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Injuries to the anterior cruciate ligament (ACL) and menisci commonly lead to early onset osteoarthritis.
Treatments that can restore normative cartilage loading patterns may mitigate the risk of osteoarthritis,
though it is unclear whether such a goal is achievable through conservative rehabilitation. We used mus-
culoskeletal simulation to predict cartilage and ligament loading patterns during walking in intact, ACL
deficient, menisci deficient, and ACL-menisci deficient knees. Stochastic simulations with varying coordi-
nation strategies were then used to test whether neuromuscular control could be modulated to restore
normative knee mechanics in the pathologic conditions. During early stance, a 3 mm increase in anterior
tibial translation was predicted in the ACL deficient knee. Mean cartilage contact pressure increased by
18% and 24% on the medial and lateral plateaus, respectively, in the menisci deficient knee. Variations
in neuromuscular coordination were insufficient to restore normative cartilage contact patterns in either
the ACL or menisci deficient knees. Elevated cartilage contact pressures in the pathologic knees were
observed in regions where cartilage wear patterns have previously been reported. These results suggest
that altered cartilage tissue loading during gait may contribute to region-specific degeneration patterns,
and that varying neuromuscular coordination in isolation is unlikely to restore normative knee
mechanics.

� 2018 Published by Elsevier Ltd.
1. Introduction

Conservative treatment for anterior cruciate ligament (ACL) and
menisci injuries enable patients to forego surgery. However, it is
unclear whether rehabilitation alone can restore normative knee
mechanics and thereby preserve long-term joint health. Abnormal
cartilage loading patterns can disrupt tissue homeostasis and initi-
ate degenerative pathways (Griffin and Guilak, 2005), which likely
contributes to the high prevalence of early onset osteoarthritis
(OA) among individuals with prior ACL and meniscal injuries
(Andriacchi et al., 2004; Lohmander et al., 2007). Thus, restoration
of normative soft tissue loading patterns is an important objective
for long-term success of treatments for ACL and meniscal injuries.
A subset of ACL deficient patients, termed ‘‘copers”, restore knee
stability through altered neuromuscular coordination (Schenk
et al., 2014). Because the ACL is a primary passive restraint to tibial
anterior translation and internal rotation (Moewis et al., 2016),
muscular restraint must mitigate the corresponding increase in
knee laxity to compensate for ACL deficiency. Dynamic in vivo
imaging studies report greater tibial anterior translation, medial
translation and internal rotation during an array of tasks such as
active knee flexion, lunging, and walking in ACL deficient patients
(DeFrate et al., 2006; Isaac et al., 2005; Stergiou et al., 2007; Waite
et al., 2005). However, substantial inter-subject variability is pre-
sent, with select patients exhibiting relatively normal tibiofemoral
kinematic patterns during active knee flexion-extension (Barrance
et al., 2007). The underlying factors that enable neuromuscular
compensation for ACL deficiency remain elusive, as electromyogra-
phy (EMG) evidence suggests there is a variety of adaptations
across the coper population (Alkjaer et al., 2003; Macleod, 2014;
Rudolph et al., 2001; Schenk et al., 2014).

The meniscus distributes loading across the cartilage surface
and provides secondary restraint to the tibiofemoral joint

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2018.10.008&domain=pdf
https://doi.org/10.1016/j.jbiomech.2018.10.008
mailto:dgthelen@wisc.edu
https://doi.org/10.1016/j.jbiomech.2018.10.008
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com


C.R. Smith et al. / Journal of Biomechanics 82 (2019) 124–133 125
(McDermott et al., 2008). Damage to the meniscus changes the
articular contact geometry, resulting in altered contact pressure
distributions that are not likely to be restored through altered neu-
romuscular coordination. However, active muscle forces might
supplement the diminished joint restraint of a damaged meniscus.
This is functionally important since meniscectomy can elevate ACL
strain (Spang et al., 2010) and predispose both the native ACL and
reconstructed ACL to injury (Papageorgiou et al., 2001; Trojani
et al., 2011). Thus, a possible goal for conservative treatment of
meniscal damage would focus neuromuscular training to develop
a coordination strategy that prevents overloading the ACL. Cur-
rently, it is uncertain whether this goal is mechanically achievable.

