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Original Research

Relationships Between Tibiofemoral
Contact Forces and Cartilage Morphology
at 2 to 3 Years After Single-Bundle
Hamstring Anterior Cruciate Ligament
Reconstruction and in Healthy Knees

Young People With Old Knees Research Team*†

Investigation performed at School of Allied Health Sciences, Griffith University, Gold Coast,
Australia; Centre for Health, Exercise and Sports Medicine, University of Melbourne,
Melbourne, Australia; and the Department of Epidemiology and Preventive Medicine,
Monash University, Melbourne, Australia

Background: Prevention of knee osteoarthritis (OA) following anterior cruciate ligament (ACL) rupture and reconstruction is vital.
Risk of postreconstruction knee OA is markedly increased by concurrent meniscal injury. It is unclear whether reconstruction
results in normal relationships between tibiofemoral contact forces and cartilage morphology and whether meniscal injury
modulates these relationships.

Hypotheses: Since patients with isolated reconstructions (ie, without meniscal injury) are at lower risk for knee OA, we predicted
that relationships between tibiofemoral contact forces and cartilage morphology would be similar to those of normal, healthy knees
2 to 3 years postreconstruction. In knees with meniscal injuries, these relationships would be similar to those reported in patients
with knee OA, reflecting early degenerative changes.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: Three groups were examined: (1) 62 patients who received single-bundle hamstring reconstruction with an intact, unin-
jured meniscus (mean age, 29.8 ± 6.4 years; mean weight, 74.9 ± 13.3 kg); (2) 38 patients with similar reconstruction with additional
meniscal injury (ie, tear, repair) or partial resection (mean age, 30.6 ± 6.6 years; mean weight, 83.3 ± 14.3 kg); and (3) 30 ligament-
normal, healthy individuals (mean age, 28.3 ± 5.2 years; mean weight, 74.9 ± 14.9 kg) serving as controls. All patients underwent
magnetic resonance imaging to measure the medial and lateral tibial articular cartilage morphology (volumes and thicknesses). An
electromyography-driven neuromusculoskeletal model determined medial and lateral tibiofemoral contact forces during walking.
General linear models were used to assess relationships between tibiofemoral contact forces and cartilage morphology.

Results: In control knees, cartilage was thicker compared with that of isolated and meniscal-injured ACL-reconstructed knees,
while greater contact forces were related to both greater tibial cartilage volumes (medial: R2¼ 0.43, b¼ 0.62, P¼ .000; lateral: R2¼
0.19, b ¼ 0.46, P ¼ .03) and medial thicknesses (R2 ¼ 0.24, b ¼ 0.48, P ¼ .01). In the overall group of ACL-reconstructed knees,
greater contact forces were related to greater lateral cartilage volumes (R2 ¼ 0.08, b ¼ 0.28, P ¼ .01). In ACL-reconstructed knees
with lateral meniscal injury, greater lateral contact forces were related to greater lateral cartilage volumes (R2¼ 0.41, b ¼ 0.64, P ¼
.001) and thicknesses (R2 ¼ 0.20, b ¼ 0.46, P ¼ .04).

Conclusion: At 2 to 3 years postsurgery, ACL-reconstructed knees had thinner cartilage compared with healthy knees, and there
were no positive relationships between medial contact forces and cartilage morphology. In lateral meniscal-injured reconstructed
knees, greater contact forces were related to greater lateral cartilage volumes and thicknesses, although it was unclear whether
this was an adaptive response or associated with degeneration. Future clinical studies may seek to establish whether cartilage
morphology can be modified through rehabilitation programs targeting contact forces directly in addition to the current rehabili-
tation foci of restoring passive and dynamic knee range of motion, knee strength, and functional performance.
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Anterior cruciate ligament (ACL) rupture is a prevalent,54

debilitating,27 and costly25 intra-articular knee injury. Recon-
struction of the ruptured ACL (ACLR) is cost-effective,37
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results in acceptable knee function,7 and restores passive
anterior-posterior stability,11 but it does not necessarily
prevent subsequent degenerative sequelae,32,55 as many
patients develop early knee osteoarthritis (OA).51,52 Knee
health outcomes are particularly poor if meniscal injury
is sustained concurrent to ACL rupture,58 constituting a
3.5-fold increase in risk of future knee OA compared with
ACLR with intact menisci.22 However, the mechanism or
mechanisms behind this elevated risk are unclear.

After ACLR, patients walk with a straighter knee67 and a
more externally rotated tibia,65 while experiencing smaller
external knee flexion moments67 that are supported by
reduced quadriceps activation.12 Autograft harvesting from
the semitendinosus and gracilis muscles may result in sub-
sequent atrophy44 and the commonly observed knee flex-
ion5,44 and internal6,44 rotation strength deficits. Given the
medial locations of the semitendinosus and gracilis mus-
cles, their varus moment arms about the knee,13 and their
contributions to medial tibiofemoral contact forces,63,74 it is
possible that the reported reductions in the medial tibiofe-
moral contact forces following ACLR63,72 are partly due to
donor muscle impairment.

