritis 15 years after nonoperative treatment of 
anterior cruciate ligament injury: A prospective cohort study. Am J Sports Med. 
2008;36(9):1717–1725. 

 44. Haemer JM, Song Y, Carter DR, Giori NJ. Changes in articular cartilage mechanics 
with meniscectomy: A novel image- based modeling approach and comparison to 
patterns of OA. J Biomech. 2011;44(12):2307–2312. 

 45. Muriuki MG, Tuason DA, Tucker BG, Harner CD. Changes in tibiofemoral 
contact mechanics following radial split and vertical tears of the medial meniscus: 
an in vitro investigation of the efficacy of arthroscopic repair. J Bone Joint Surg Am. 
2011;93- A(12):1089–1095. 

 46. Kang KT, Koh YG, Park KM, et  al. The anterolateral ligament is a secondary 
stabilizer in the knee joint: A validated computational model of the biomechanical 
effects of a deficient anterior cruciate ligament and anterolateral ligament on knee 
joint kinematics. Bone Joint Res. 2019;8(11):509–517. 

 47. Ashraf Y, Senevirathna SR, Ashraf T. Conventional versus “all- inside” anterior 
cruciate ligament reconstruction: a randomized controlled trial comparing hamstring 
strength and functional outcome. Bone Jt Open. 2020;1(11):706–708. 

 48. Hexter AT, Hing KA, Haddad FS, Blunn G. Decellularized porcine xenograft for 
anterior cruciate ligament reconstruction: A histological study in sheep comparing 
cross- pin and cortical suspensory femoral fixation. Bone Joint Res. 2020;9(6):293–301. 

 49. Getgood A, Hewison C, Bryant D, et al. No difference in functional outcomes when 
lateral extra- articular tenodesis is added to anterior cruciate ligament reconstruction 
in young active patients: The Stability study. Arthroscopy. 2020;36(6):1690–1701. 



VOL. 103-B, No. 9, SEPTEMBER 2021

TIBIOFEMORAL CONTACT AND ALIGNMENT IN PATIENTS WITH ANTERIOR CRUCIATE LIGAMENT RUPTURE 1513

Author information:
D. J. Stockton, MD, MASc, Orthopaedic Surgery Resident, Centre for Hip 
Health and Mobility, Vancouver, Canada; Clinician Investigator Program, 
University of British Columbia, Vancouver, Canada; Department of 
Orthopaedics, University of British Columbia, Vancouver, Canada.

A. M. Schmidt, MEng, Master of Engineering Student
J. Desrochers, PhD, Post- Doctoral Researcher
H. Zhang, PhD, Imaging Scientist
Centre for Hip Health and Mobility, Vancouver, Canada.

A. Yung, MSc, MRI Scientific Engineer, MRI Research Center, University of 
British Columbia, Vancouver, Canada.

B. A. Masri, MD, FRCSC, Professor, Department of Orthopaedics, 
University of British Columbia, Vancouver, Canada.

D. R. Wilson, DPhil, Professor, Centre for Hip Health and Mobility, 
Vancouver, Canada; Department of Orthopaedics, University of British 
Columbia, Vancouver, Canada.

Author contributions:
D. J. Stockton: Methodology, Investigation, Formal analysis, Writing – 
original draft, Writing – review & editing. 
A. M. Schmidt: Investigation, Formal analysis, Writing – review & editing. 
A. Yung: Investigation, Formal analysis, Writing – review & editing. 
J. Desrochers: Methodology, Writing – review & editing. 
H. Zhang: Investigation, Formal analysis, Writing – review & editing. 

B. A. Masri: Methodology, Writing – review & editing.
D. R. Wilson: Methodology, Formal analysis, Writing – review & editing.

Funding statement:
No benefits in any form have been received or will be received from a 
commercial party related directly or indirectly to the subject of this article. 
This study was supported by an operating grant (Project Grant #148828) 
from the Canadian Institutes of Health Research (CIHR) and the Cy Frank 
research award from the Canadian Orthopaedic Foundation. David J. 
Stockton was supported by a CIHR Canada Graduate Student - Masters 
Award and the UBC Clinician Investigator Program.

Acknowledgements:
The authors would like to thank: MRI technicians Jennifer Patterson, 
RTMR, and James Zhang, RTMR; statistician Karey Schumansky, MSc; 
Treloar Physiotherapy for assistance with patient recruitment; and all the 
participants for their contribution to this study. Illustrations by Vicky Earle, 
BSc, MET, Medical Illustrator.

ethical review statement:
This study was approved by the University of British Columbia Clinical 
Research Ethics Board (H18-01459). All participants provided informed, 
written consent.

This article was primary edited by P. Walmsley.