Musculoskeletal simulation enables systematic investigation of
the dynamic coupling between neuromuscular coordination and
knee joint mechanics. However, prior simulation studies are con-
flicting as to whether neuromuscular coordination can restore nor-
mative knee mechanics in ACL deficient patients. Simulations of
open-chain knee extension tasks suggest that hamstring co-
contraction reduces ACL loading (O’Connor, 1993) and can restore
anterior translation patterns in an ACL deficient knee (Yanagawa
et al., 2002). Some simulations of walking suggest that elevated
hamstring activation can restore anterior tibial translation to nor-
mative ranges (Liu and Maitland, 2000; Shelburne et al., 2005a).
However, other predictions indicate that hamstrings co-
activation cannot fully restore anterior tibial translation to norma-
tive patterns (Shao et al., 2011). These studies provide insights into
the functional role of muscles in compensating for ACL deficiency,
but are limited by modeling simplifications including two dimen-
sional analyses, lack of a meniscus, and an inability to explicitly
study cartilage loading patterns.

This study investigates the differences in soft tissue loading pat-
terns caused by ACL and menisci deficiency and whether these dif-
ferences can be mitigated through an altered neuromuscular
coordination strategy. The first objective was to identify the differ-
ences in tibiofemoral kinematics and cartilage and ligament load-
ing patterns during walking for intact, ACL deficient, menisci
Fig. 1. The COMAK simulation framework was used to predict the secondary knee kinem
generate the measured motion. Simulations were performed using the same input gait m
ACL-menisci deficient. For the intact, ACL deficient and menisci deficient conditions, a M
each muscle in the COMAK cost function were varied to generate neuromuscular coord
deficient, and ACL-menisci deficient knees. The second objective
was to investigate the feasibility of modulating neuromuscular
coordination to restore normative kinematics and cartilage loading
patterns in ACL deficient knees and ACL loading in menisci defi-
cient knees.
2. Methods

A multibody knee model of a healthy female subject (Age = 23,
Height = 1.65 m, Mass = 61 kg) was previously constructed from
magnetic resonance images (MRI) (Lenhart et al., 2015). The pre-
dictive capacity of the model was evaluated by comparing simu-
lated knee kinematics against measured kinematics from
dynamic MRI during active and passive knee flexion-extension.
For this study, the model included femur, tibia, and patella bodies,
and independent medial and lateral menisci bodies that floated on
the tibial plateau. Each joint in the knee model allowed six
degrees-of-freedom (DOF) of relative motion. Articular contact
(cartilage-cartilage (E = 5 MPa, v = 0.45) and cartilage-meniscus
(E = 3 MPa, v = 0.45)) was modeled using an elastic foundation for-
mulation (Bei and Fregly, 2004; Smith et al., 2016). Ligament and
capsular structures spanning the tibiofemoral and patellofemoral
joints were represented by fourteen bundles of nonlinear springs
(Blankevoort and Huiskes, 1991). The menisci were tethered to
the tibia via nonlinear spring representations of the anterior and
posterior meniscal horns, transverse ligament, and circumferential
attachment of the menisci to the tibial plateau. The knee was inte-
grated into a scaled generic lower extremity model that included
44 muscles (Arnold et al., 2010).

Skin mounted marker kinematics and ground reactions were
measured for the subject during overground walking (1.2 m/s) in
a motion analysis laboratory. The protocol for this experiment
was approved by the University of Wisconsin Institutional Review
Board. A global optimization inverse kinematics routine was used
to calculate the trajectories of the six prescribed (6-pelvis) and five
atics, muscle forces, ligament forces, and articular contact pressures necessary to
easurements for four knee conditions: intact, ACL deficient, menisci deficient and

onte Carlo analysis (10,000 simulations) was performed in which the weightings on
ination patterns to explore the solution space of muscle redundancy.