Mechanical loading is essential to healthy development
and maintenance of articular tissues.9 The external knee
adduction moment during walking tends to compress the
medial tibiofemoral compartment2 and has been associated
with thicker medial-to-lateral tibiofemoral cartilage in
healthy knees,3,45,46 but in OA knees it has been associated
with thinner cartilage.3,4,45 During the first year following
ACLR, humans lose *10% of tibial bone mineral density56;
2 weeks after induced ACL injury combined with subse-
quent mechanical unloading, mice lose *50% of their distal
femoral trabecular bone.1 In humans, those who developed
radiographic medial knee OA by 5 years post-ACLR had,
compared with their intact contralateral knee, *25%
smaller medial tibiofemoral contact forces 6 months post-
ACLR.72 Together, these studies suggest that lower-than-
normal knee loading shortly after ACL injury is a factor in
future knee OA development. In human ACLR knees, the
relationships between the tibiofemoral contact forces pro-
duced during common daily activities (eg, walking) and car-
tilage morphology remain unexplored.

The purpose of this study was (1) to examine the relation-
ships between the tibiofemoral contact forces generated
during walking and tibial articular cartilage morphology
in knees 2 to 3 years following ACLR, and (2) to assess if
meniscal injury influenced these relationships. We focused
on walking instead of vigorous gait tasks such as running

because walking is the most common form of human ambu-
lation and, thus, the main behavioral determinant of the
knee’s habitual mechanical environment. Through
advances in computational modeling, it is now possible to
predict tibiofemoral contact forces in real time and to use
these contact forces as biofeedback to modulate gait biome-
chanics.60 This enables clinicians to directly target tibio-
femoral contact forces during gait rehabilitation following
ACLR, potentially influencing cartilage morphology. How-
ever, we must first understand the relationships between
tibiofemoral contact forces and cartilage morphology in
ACLR knees. We hypothesized that in meniscal-injured
ACLR knees, greater contact forces would be related to
smaller cartilage volumes and thicknesses, reflective of the
early knee degeneration that is common after ACLR with
concurrent meniscal pathology22,58 and similar to the rela-
tionships reported in OA knees.33,34,42 Conversely, those
with intact menisci should have minimal knee degeneration
at 2 to 3 years post-ACLR, as indicated by their relatively
low rates of knee OA compared with meniscal-injured ACLR
patients.47,57 Therefore, in isolated ACLR knees, we hypoth-
esized greater contact forces would be related to greater car-
tilage volumes and thicknesses, similar to the positive
relationships reported in healthy knees.3,4

METHODS

This cross-sectional case-control study was conducted with
institutional human research ethics approval, and partici-
pants provided their informed written consent prior to test-
ing. A total of 100 individuals with ACLR (age at testing,
29.7 ± 6.5 years) were recruited from the clinic records of
private consultancies, and 30 healthy individuals (age at
testing, 28.3 ± 5.2 years) were recruited by word of mouth
from the local communities to serve as controls. Inclusion
criteria for all participants included body mass index
�34 kg/m2, age 18 to 42 years, no neuromusculoskeletal
or cardiovascular condition, and no self- or clinician-
diagnosed OA anywhere in the body. Inclusion criteria spe-
cific to ACLR participants at time of testing included 2 to 3
years following ipsilateral single-bundle combined semiten-
dinosus and gracilis ACLR, �6 months between ACL rup-
ture and ACLR, no revisions, and no contralateral ACL
rupture or ACLR; in addition, any cartilage lesions identi-
fied during surgery had to have an International Cartilage
Repair Society grade of �1. We did not include previous
grade of sports participation and physical activity levels
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at time of testing or preinjury as inclusion or exclusion
criteria.

Reconstructions were performed by 4 fellowship-trained
orthopaedic surgeons. All procedures were arthroscopically
assisted, with full-length tunnel outside-in tibial drilling
followed by either transtibial or anteromedial portal dril-
ling of the femoral tunnel. Irrespective of femoral drilling
technique, the aim was to place the femoral tunnel within
the anteromedial portion of the native ACL femoral foot-
print. Semitendinosus and gracilis tendons were harvested
via a 3- to 4-cm incision over the pes anserinus, and a
4-strand autograft construct was created. Femoral fixation
was undertaken with a closed-loop Endobutton (Smith &
Nephew Endoscopy) and tibial fixation by an interference
screw. Meniscal repair was performed if the surgeon
deemed a lesion repairable; otherwise, it was resected or,
if stable, left untreated.

From the overall cohort of ACLR participants, 62 were
grouped “isolated ACLR” (age at testing, 29.8 ± 6.4 years;
weight, 74.9 ± 13.3 kg) as they had no meniscal pathology at
time of surgery, and 38 were grouped “meniscal-injured
ACLR” (age at testing, 30.6 ± 6.6 years; weight, 83.3 ±
14.3 kg). In the meniscal-injured group, we included those
with repaired, resected, and untreated but stable meniscal
pathology. Our rationale for grouping these different
types of meniscal injury was that, in all cases, the load-
distributing function of the menisci would be impaired in
some way, and this would likely influence the relationships
between contact forces and cartilage morphology. Meniscal
extrusion was not assessed.

