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Summary

Background: The goal of this review is to sum-
marise and discuss the reported influence of
muscle-tendon forces on anterior cruciate liga-
ment (ACL) loading during the jump-landing task
by means of biomechanical analyses of the
healthy knee.

Methods: A systematic review of the literature was
conducted using different combinations of the
terms “knee”, “ligament’, “load’’, “tension “,
“length”, “strain’’, “elongation” and “lengthening”.
26 original articles (n=16 in vitro studies; n=10 in
situ studies) were identified which complied with
all inclusion/exclusion criteria.

Results: No apparent trend was found between
ACL loading and the ratio between hamstrings
and quadriceps muscle-tendon forces prior to or
during landing. Four in vitro studies reported re-
duced peak ACL strain if the quadriceps force
was increased; while one in vitro study and one in
situ study reported reduced ACL loading if the
hamstrings force was increased. A meta-analysis
of the reported results was not possible because
of the heterogeneity of the confounding factors.
Conclusion: The reported results suggest that in-
creased hip flexion during landing may help in re-
ducing ACL strain by lengthening the hamstrings,
and thus increasing its passive resistance to
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stretch. Furthermore, it appears that increased
tensile stiffness of the quadriceps may help in
stabilising the knee joint during landing, and thus
protecting the passive soft-tissue structures from
overloading.

Level of evidence: Ib.

KEY WORDS: anterior cruciate ligament, high-impact
activities, knee, loading patterns, musculoskeletal control.

Introduction

Rupture of the anterior cruciate ligament (ACL) is a
common sports injury, and is especially associated
with jump-landing tasks and side-step cutting activi-
ties such as basketball, soccer or tennis'-3. Despite
the successes of ACL reconstruction surgery, up to
90% of patients continue to develop early osteoarthri-
tis within 20-years post-surgery*. This is an alarming-
ly high number given that patients with ACL injuries
are often young athletes or adults who are fit and
healthy. Interestingly, a high percentage of ACL rup-
tures occurs in non-contact situations, indicating that
ACL injuries are likely influenced by poor neuromus-
cular control and improper movement execution
rather than an external impact force delivered directly
to the knee joint'3. In general, female athletes seem
to exhibit a greater incidence of non-contact ACL in-
jury compared to male counterparts, which has been
associated with the females’ reduced capability to
stabilise the joint during high-impact movements®.
From a biomechanical perspective, the strains and
loading in the ACL during dynamic movement are
predominantly governed by the forces and moments
that are applied to the knee joint, the instantaneous
position and orientation of the lower limbs, as well as
the non-linear material properties of the bone and
soft tissue. An important aspect to consider is that
slight changes of kinematic or kinetic parameters at
the ankle or the hip joint can play a critical role on the
loading of the knee joint, and thus on ACL strains and
forces. This is especially important for the jump-land-
ing task (also referred to as jump landing in the litera-
ture), which is characterised by a large vertical
ground reaction force that mainly induces an ankle
dorsiflexion moment, a knee flexion moment, and a
hip flexion moment, whereby the triceps surae, the
quadriceps and the hamstrings are the key muscle-
tendon groups to counteract the externally induced
flexion moments*.
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Several major reviews have been published to sum-
marise recent advances and insights into ACL load-
ing from biomechanical analyses (including computa-
tional modelling, cadaveric testing, robotic simula-
tions and in vivo measurements). In particular, Kaze-
mi et al. provided a general review of computational
models to analyse the mechanical function of the
knee joint during different loading conditions; Pappas
et al.” summarised available techniques to measure
ligament strain and forces in vivo with an emphasis
on their advantages, limitations, and clinical rele-
vance; and Bates et al. provided a summary of the
literature on the biomechanical evidence regarding
ACL loading during physiological or clinical tasks
from in vitro cadaveric simulations. The latter group
further conducted a meta-analysis of the reported
ACL forces during passive knee flexion, in which a
strong correlation was found between anterior-tibial
translation and ACL ligament forces during passive
knee flexion*. It was further confirmed that combined
joint movements with coupled knee flexion, abduction
and internal tibial rotation generally had a greater im-
pact on ACL loading than isolated conditions alone,
which is in line with the findings from epidemiological
studies in female athletes that report higher knee val-
gus, hip internal rotation, and hip adduction during
landing compared to male counterparts®?°.

To date most studies and reviews have focused on
the relationship between joint kinematics and ACL
loading, i.e. how differences in joint position and ori-
entation affect ACL strain and forces. However, the
relationship between joint kinetics (including muscle-
tendon forces and moments) and ACL loading is less
well known, probably due to the challenges in mea-
suring these dynamic parameters in vivo. As noted in
a recent review, limitations remain in accurately repli-
cating the dynamic muscle-tendon forces and mo-
ments that act on the knee joint during high-impact
movements, which may have led to physiologically in-
accurate conclusions in the past*. ACL injuries com-
monly occur during high-impact sporting activities
that are associated with significantly different muscle
activation patterns compared to passive knee motion
or low-impact movements such as squatting or gait.
Here, muscle-tendon forces are thought to play a key
role in stabilising the knee joint'?, and thus impacting
on ACL loading through dynamic force coupling.
Thereby, the ratio between the hamstrings and the
quadriceps muscle-tendon force (H:Q ratio) may be
related to the magnitude of ACL loading during land-
ing. In particular, it has been previously proposed that
lower H:Q ratios may lead to reduced knee stability
that is associated with higher ACL strains'!. Howev-
er, such hypotheses are largely based on results from
epidemiological or modelling studies; and speculation
remains as to how the complex interactions of lower
limb motion, muscle-tendon forces and moments in-
fluence ACL loading during high-impact dynamic situ-
ations in vivo.