Fig. 2. For each knee condition, the flexion angle was set to the measured value,
while the secondary knee kinematics (e.g. anterior tibial translation, medial tibial
translation and internal tibial rotation) were predicted by the COMAK algorithm.
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primary (3-hip, 1-tibiofemoral flexion, 1-ankle) lower extremity
DOFs. During the inverse kinematics procedure, the 23 secondary
knee DOFs (5-tibiofemoral, 6-patellofemoral and 12-meniscal)
were constrained to be functions of tibiofemoral flexion. These
functions were determined from a forward simulation in which
the muscles were minimally activated (2%) and tibiofemoral flex-
ion was prescribed from 0� to 120� while the secondary kinematics
were unconstrained.

The Concurrent Optimization of Muscle Activations and Kine-
matics (COMAK) algorithm was then used to predict the muscle
forces, secondary knee kinematics, ligament forces, and articular
contact pressures necessary to reproduce the measured accelera-
tions of the primary DOFs during walking (Brandon et al., 2017)
(Fig. 1). At each time step, the prescribed and primary lower
extremity DOF were set to the measured values. The muscle activa-
tions and secondary kinematics were then optimized to generate
the measured accelerations for the primary DOFs and equilibrium
(zero accelerations) in the secondary DOFs while minimizing a cost
function (J). The cost function was the muscle volume (Vi)
weighted sum of squared muscle activations (ai) and included
muscle specific weighting terms (WiÞ.

J ¼
XnMuscles

i¼1

Wi � Vi � a2i ð1Þ

The muscle weights penalize the activation of a muscle if
(Wi > 1Þ and encourage the activation if (Wi < 1) in the solution
to muscle redundancy. The nominal muscle weight for each muscle
was set equal to one (Wi ¼ 1Þ, except for the medial gastrocnemius
(Wi ¼ 4Þ, lateral gastrocnemius (Wi ¼ 7Þ, hamstrings (Wi ¼ 2Þ, rec-
tus femoris (Wi ¼ 3Þ, soleus (Wi ¼ 0:9Þ, gluteus minimus
(Wi ¼ 0:9Þ, and gluteus medius (Wi ¼ 0:9Þ. These weightings were
selected to reduce the knee contact force in the nominal simulation
to physiologic magnitudes (DeMers et al., 2014; Steele et al., 2012).

Four gait simulations using intact, ACL deficient, menisci defi-
cient, and ACL-menisci deficient conditions in the knee model were
generated using the nominal weighting factors. In addition, we
explored the muscle redundancy solution space using a Monte
Carlo analysis where the muscle weights (Wi) were randomly var-
ied for gait simulations generated for the intact, ACL deficient, and
menisci deficient conditions. Muscle weights were parameterized
as uniform distributions spanning from 10 to 10,000% of the nomi-
nal weight (Wi) value. The bounds on the distributions were deter-
mined as the largest range that still enabled all simulations to
converge. A high throughput computing grid was used to perform
10,000 simulations for each condition. The mean values of the pre-
dicted kinematics and cartilage loading metrics were less than 1%
different when calculated using 9,000 vs 10,000 simulations, ensur-
ing an adequate number of simulations were performed (Ballio and
Guadagnini, 2004). Two additional sets of 10,000 simulations were
performed with the ACL deficient knee with a lower bound on the
hamstrings activations set to 20% and 40% within the COMAK opti-
mization. This constraint enabled investigation of the function of
enhanced hamstring recruitment during stance.