Within 1 day after ACLR, participants were discharged
from the hospital, instructed to return to full weightbear-
ing, and permitted unrestricted knee range of motion. Par-
ticipants immediately enrolled in criterion-based physical
therapy,66 which aimed to restore the ACLR knee’s passive
and dynamic range of motion as well as muscle strength.
Particular emphasis was placed on vastus medialis recruit-
ment, as retention of vastus medialis cross-sectional area
has been associated with reduced rates of medial knee car-
tilage loss and better clinical outcomes.71 Participants were
instructed to begin training using a stationary bicycle by
week 4, were graduated to vigorous straight-line running
by 3 to 4 months, and commenced sport-specific exercises at
4 months. When participants could complete prescribed
exercises without pain or swelling, they were graduated
to more challenging tasks.

Magnetic resonance imaging (MRI) was performed on
ACLR knees and randomized knees from the controls. We
did not compare ACLR with contralateral knees because
abnormal loading of the contralateral knee in ACLR
patients75 limits use as a control. A 1.5T Signa (GE Health-
care) or 3T Megenetom Verio (Siemens) MR unit was used.
Sagittal images were acquired using T1-weighted fat-
suppressed 3-dimensional gradient recall sequences in
steady state with either 55� flip angle, 44 ms repetition
time, 12 ms echo time, 16 cm field of view, 1.5 cm slice
thickness, 60 partitions, and 256 � 256 matrix, or 10� flip
angle, 12.5 ms repetition time, 4.9 ms echo time, 16 cm field
of view, 1.5 cm slice thickness, 60 partitions, and 512 � 512
matrix. All coronal images used proton density–weighted

fat-saturated spin echo sequences, with a 3500 to 3800 ms
repetition time, 50 ms echo time, 13 cm field of view, 3 mm
slice thickness, and 1 mm interslice gap.

The MRIs were used to measure tibial articular cartilage
volumes59 and the underlying bone plate areas,19 the
results of which have been previously published.70 Image
processing was performed by 1 examiner, blinded to partic-
ipant grouping and meniscal injury status, using OsiriX
medical image processing software.61 From each MRI, the
tibial cartilage was identified by manually segmenting the
tissue boundary using the software’s graphical user inter-
face. Successive segmentations were then interpolated, and
volume (mm3) was calculated by summing bounded voxels.
The same approach was applied to measure tibial bone
plate areas (mm2), which are the bones immediately under-
lying the tibial articular cartilage. This method to measure
cartilage volumes has been shown to be accurate and repro-
ducible.19 The current study used MRI units with
equivalent or greater field strength, as well as similar
image-acquisition sequences and image-processing meth-
ods, to those of the validation study. Measurements of tibial
articular cartilage volumes and bone plate areas for the
ACLR and control participants had excellent intrarater
reliability (ie, intraclass correlation coefficients [ICCs] of
>0.99). A random cross-check, performed by an experienced
musculoskeletal radiologist, revealed interrater reliability
ICCs of >0.98.70 Bulk measures of cartilage thickness (mm)
were calculated by dividing compartmental cartilage
volumes by underlying bone plate areas.

Each participant underwent laboratory-based gait anal-
ysis <1 week after MRI, the details of which are published
elsewhere.63 To summarize, participants walked over
ground at their self-selected pace, while 3-dimensional
body motion, ground-reaction forces, and surface electro-
myography (EMG) were concurrently and synchronously
acquired. Surface EMG was performed on 8 major knee
muscles from the MRI leg: medial and lateral gastrocne-
mius, hamstrings, and vasti, as well as rectus femoris and
tensor fasciae latae. Walking biomechanics, determined
using OpenSim26 version 3.2, were then used, along with
the EMG, to calibrate and execute an EMG-driven model of
muscle14,50 and tibiofemoral contact64,74 forces (N). For
ACLR participants, the model semitendinosus was modi-
fied to account for morphologic changes after autograft har-
vesting,73 as previously described.63 Gait biomechanics
and tibiofemoral contact forces were time normalized to
100% of gait cycle. For each participant, maximum tibio-
femoral contact forces during the stance phase were
averaged across 3 repeated trials, and these averaged
values were used in subsequent statistical analyses.

Statistical analyses were performed using SPSS (v 22;
IBM Corp). Participant demographics, anthropometrics,
cartilage thicknesses, and gait spatiotemporal parameters
were assessed using chi-square or Student t tests for non-
parametric and parametric data, respectively. General lin-
ear models were used to assess the relationships between
contact forces and cartilage morphology (ie, volumes and
thicknesses). To assess the influence of meniscal injury,
we identified those who had medial or lateral meniscal
injury at the time of arthroscopy and then regressed
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cartilage morphology from the injured compartment onto
the corresponding contact forces. Those with meniscal
injury in both compartments were included in both
regressions.