In recent years, efforts have been directed towards
improving cadaveric measurement and computational
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modelling techniques to accurately replicate muscle-
tendon and joint dynamics when analysing ACL strain
during high-impact sporting activities. In particular,
improvements in cadaveric testing apparatus, as well
as advancements in multi-body computational simula-
tions of the musculoskeletal system, have provided
novel approaches for analysing the influence of mus-
cle-tendon forces and moments on ACL loading dur-
ing jump landing. However, no consensus has been
reached as to the relationship between muscle-ten-
don forces, joint kinematics, kinetics and ACL loading
during dynamic movement in vivo. Here, clear in-
sights would be crucial to confirm previously posed
hypotheses on muscle activity from epidemiological
studies, improve the general understanding of non-
contact ACL rupture, and eventually advance effec-
tive injury prevention and/or treatment. The goal of
this systematic review is therefore to summarise,
compare and evaluate the findings from these novel
experimental and computational techniques and gath-
er biomechanically-based evidence on the influence
of muscle-tendon forces on ACL loading during high-
impact movements such as landing from a vertical
jump. Results on ACL strain and forces during jump
landing from cadaveric and computational studies
were compiled from the literature with a special focus
on the associated muscle-tendon forces that were ap-
plied at the knee joint during in vitro or in situ dynam-
ic simulation.

Material and methods

Literature search

This research was ethically conducted according to
international standards and as described in'2,
PubMed, Embase, and Cochrane databases were
searched from their inception to November 2014 to
identify studies that reported on ACL loading during
jump landing. Different combinations of the terms
“knee”, “ligament”, “load”, “tension “, “length”,
“strain”, “elongation” and “lengthening” were used.
To facilitate the conduct of the systematic review and
the identification of duplicate reports, all search re-
sults were imported into Eppireviewer (version 4)'3.
The titles and abstracts of all identified citations were
screened and the full texts of all potentially eligible
studies were retrieved. The initial search was not re-
stricted to the ACL but included all knee joint liga-
ments to avoid missing articles which included load
data on the ACL in the full text without reporting it in
the title or the abstract. Studies were included in the
full text review if they satisfied all inclusion/exclusion
criteria as outlined below. The reference lists of all re-
trieved studies were further screened for additional
relevant articles.

Inclusion/exclusion criteria

To be included in this review, studies had to present
original data of either ACL strain or ACL forces during
jump landing. In order to focus this review on the re-
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lationship between ACL loading and acting muscle-
tendon forces, studies were only included if they ad-
ditionally presented the magnitude of at least one
muscle-tendon force prior to or during landing. Inclu-
sion of studies was limited to analyses of healthy
knees with intact ligaments. Data collected in the
pathological knee or after clinical intervention (includ-
ing but not limited to tibial osteotomy, posterior cruci-
ate ligament resection, or meniscus resection) were
excluded. Non-original research, reports on the work
of others, non-English articles and abstracts were al-
so excluded.

Extraction of data

Numerical data were extracted from those studies
that reported on most of the following parameters in
addition to ligament strain or forces: peak vertical im-
pact force (VIF), knee flexion angle, hip flexion angle,
anterior tibial translation (ATT), H:Q ratio before land-
ing, and peak H:Q ratio during landing. Here, the
choice of parameters reflects the focus of this review
on the key biomechanical parameters associated with
jump landing. The retrieved data included numerical
values that were specifically given in the literature, as
well as approximated values that could be derived
from the presented graphs and given data. Subject
number, average age and weight were also retrieved
from the literature if possible. A meta-analysis of the

reported findings was not performed due to the het-
erogeneity of the confounding factors, in particular
large inter-study differences in the magnitudes of the
peak VIF and the lower limb position at initial contact
across the literature.