For each condition, the predicted anterior tibial translation,
internal tibial rotation, tibiofemoral cartilage contact pressure
magnitudes and locations, and ACL loading were compared. The
variability in joint mechanics induced by different neuromuscular
coordination strategies was quantified by calculating the mean,
and 5th and 95th percentiles of each metric. The sensitivity of each
metric to the activation of each muscle was determined by calcu-
lating the Spearman correlation coefficient (R) at the instances of
the 1st and 2nd peaks in the tibiofemoral loading during stance.
3. Results

Simulated tibiofemoral contact forces during gait demonstrated
the characteristic double peak (1st peak: 17%, 2nd peak: 48% gait
cycle) (Fig. 1). Anterior tibial translation and ACL loading were
greatest at 1st peak, which also coincides with peak quadriceps
activation. The predicted internal rotation increased throughout
stance, with peak internal rotation (15.8�) occurring slightly before
toe-off.
3.1. Nominal gait simulation with ACL deficient knee

Simulated ACL deficiency substantially altered secondary knee
kinematics during gait relative to the nominal predictions for the
intact knee. The tibia shifted anteriorly in terminal swing. This
anterior shift persisted throughout stance and early swing, before
converging back to the normative pattern at mid-swing (Fig. 2).
The maximum increase in anterior translation (3 mm) occurred
in early stance when the quadriceps activation was greatest. The
ACL deficient knee also exhibited increased internal rotation at
push off, which persisted throughout the swing phase, and
increased medial translation during the second half of stance.

Simulated cartilage loading patterns for the ACL deficient knee
were also substantially altered relative to the intact condition
(Fig. 3, Supplemental Fig. 1). At the 1st and 2nd peaks of tibiofe-
moral loading, the anterior location of the center of pressure
(COP) on the medial tibial plateau was 1.7 mm and 2.3 mm poste-
rior to the intact COP, respectively. On the lateral tibial plateau, the
COP was 1.8 mm and 0.4 mm posterior. The mean cartilage-



Fig. 3. A comparison of tibial cartilage-cartilage contact pressure patterns for each condition over the stance phase of walking. Pressure maps at the 1st peak of tibiofemoral
loading (17% gait cycle, 28% stance) are shown in Fig. 8. The 2nd peak of tibiofemoral loading (48% gait cycle, 72% stance) demonstrates similar pressure patterns to the 80%
column. The muscle activations (red-active, blue-inactive) and knee kinematics for the nominal simulation of the intact condition are visualized at the top of the figure.
Femoral cartilage-cartilage contact pressure patterns are shown in Supplemental Fig. 1. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. A summary of the exploration of muscle redundancy solution space where the mean (bold center line) and 5–95 percentiles (shaded region) of the muscle activation
patterns predicted in the 10,000 simulations with variable muscle weight factors for the ACL deficient condition. The intact and menisci deficient conditions resulted in
similar temporal patterns with slightly different magnitudes for select muscles. Additional simulations were performed with minimal prescribed minimal hamstrings
activations to ensure full exploration of the muscle redundancy solution space (Fig. 9). EDL: extensor digitorum longus, EHL: extensor hallucis longus.
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Fig. 5. [Top Plot] The results of each batch of 10,000 simulations is summarized by
the mean (bold centerline) and 5th-95th percentiles (shaded region) of anterior
tibial translation over the gait cycle for each condition. The dotted vertical lines
depict the instances of the 1st and 2nd peaks of tibiofemoral loading. [Scatter Plots]
The scatter plots reveal the sensitivity of anterior translation to activation of each
muscle at the 1st and 2nd peaks in tibiofemoral loading. The best fit line and
Spearman correlation coefficient were calculated for the intact (black), ACL
deficient (red) and menisci deficient (blue) conditions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. [Top Plot] The mean (bold center line) and 5th-95th percentiles of the
internal rotation for the variable neuromuscular coordination simulations are
plotted over the gait cycle. The dotted vertical lines coincide with the 1st and 2nd
peaks of tibiofemoral loading. [Scatter plots] The sensitivity of predicted internal
rotation at the 1st and 2nd peaks to the activation of each muscle was quantified
using Spearman’s correlation coefficient for the intact (black), ACL deficient (red),
and menisci deficient (blue) conditions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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cartilage contact pressure was slightly lower on both plateaus at
1st peak in the ACL deficient knee compared to the intact knee con-
dition resulting from a greater proportion of the contact force shift-
ing onto the meniscus (Supplemental Fig. 2).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jbiomech.2018.10.
008.