RESULTS

The ACLR and the control participants had similar demo-
graphics, anthropometrics, and gait spatiotemporal para-
meters (Table 1), but meniscal-injured ACLR participants
had significantly greater body mass (83.3 ± 14.3 kg) and
body mass index (26.9 ± 4.1 kg/m2) compared with both
isolated ACLR (74.9 ± 13.3 kg and 24.2 ± 2.8 kg/m2, respec-
tively) and control (74.9 ± 14.9 kg and 23.4 ± 3.3 kg/m2,
respectively) participants. Times from injury to ACLR and
from ACLR to testing were not significantly different
between the 2 ACLR groups (Table 1).

As previously reported,70 isolated ACLR knees had
smaller medial cartilage volumes (2164.1 ± 651 mm3) com-
pared with those of controls (2513.9 ± 691 mm3) and sim-
ilar values to those of meniscal-injured (2213.7 ± 595 mm3)
knees. No differences in lateral cartilage volumes, nor any
differences in bone plate areas, were found among control,

isolated, or meniscal-injured ACLR knees (Table 2). Con-
trol knees had thicker medial and lateral cartilage com-
pared with that of isolated and meniscal-injured ACLR
knees, while no significant differences in cartilage thick-
ness were found between isolated and meniscal-injured
ACLR knees (Table 3).

In both compartments of control knees, greater contact
forces were significantly related to greater cartilage volumes

TABLE 1
Characteristics and Gait Spatiotemporal Parameters of the Controls

and of the Entire Cohort of ACLR, Isolated ACLR, and Meniscal-Injured ACLR Participantsa

Controls (N ¼ 30) All ACLR (N ¼ 100) Isolated ACLR (n ¼ 62) Meniscal-Injured ACLR (n ¼ 38)

Males, n (%) 19 (63) 66 (66) 42 (68) 24 (63)
Age, y 28.3 ± 5.2 29.7 ± 6.5 29.8 ± 6.4 30.6 ± 6.6
Mass, kg 74.9 ± 14.9 78.1 ± 14.4 74.9 ± 13.3 83.3 ± 14.3b,c

Body mass index, kg/m2 23.4 ± 3.3 25.2 ± 3.6b 24.2 ± 2.8b 26.9 ± 4.1b,c

Height, m 1.79 ± 0.09 1.76 ± 0.08 1.75 ± 0.09 1.76 ± 0.06
Injury to surgery, y NA 0.21 ± 0.14 0.20 ± 0.11 0.24 ± 0.17
Right knees tested, n (%) 13 (43) 51 (51) 32 (52) 17 (44)
Surgery to testing, y NA 2.51 ± 0.44 2.5 ± 0.4 2.6 ± 0.5
Walking speed, m/s 1.44 ± 0.22 1.41 ± 0.18 1.42 ± 0.2 1.42 ± 0.19
Stride length, m 1.51 ± 0.12 1.51 ± 0.10 1.50 ± 0.1 1.52 ± 0.11
Stride time, s 1.08 ± 0.09 1.11 ± 0.06 1.11 ± 0.06 1.1 ± 0.05
Stride rate, strides/min 0.93 ± 0.074 0.91 ± 0.05 0.91 ± 0.05 0.91 ± 0.04

aData are reported as mean ± SD unless otherwise indicated. ACLR, anterior cruciate ligament reconstruction; NA, not applicable.
bSignificantly different from controls, P < .05.
cSignificantly different from isolated ACLR, P < .05.

TABLE 2
Tibial Cartilage Volumes and Bone Plate Areas From the Knees of the Controls

and From the Entire Cohort of ACLR, Isolated ACLR, and Meniscal-Injured ACLR Kneesa

Tibial Compartment
Controls
(N ¼ 30)

All ACLR
(N ¼ 100)

Isolated ACLR
(n ¼ 62)

Meniscal-Injured ACLR
(n ¼ 38)

Cartilage volume, mm3 Medial 2513.9 ± 691 2182.9 ± 628b 2164.1 ± 651b 2213.7 ± 595
Lateral 3145.4 ± 880 2905.1 ± 824 2920.8 ± 846 2879.6 ± 797

Bone plate area, mm2 Medial 2289.1 ± 357 2262.4 ± 325 2222.6 ± 335 2327.4 ± 300
Lateral 1296.5 ± 222 1304 ± 200 1313 ± 209 1289.2 ± 186

aThese data (reported as mean ± SD) were previously reported by Wang et al70 and are presented here for convenience. ACLR, anterior
cruciate ligament reconstruction.

bSignificantly different from the controls, P < .05.