3.2. Nominal gait simulation with menisci deficient knee

The menisci deficient knee experienced considerably higher
cartilage-cartilage contact pressures and increased loading in the
remaining passive knee structures. At 1st peak, the mean cartilage
contact pressures on the tibial plateau were increased by 18% and
24%, respectively, compared to the intact condition. Menisci defi-
ciency resulted in an anterior shift of the tibia in early stance,
and a posterior shift in late stance (Fig. 2). There was also an
increase in the internal rotation and medial translation during
stance. The medial tibial COP was shifted 1.5 mm posteriorly at
1st peak and 0.6 mm anteriorly at 2nd peak compared to the intact
condition. The lateral tibial COP was 0.5 mm anterior at 1st peak
and 0.6 mm anterior at the 2nd peak. The loading in the ACL was
2.4� higher in the meniscus deficient knee compared to the intact
knee at the instance of peak quadriceps loading.

3.3. Nominal gait simulation with ACL-menisci deficient

The ACL-menisci deficient knee lacked passive restraint to ante-
rior loads, resulting in substantially greater anterior translation at
1st peak when the quadriceps were active. At this instance, the
contact shifted to the posterior edge of the tibial plateau resulting
in greatly elevated contact pressures (Fig. 3).

https://doi.org/10.1016/j.jbiomech.2018.10.008
https://doi.org/10.1016/j.jbiomech.2018.10.008


Fig. 7. [Top Plot] The mean (bold centerline) and 5th-95th percentiles (shaded) of the cartilage-cartilage contact pressures on the medial and lateral tibial plateaus are shown
for variable neuromuscular coordination simulations for each condition. The vertical dotted lines indicate the 1st and 2nd peaks of tibiofemoral loading. [Scatter plots] The
sensitivity of the mean cartilage-cartilage contact pressures was accessed at the 1st and 2nd peaks of tibiofemoral loading using the Spearman correlation coefficient (R).
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3.4. Influence of neuromuscular coordination

The muscle weightings within the COMAK cost function influ-
enced the predicted muscle activations (Fig. 4), knee kinematics
(Figs. 5 & 6), cartilage contact pressures (Fig. 7), and ACL forces
(Fig. 8) during walking. Variability in predicted knee mechanics
from heel strike through 1st peak was substantially less than the
variability present from 2nd peak through toe off and early swing.
However, cartilage loading in the ACL deficient knee was not
restored to normative patterns by any of the 10,000 muscle coordi-
nation strategies. The absent mechanical restraint of the ACL
resulted in increased anterior tibial translation for all coordination
patterns, particularly during stance (Fig. 5). In late stance, prefer-
ential activation of the soleus compared to the gastrocnemii
reduced the anterior translation, but did not fully restore norma-
tive anterior translation patterns. However, the internal rotation
could be restored to normative patterns by preferentially activat-
ing the lateral vastus compared to medial vastus during load
acceptance, and the medial gastrocnemius over the lateral gastroc-
nemius during push-off (Fig. 6). The mean cartilage-cartilage con-
tact pressures were generally similar to the intact knee (Fig. 7).
Surprisingly, the cases of imposed minimum 20% and 40% ham-
strings activation resulted in increases of anterior tibial translation
of 1.5 mm and 4.3 mm at 1st peak compared to the unconstrained
case in the ACL deficient knee (Fig. 9).

In the menisci deficient knee, the mean cartilage-cartilage
contact pressures were generally higher than the intact and ACL
deficient knees regardless of the muscle coordination pattern
(Fig. 7). This was especially true at the first peak of tibiofemoral
loading where there was no overlap between the medial and lat-
eral pressure ranges for the intact and menisci deficient conditions.
The altered neuromuscular coordination strategies could not
restore ACL loading to intact magnitudes in the menisci deficient
knee during the first half of stance phase when the quadriceps
were active (Fig. 8).

4. Discussion

We used musculoskeletal simulation to investigate the differ-
ences in cartilage loading patterns during walking between intact,
ACL deficient, menisci deficient, and ACL-menisci deficient knees.
Then, we tested whether altered neuromuscular coordination
strategies could restore normative soft tissue loading patterns in
the pathologic knees. In the ACL deficient knee, we predicted
increased anterior tibial translation, resulting in a posterior shift
in the medial tibial cartilage contact and increased load on the
menisci during load acceptance. In the menisci deficient knee, we
found a minor posterior shift in the medial contact and a substan-
tial increase in cartilage contact pressure. In the ACL-menisci defi-
cient knee, the cartilage contact shifted to the extreme posterior
boundary of the tibial cartilage, resulting in heightened contact
pressures. Altered neuromuscular coordination was unable to
restore the cartilage contact locations during stance in the ACL
deficient knee. Neither cartilage contact pressure magnitudes nor



Fig. 8. [Top Plot] The mean (bold centerline) and 5th to 95th percentiles (shaded) of
ACL force for the variable neuromuscular coordination simulations of the intact
(black) and menisci deficient (blue) knees. The vertical dotted lines indicate the
instances of 1st and 2nd peaks of tibiofemoral loading. [Scatter Plots] The sensitivity
of ACL force to muscle activations at 1st and 2nd peaks is assessed through the
Spearman correlation coefficient (R). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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ACL loading were restored by modulating coordination in the
menisci deficient condition.

The regions of altered cartilage contact pressure patterns in the
injured conditions at the 1st peak of tibiofemoral loading (also
peak ACL loading in the intact knee, 18% of gait cycle) corre-
sponded well with reported regions of cartilage wear (Fig. 10).
Three studies examining tibial plateau resections from total knee
replacements found a posterior shift and increased area of wear
patterns on the medial plateau in ACL deficient knees compared
to ACL intact knees (Harmon and Markovich, 1998; Moschella
et al., 2006; Mullaji et al., 2008). We found a posterior shift in
the medial tibial COP in the ACL deficient knee compared to intact
at the instance of peak ACL loading (1st peak). Moschella reported
that severe cartilage wear was found on the posterior lateral corner
of the medial plateau in 20% of ACL deficient knees and 46% of ACL-
menisci deficient knees (Moschella et al., 2006). We found the
contact pressures increased substantially in this region with the
removal of the menisci in the ACL deficient knee. These compar-
isons support the notion that shifts in cartilage loading patterns
due to soft tissue injury are an important contributor to cartilage
wear patterns seen in osteoarthritic knees.

Altered neuromuscular coordination had substantial effects on
tissue loading during the second half of stance. This variability
was caused by a redistribution of the hip, knee, and ankle joint
moments between uniarticular and biarticular muscles (DeMers
et al., 2014). The distribution of the hip flexion moment between
the uniarticular muscles and the rectus femoris, and the distribu-
tion of the ankle plantarflexion moment between the soleus and
gastrocnemii had significant ramifications at the knee. Coordina-
tion strategies that favored the rectus femoris to generate the hip
flexion moment and gastrocnemii to generate the knee flexion
and ankle plantar flexion moments resulted in the largest anterior
tibial translations, cartilage contact pressures, and ACL loads. For
example, if the ankle plantarflexion moment was generated by
the gastrocnemii rather than the soleus, increased contact force
and anterior translation occurred at the knee. If the hip flexion
moment was generated by the rectus femoris, an extension
moment was applied to the knee which had to be overcome by
the gastrocnemii and hamstrings, resulting in increased contact
force and anterior translation.