TABLE 3
Tibial Cartilage Thickness in the Medial and Lateral

Compartments of Control Knees and in the Entire Cohort of
ACLR, Isolated ACLR, and Meniscal-Injured ACLR Kneesa

Mean Tibial Cartilage Thickness, mm

Medial Lateral

Controls 1.09 ± 0.23 2.41 ± 0.08
All ACLR 0.93 ± 0.18b 2.15 ± 0.04b

Isolated ACLR 0.92 ± 0.17b 2.15 ± 0.37b

Meniscal-injured ACLR 0.94 ± 0.20b 2.20 ± 0.47b

aData are reported as mean ± SD. ACLR, anterior cruciate lig-
ament reconstruction.

bSignificantly different from healthy controls, P < .05.
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(Figure 1, A and C). Similarly, significant positive relation-
ships were found in the lateral compartment of the overall
cohort of ACLR knees (Figure 1D) but not in the medial
compartment (Figure 1B), where the relationship was non-
significant and flat. In control knees, greater contact forces
were related to thicker medial, but not lateral, cartilage
(Figure 2, A vs C). In the overall cohort of ACLR knees,
no significant relationships between contact forces and car-
tilage thicknesses were found (Figure 2, B and D).

The types of meniscus injuries sustained are listed in
Table 4. The lateral meniscus was most commonly affected
(n ¼ 25, *66% of meniscal-injured ACLR knees), which
included 12 cases of partial resection with no other menis-
cal injury or treatment. The remaining cases (n ¼ 12, 36%)
were combinations of untreated meniscal tears, repairs,
and resections in either or both compartments. In ACLR
knees with lateral meniscal injury, greater lateral contact
forces were significantly related to greater lateral carti-
lage volumes and thickness (Figure 3B and Figure 4B).
In contrast, ACLR knees with medial meniscal injury had
relationships between medial contact forces and both
medial cartilage volumes (Figure 3A) and thicknesses

(Figure 4A) that were nonsignificant (P ¼ .12 and .26,
respectively). In both the medial and lateral compart-
ments of isolated ACLR knees, we did not find significant
relationships between contact forces and either cartilage
volumes (Figure 5) or thicknesses (Figure 6).

DISCUSSION

To our knowledge, this study was the first to investigate the
relationships between tibiofemoral contact forces and tibial
articular cartilage morphology in ACLR knees and to
explore the influence of meniscal injury on these relation-
ships. In healthy control knees, greater contact forces were
related to greater cartilage volumes in both tibiofemoral
compartments and to thicker medial, but not lateral, carti-
lage. In the overall cohort of ACLR knees, greater contact
forces were related to greater cartilage volumes in the lat-
eral, but not medial, compartment and had no significant
relationships to cartilage thicknesses in either compart-
ment. However, in lateral meniscal-injured ACLR knees,
greater lateral contact forces were significantly related to

Figure 1. Tibial articular cartilage volumes (mm3) regressed onto maximum walking tibiofemoral contact forces (N) with the 95%
confidence intervals (dotted lines) for the control (cross-hairs) and overall cohort of ACLR knees (circles). (A and B) Medial
compartment; (C and D) lateral compartment. ACLR, anterior cruciate ligament reconstruction.
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greater lateral cartilage volumes and thicknesses; in
medial meniscal-injured ACLR knees, no significant rela-
tionships between contact force and cartilage morphology
were found. Follow-up investigation should examine if the
relationships found at 2 to 3 years post-ACLR are associ-
ated with future knee health.

In healthy control knees, greater contact forces were
related to greater cartilage volumes in both the medial ( Fig-
ure 1A) and lateral (Figure 1C) compartments, while
greater contact forces were related to thicker medial (Fig-
ure 2A), but not lateral (Figure 2C), cartilage. The results
pertaining to the medial compartment were consistent with
previous reports,3,4,45,46 which found that greater knee
adduction moments (ie, a surrogate of medial-to-lateral
tibiofemoral contact forces) correlated (0.31 < R2 < 0.63)
with greater medial-to-lateral tibiofemoral cartilage
thickness ratios. A recent study using a computational
model to estimate tibiofemoral cartilage contact pressures
also found moderate correlations (0.23 < R2 < 0.61) with
cartilage thickness in healthy knees.69 A plausible

Figure 2. Tibial articular cartilage thicknesses (mm) regressed onto maximum walking tibiofemoral contact forces (N) with the 95%
confidence intervals (dotted lines) for the control (cross-hairs) and overall cohort of ACLR knees (circles). (A and B) Medial
compartment; (C and D) lateral compartment. ACLR, anterior cruciate ligament reconstruction.