There was minimal overlap between the predicted anterior tib-
ial translation ranges due to varied neuromuscular coordination in
the intact and ACL deficient knees (Fig. 5). As a result, locations of
cartilage loading at 1st peak could not be restored through altered
neuromuscular coordination in the ACL deficient knee. Regardless
of coordination strategy, the cartilage contact pressures (Fig. 7)
and ACL loads (Fig. 8) in the menisci deficient knee were always
elevated during load acceptance relative to the intact condition.
The larger contact pressures were a result of the reduced contact
area (Kim and Park, 1993). ACL loads were elevated because of
the loss of the secondary contribution of the menisci as a restraint
to anterior translation. These results suggest that adaptations in
neuromuscular coordination alone are insufficient to mitigate
abnormal soft tissue loading due to injury to the ACL or menisci.

The simulations with imposed minimal hamstrings activity
revealed that co-contraction of the hamstrings counterintuitively
leads to increased anterior translation of the tibia in the ACL defi-
cient knee. This result contradicts in vivo (Fleming et al., 2001) and
cadaver experiments (More et al., 1993) under simple loading con-
ditions. Yet, it can be explained by two factors: (1) the quadriceps
activations must be elevated to overcome the co-activated ham-
strings flexion moment, (2) the resulting increased anterior load
of the patellar tendon exceeds the imposed anterior restraint of
the hamstrings at moderate knee flexion angles (Aalbersberg
et al., 2005; Herzog and Read, 1993; Hirokawa et al., 1991). Thus,
the commonly reported ACL agonist role of the hamstrings may
not extend to walking where external loading dictates a net inter-
nal knee extension moment during load acceptance while the knee
is in an extended posture.

The interaction of muscle lines of action and limb dynamics
highlighted by our simulations suggests two movement compen-
sations that may contribute to restoring anterior tibial translation
in the ACL deficient knee. First, using a more flexed knee posture
would provide more advantageous muscle lines of action to reduce
anterior translation. Cadaver studies indicate the anterior compo-
nent of the patellar tendon force is greatest at full extension and
reduces with flexion (Herzog and Read, 1993; Victor et al., 2010).
The hamstrings line of action is nearly vertical at full extension
and becomes more posterior with increased flexion (Aalbersberg
et al., 2005; Herzog and Read, 1993). This compensation appears
to be present in some ACL deficient patients who exhibit increased
knee flexion during walking compared to healthy controls (Alkjaer



Fig. 9. A comparison of the intact, ACL deficient, and ACL deficient with minimum hamstrings activations of 20% and 40% conditions during the stance phase. Surprisingly, the
imposed hamstrings activations increased the anterior tibial translation. This arises from the corresponding increases in quadriceps activation necessary to generate the
extension moment dictated by the locomotion dynamics. The musculotendon geometry at moderate flexion angles results in the anterior component of the increased patellar
tendon load overcoming the posterior component of the increased hamstrings load.

Fig. 10. Predicted cartilage contact pressures at the instance of 1st peak tibiofemoral loading (18% gait cycle) compared against wear patterns found on tibial resections from
total knee replacement surgeries (Harmon and Markovich, 1998; Moschella et al., 2006). The black regions indicate representative wear patterns for each knee condition. The
red coloring indicates a region where 20% of ACL deficient knees and 46% of ACL-menisci deficient knees showed severe cartilage wear. The cartilage wear pattern images
have been reproduced with permission from Elsevier and Wolters Kluwer Health. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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et al., 2003; Gao and Zheng, 2010; Patel et al., 2003; Schenk et al.,
2014; Shabani et al., 2015), but not others who exhibit no differ-
ence or even reduced flexion (Georgoulis et al., 2003; Ismail
et al., 2016; Rudolph et al., 2001; Wexler et al., 1998). The second
potential compensation is a reduction of the internal knee exten-
sion moment in early stance. This adaptation has been widely
reported in ACL deficient populations and thus may indicate ACL
deficient patients modulate their movement dynamics to compen-
sate for the injury (Berchuck et al., 1990; Noyes et al., 1992; Patel
et al., 2003; Torry et al., 2004). Our simulations presumed the same
input gait kinematics and kinetics for both intact and ACL deficient
knees, which may be representative of the coper population who
exhibit similar movement patterns to healthy controls (Rudolph
et al., 2001). Further study is needed to ascertain how variations
in movement patterns may modulate the influence of neuromus-
cular coordination on internal mechanics of ACL deficient knees.