TABLE 4
Prevalence of Different Types of
Meniscal-Injured ACLR Kneesa

Prevalence

Meniscal Injury Type n %

Untreated medial tear 4 11
Untreated lateral tear 6 16
Medial resection 5 13
Lateral resection 12 32
Untreated medial tear and lateral resection 2 5
Medial and lateral resections 1 3
Medial resection and lateral repair 1 3
Medial repair and untreated medial tear 4 11
Lateral repair and untreated lateral tear 3 8

aRounding errors and some participants having multiple
meniscal injuries resulted in the sum of injury type percentages
equaling more than 100%. ACLR, anterior cruciate ligament recon-
struction.
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interpretation of our results as well as those of earlier stud-
ies3,4,45,46,69 is that healthy knee cartilage thickens in
response to the repetitive high-magnitude contact loads
experienced during daily activities such as walking. This
interpretation is appealing, as it conforms to the fundamen-
tals of cartilage mechanobiology15-17,41 and is consistent
with both human18,40 and animal42,43 studies examining
the response of cartilage to loading, but it neglects several
important observations. First, lateral tibial cartilage is
thicker compared with medial cartilage (Table 2 and previ-
ous reports21,28), despite the lateral compartment experi-
encing substantially smaller contact forces during
walking (ie, 30%-60% of medial values).31 If we accept that
cartilage optimizes morphology based on loading, as indi-
cated by a wealth of mechanobiology studies, then why are
regions of cartilage that sustain smaller contact forces (eg,
the lateral tibia) thicker than those that experience sub-
stantially higher loading? Second, the reported relation-
ships between contact loads and healthy cartilage
morphology range from weak to moderate (ie, 0.19 < R2 <
0.63), and in our study, we did not find any significant
relationships in the lateral compartment (Figure 2B). Over-
all, these observations indicate that factors other than con-
tact force magnitudes must also modulate cartilage

morphology, particularly in the lateral compartment. Car-
tilage contact pressure is potentially one such factor, as it
incorporates both contact force magnitude and the local
tissue area over which the forces are applied. Van Rossom
et al69 reported significant correlations between cartilage
contact pressures and healthy cartilage thicknesses similar
to our results (ie, 0.22 < R2 < 0.50), and notably they found
significant relationships in the lateral compartment. This
suggests that using contact pressures may reveal cartilage
load–morphology relationships that would remain unde-
tected using contact forces alone. Importantly, both contact
forces and pressures are applied loads and do not directly
account for the responses of the tissue (ie, strains), which
have been recognized as critical to tissue remodeling in engi-
neered cartilage48 and cause bone remodeling.33 An analysis
of the strains experienced by ACLR tibiofemoral cartilage
during walking is warranted but was beyond the scope of
this study.

In the overall cohort of ACLR knees, relationships
between contact forces and cartilage thicknesses were
found to be flat and nonsignificant (Figure 2, B and D).
They appeared to be somewhere between the positive rela-
tionships reported from healthy knees (Figure 2, A and C,
and previous reports2,3,32,69) and negative relationships

Figure 3. Tibial articular cartilage volumes (mm3) from the compartment that sustained a meniscal injury regressed onto maximum
contact forces (N) with 95% confidence intervals (dotted lines). Shown are ACLR participants (circles) with (A) medial meniscal
injury (n¼ 17) and (B) lateral meniscal injury (n¼ 25), while healthy controls (cross-hairs) are plotted for comparision. ACLR, anterior
cruciate ligament reconstruction.
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from OA knees.3,4,45 It may be that, in the overall cohort of
ACLR knees, degenerative changes had already begun, but
without follow-up data, we cannot comment on whether the
relationships of contact force to cartilage morphology seen 2
to 3 years post-ACLR are associated with future knee
health. An implication of these flat relationships is that the
largest-magnitude contact forces were not sustained by the
thickest cartilage, potentially placing the tissue at risk of
injury and degeneration. The medial and lateral tibial car-
tilage in the overall cohort of ACLR knees was 0.16 and
0.36 mm thinner, respectively, compared with the healthy
control knees (Table 3). If we assume that, prior to surgery,
the ACLR participants had cartilage of similar thickness to
that of healthy control knees, then these differences
amount to *15% and 11% of healthy medial and lateral
cartilage, respectively. If we further assume that the carti-
lage losses were linearly distributed from time of ACLR to
study participation, this constituted *3% to 5% annual loss
of cartilage thickness. In knee OA patients, a similar 3% to
5% annual loss of cartilage was associated with significant
risk (ie, odds ratio, 2.3; 95% confidence interval, 0.4-12.2)
for knee arthroplasty within 4 years.20 This does not mean
the ACLR participants in this study are likely to receive
knee replacement within 4 years, as they had thicker and

better cartilage to begin with compared to knee OA
patients. If their rate of cartilage loss remains unabated,
it will lead to knee failure.

Previously, it has been reported that cartilage defects
were more prevalent in the meniscal-injured than in iso-
lated ACLR knees.70 These initial results motivated us to
examine the relationships between contact forces and car-
tilage morphology, as well as the potential influence of
meniscal injury on these relationships. We found that par-
tial lateral meniscus resection was the most common form
of meniscal injury in the ACLR participants (Table 4),
which is consistent with both arthroscopic reports of acute
ACL injuries38 and the observed valgus collapse of the knee
that commonly occurs during ACL rupture.23 Contrary to
our primary hypothesis, we found that greater contact
forces were related to greater cartilage volumes and
thicknesses in the lateral compartment of lateral
meniscal-injured ACLR knees but not in the medial com-
partment of medial meniscal-injured ACLR knees. This
explained why the relationships between lateral contact
forces and lateral cartilage volumes in the overall cohort
of ACLR knees were found to be significant and positive
(Figure 1D) while nonsignificant in the medial compart-
ment (Figure 1B). However, these positive relationships

Figure 4. Tibial articular cartilage thickness (mm) from the compartment that sustained a meniscal injury regressed onto maximum
contact forces (N) from the respective tibiofemoral compartment with 95% confidence intervals (dotted lines). Shown are ACLR
participants (circles) with (A) medial meniscal injury (n ¼ 17) and (B) lateral meniscal injury (n ¼ 25), while healthy controls (cross-
hairs) are plotted for comparision. ACLR, anterior cruciate ligament reconstruction.
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in lateral meniscal-injured ACLR knees may not be indic-
ative of functional adaptations of the cartilage to the habit-
ual loading environment and may be due to fluctuations in
cartilage morphology following joint trauma (eg, ACL rup-
ture and ACLR). Indeed, within 5 years of ACL injury,
tibiofemoral cartilage has been shown to both swell and
thin, sometimes within the same compartment.29 More-
over, this swollen cartilage may be of poorer quality (ie,
increased T2 and T1p relaxation times reported at 2 years68

and 3 years8 post-ACLR). In the current study, we did not
assess cartilage quality, but we noted that significant
positive relationships between contact forces and cartilage
morphology were observed in the common lateral meniscal-
injured ACLR knees but were not seen in medial meniscal-
injured ACLR knees. We have interpreted this to mean
that the compartment where meniscal injury is sustained,
and not simply the presence or absence of a meniscal
injury, influences the relationships between contact forces
and cartilage morphology. Future studies may consider
examining whether other features of meniscal injury, such
as size and type, have unique influences on the relation-
ships between contact force and cartilage morphology.

In contrast to meniscal-injured ACLR knees and con-
trary to our hypothesis, we found nonsignificant relation-
ships between tibiofemoral contact forces and both cartilage
volumes (Figure 5) and thicknesses (Figure 6) in isolated

ACLR knees. These results may mean that osteoarthritic
changes have already begun by *3 years following the ini-
tial ACL injury, as we did not find the significant positive
relationships between contact forces and cartilage morphol-
ogy characteristic of healthy control knees. This result, cou-
pled with the rate of cartilage loss thought to have occurred
in the ACLR knees, do not auger well for future knee health.
However, we tested these ACLR participants only at a sin-
gle time point (ie, 2-3 years postsurgery), and both cartilage
morphology29 and tibiofemoral contact force magnitudes72

are known to fluctuate considerably over the first 5 years
after ACL injury. Thus, it is possible the relationships we
found were transient or peculiar to the 2- to 3-year post-
operative time period. This leaves open the possibility that
these relationships may change in time to match those seen
in healthy knees, as has been shown to occur with the tibio-
femoral contact forces in ACLR knees.72 A prospective study
examining the progression of these relationships through-
out ACLR rehabilitation and the first 5 years that follow
would be insightful for both researchers and clinicians alike.

We found no significant differences in cartilage thick-
nesses between isolated and meniscal-injured ACLR knees,
which was consistent with a previous study70 that reported
nodifferences in cartilage volumes,nor underlying bone plate
areas, between these 2 ACLR groups. Similarly, Lee et al49

found that meniscal injury did not affect semiquantitative

Figure 5. Tibial articular cartilage volumes (mm3) regressed onto maximum contact forces (N) with 95% confidence intervals
(dotted lines) for isolated ACLR and healthy control knees in the (A) medial and (B) lateral compartments. ACLR, anterior cruciate
ligament reconstruction.
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assessment of cartilage health at *2 years post-ACLR
follow-up, and Wellsandt et al72 reported no differences in
prevalence of meniscal injury between those who did and
did not develop radiographic knee OA 5 years post-ACLR.
In these studies,49,70,72 the time from surgery to evaluation
of knee health was 2 to 5 years, which may not be sufficient
time for MRI-based measurements or clinical assessments
to detect degeneration. In general, reports of equivalent
knee health outcomes in isolated and meniscal-injured
ACLR depart from the consensus opinion that meniscal
injury is a particularly potent risk factor for future knee
OA onset.24,30,51-53,62 In cases of nonsurgically treated
damaged menisci30 and in the majority of meniscal-
injured ACLR studies,62 patients were aged 61.6 ± 7.9 years
and *40 years, respectively, compared with the younger
participants in this study (29.7 ± 6.5 years). This is impor-
tant because radiographic signs of degeneration following
meniscal injury are worse in older compared with younger
knees.10 Further, in the cited studies,19,25,39-41,51 patients
were assessed considerably later compared with our study
(ie, >10 years vs 2-3 years after injury), which provided
time for meniscal injury to influence cartilage morphology
and for the aging process to affect cartilage. In our younger

cohort of ACLR participants, cartilage degeneration due to
meniscal injury may not emerge until several years have
passed. However, given the weight of evidence indicating that
meniscal injury is a potent risk factor for knee OA, our findings
of equivalent cartilage thickness between isolated and
meniscal-injured ACLR knees at 2 to 3 years postsurgery
should be interpreted cautiously.