Electromyography studies commonly report co-contraction in
ACL deficient patients to ‘‘stabilize” the knee (Shanbehzadeh et al.,
2017). Our simulations demonstrate that quadriceps, gastrocnemii,
and hamstrings recruitment increase ACL loading if the movement
dynamics are unaltered. Thus, co-contraction of the knee flexors
and extensors to stabilize the knee will substantially increase
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anterior translation and elevate the cartilage contact pressures.
Over the range of simulated neuromuscular coordination strategies,
the variable co-contraction led to ranges inmeanmedial pressure of
0.44 MPa at 1st peak, and 1.69 MPa at 2nd peak. When minimal
hamstrings activations of 20% and 40% were imposed, the mean
medial cartilage-cartilage contact pressure increased by 18% and
36%, respectively (Fig. 9). This reinforces the hypothesis that co-
contraction may stiffen the joint, but also leads to higher contact
loads which may be detrimental to the long-term health of the car-
tilage tissue (Rudolph et al., 1998; Sharifi et al., 2017).

Our predictions of increased anterior tibial translation in the
ACL deficient knee during stance and convergence to the intact
pattern during mid-swing are in agreement with previous simula-
tion (Shao et al., 2011; Shelburne et al., 2004) and experimental
studies (Andriacchi and Dyrby, 2005). However, we kept the over-
all movement dynamics constant across all simulations, which
revealed the counterintuitive ACL antagonist role of the hamstrings
during walking, which conflicts with previous simulation results
(Liu and Maitland, 2000; Pandy and Shelburne, 1997; Shao et al.,
2011; Shelburne et al., 2005b). In agreement with previous studies,
we also showed that the gastrocnemii are ACL antagonists (Adouni
et al., 2016; Fleming et al., 2001). The soleus has previously been
proposed as an agonist to the ACL due to its posterior force appli-
cation to the tibia (Colné and Thoumie, 2006; Elias et al., 2003;
Hurd and Snyder-Mackler, 2007; Mokhtarzadeh et al., 2013). Our
simulations confirm the soleus to be an ACL agonist, but this func-
tion was mainly due to the corresponding reduction in the gastroc-
nemii force necessary to generate the ankle plantarflexion moment
during push-off.

Our application of the COMAK simulation framework to study
muscle coordination in ACL and menisci injury has several limita-
tions. We used experimental gait data and a knee model from a
single healthy subject. However, both knee geometry (Shao et al.,
2011) and limb dynamics (Shelburne et al., 2003) are known to
influence the joint mechanics in ACL deficient knees. Additionally,
we performed our analyses using a single set of ligament stiff-
nesses and slack lengths. We recognize that there is uncertainty
in these parameters (Laz et al., 2007) and that they vary among
the population (Chandrashekar et al., 2006) in a manner that will
affect predictions of internal knee mechanics (Smith et al., 2015).
However, despite the potential impact of these limitations on the
magnitude and precision of quantitative conclusions, our proba-
bilistic modeling framework revealed general relationships
between joint injury, muscle function, and joint mechanics that
are consistent with experimental data.

In conclusion, we found that simulated tibiofemoral cartilage
contact pressures were elevated in regions where cartilage wear
patterns are observed in both ACL deficient and menisci deficient
knees. Varying neuromuscular coordination was insufficient to
fully restore normative cartilage loading in either ACL deficient
or menisci deficient conditions, but did substantially modulate
contact pressure magnitudes and patterns during the late stance
phase of walking. These insights are important for evaluating treat-
ment and rehabilitation strategies for knee ligament and meniscus
damage.
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