Several limitations of this study should be considered.
First, we assumed that the relationships between contact
forces and cartilage morphology were linear and, thus,
amenable to general linear models. This is an established
approach in the literature, but it may not be appropriate
given that cartilage is a complex biologic tissue with remo-
deling processes that are both nonlinear and dynamic. An
alternative to the current approach would be to couple our
neuromusculoskeletal model estimates of contact forces
with a mechanistic model of cartilage remodeling.34

Second, we know that forces applied to tissues such as car-
tilage will cause strains, and these may stimulate remodel-
ing processes. However, we could not determine causal
relationships between the tibiofemoral contact forces and
cartilage morphologies due to the simple cross-sectional
design of this study. For example, in healthy control knees,

Figure 6. Tibial articular cartilage thickness (mm) regressed onto maximum contact forces (N) with 95% confidence intervals
(dotted lines) for isolated ACLR and healthy control knees in the (A) medial and (B) lateral compartments. ACLR, anterior cruciate
ligament reconstruction.
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greater contact forces may have caused the cartilage to
adapt by increasing volume, or those with more cartilage
volume may simply have had greater contact forces. There-
fore, we confined ourselves to reporting the relationships
for the different clinical and nonclinical groups in our study
and did not posit causal relationships. Third, increased
prevalence of articular tissue pathologies, such as cartilage
defects, have been reported in the meniscal-injured knee
compared with isolated ACLR knees.70 This could have
resulted in the meniscal-injured participants’ using a gait
strategy to unload their damaged knee, ostensibly due to
pain. However, there were no significant differences in
walking speeds, knee angles, external knee moments, or
tibiofemoral contact forces between the isolated and the
meniscal-injured ACLR participants,63 and they reported
similar levels of knee pain.70 This means there is no evi-
dence to support the idea that pain-induced gait modifica-
tions explain the relationships between contact force and
cartilage morphology in the 2 different groups of ACLR
participants. Future studies may consider exploring
whether pain early in ACLR rehabilitation affects longer-
term gait biomechanics and cartilage morphology.

A fourth limitation of our study was that in the meniscal-
injured ACLR group, we included those with single and mul-
tiple, small and large, repaired and unrepaired, and resected
and untouched meniscal injuries. We grouped them together
for pragmatic reasons: There were 9 different types of
meniscal injury, and we did not have sufficient participant
numbers to examine each type independently. Each of these
variations on meniscal injury may have had different influ-
ences on the relationships between contact forces and carti-
lage morphology, which may have confounded our analysis
when grouped together. Fifth, postoperative physical reha-
bilitation was not controlled, and we have no data on indi-
vidual compliance with therapy or when ACLR participants
returned to high-loading activities. Some may have returned
to high-loading activities earlier compared with others and,
hence, had greater exposure to high-loading activities by
their time of testing, which may have influenced cartilage
morphology, contact forces, and their relationships. Sixth,
these data were acquired before current knee-imaging
recommendations were published,39 which means that the
MRIs were not acquired using the current recommended
sequences of proton density–weighted, fast/turbo spin echo,
or T2-weighted turbo spin echo to image tibiofemoral carti-
lage. Seventh, we used MRI units of different field strength
(ie, 1.5 and 3 T), which may have influenced the cartilage
morphology measurements. However, no participant was
imaged using both MRI units, so we cannot confirm that the
different MRI units influenced our cartilage measurements
but acknowledge that it is a potential limitation. Finally, it is
not currently possible to measure in vivo contact forces in
native human joints. The EMG-driven model used to deter-
mine the tibiofemoral contact forces has been indirectly val-
idated, as it has been shown to accurately predict contact
forces produced during gait measured through instrumented
prosthetic knee implants,31,36 as well as the external joint
moments determined through inverse dynamics.14,50

Although model predictions of the lateral contact forces have
been shown to be less accurate36 and reliable35 than medial

contact forces, we are confident that our predictions of the
tibiofemoral contact forces were appropriate for the scope of
this investigation.

CONCLUSION

Isolated and meniscal-injured knees at 2 to 3 years post-
ACLR had thinner medial and lateral tibial cartilage than
that of healthy control knees. In healthy control knees,
greater contact forces were related to greater cartilage
volumes in both the medial and lateral compartments, as
well as thicker medial cartilage. By 2 to 3 years following
surgery, in both the overall cohort and isolated ACLR knees,
flat relationships were found between contact forces and
cartilage thicknesses, meaning that the largest-magnitude
forces were not supported by the thickest cartilage. In lateral
meniscal-injured ACLR knees, greater lateral contact forces
were related to thicker cartilage, although it was not clear if
this was an adaptive response or a swelling that often occurs
in the first 5 years after ACLR.
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