Results

The initial literature search yielded a total of 2371 ar-
ticles to be considered for the review (Fig. 1). A total
of 2155 studies was excluded after initial screening.
The full texts of the remaining 216 studies were re-
trieved for further evaluation. Screening of the full-
text articles revealed that only 68 articles contained
load data on the ACL. After carefully reading the full
text articles, a total of 24 studies was identified that
complied with all inclusion/exclusion criteria. 44 of the
68 studies were excluded because they reported on
ACL loading during gait (n=14), other low-impact
loading (n=21), side-step cutting (n=2), or isolated
un-physiological force application (n=3). Four studies
were further excluded because they did not specifi-
cally report on the magnitudes of the applied muscle
forces during jump landing'#-17. After screening of the
reference lists, a further two papers were identified that
complied with all inclusion/exclusion criteria. This yield-
ed a total of 26 papers that were included in this re-

Databases: Pubmed, Embase and Chocrane
= Keywords: knee, ligament, load, force, tension, strain, length, lengthening and elongation
£ Total number of hits (n=3098)
B
b=l
-
g
= A\ 4
(=1
Records after duplicates removed (n = 2371) q Records excluded (n=2155)
\4
Records screened (n = 216) > Records excluded (n = 148)
A\ 4
Full-texts assessed for eligibility (n = 68) > Full-texts excluded (n = 44)

\4

Studies included in review (n = 24) + (screening of reference lists n = 2)
Total studies included in review (n = 26)
(In vitro cadaveric simulation n = 16), (/n situ computational modelling n = 10)

[ Included ][Eligibility ] [ Screening ]

Figure 1. PRISMA flowchart of the systematic review*S.
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view, whereby 16 studies reported on results from in
vitro cadaveric testing and 10 studies from in situ com-
putational modelling. Two studies were found that anal-
ysed in vivo ACL strain by either combining marker-
based motion analysis with MRI-based computational
modelling and fluoroscopic imaging'é, or direct mea-
surements based on an implanted DVRT device'4. Un-
fortunately, both in vivo studies were limited to kinemat-
ic data without reporting on muscle-tendon forces, and
were thus excluded from the review.

Relationship between muscle-tendon forces and
in vitro ACL strain during jump landing

A total of 16 full-text articles reported on ACL strain in
the anterio-medial bundle (AM-ACL strain), as well as
presented the force magnitudes of at least one mus-
cle-tendon structure, during single- and/or double-
legged drop landing using cadaveric simulators and
measurements from differential variable reluctance
transducers (DVRT) placed in the anterio-medial bun-
dle of the ACL (Tab. l). The most commonly applied
cadaveric simulator was introduced by Withrow et
al.’8, and used to analyse AM-ACL strain during jump
landing in approximately 90 cadaveric specimens’®
26 To replicate the passive muscle forces during
jump landing, the quadriceps, hamstrings and gas-
trocnemius tendons were attached in series to aircraft
cables with a known stiffness and pretension'8. Here,
the 30-80 ms time of single-leg landing was consid-
ered too short for any muscle reflex or substantial vo-
litional changes in muscle activation to occur. Thus,
the representation of the muscle stretch response to
loading using nonlinear passive springs was consid-
ered valid. Later modifications to the initial design of
the Withrow testing apparatus included the replace-
ment of the aircraft cables with nonlinear springs to
account for the muscle’s bilinear elastic and viscous
resistance to rapid stretch during dynamic move-
ment2! 24, as well as the consideration of the external
hip rotator muscles, in addition to the quadriceps,
hamstrings and gastrocnemius’®.

The reported results on peak relative strain and strain
rate in the AM-ACL during jump landing using the ca-
daveric testing simulator by Withrow et al.’® are pro-
vided in Table Il. Here, ‘relative strain’ was defined as
the change in DVRT length from the initial length in
the pre-impact static posture, divided by the initial
length. Thereby, the ACL was always preloaded in
the initial configuration and the unloaded zero strain
state was unknown'®. The H:Q ratio prior to landing
was set at 0.39 for all simulations, with the knee posi-
tioned at either 15° or 25° flexion angle pre-impact.
The peak VIF that was applied to simulate jump land-
ing ranged from 622N2" to 2093N26, It is important to
note, that the foot was not included in the Withrow
testing apparatus with the VIF applied directly to the
tibia of the cadaveric leg. The resulting peak relative
AM-ACL strain spanned a wide range that could not
be explained by differences in the applied VIF, e.g.
0.8% peak relative AM-ACL strain at a peak VIF of
2093N2¢ versus 8.69% peak relative AM-ACL strain
at a peak VIF of 1196N"9. Contradictory results were
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also reported between the H:Q ratio during landing
and the peak relative AM-ACL strain, with two studies
reporting a positive correlation2-2! and one study re-
porting a negative correlation2®, It appears that an in-
crease in the forces of the hamstrings or the quadri-
ceps muscle-tendon unit during jump landing may
cause a decrease in the resulting peak relative AM-
ACL strain. In particular, Withrow et al.?® reported a
decrease in the peak relative AM-ACL strain of >70%
in ten cadaveric knees if the peak hamstring forces
during landing were increased by 100%; while Lipps
et al.2" showed that an increase in the tensile stiff-
ness of the quadriceps muscle-tendon unit by 33%
led to a decrease in the peak relative AM-ACL strain
of 16% in 12 female cadaveric knees despite an ATT
increase. Lipps et al.20 further reported an increase in
the peak relative AM-ACL strain of 95% in ten female
cadaveric specimens compared to ten male cadaveric
specimens, with the muscle-tendon tensile stiffness
of the quadriceps for the sample of female specimens
being reduced by 20% to reflect in vivo data on gen-
der differences in muscle properties attributable to
smaller muscle mass in the female.

Another in vitro cadaveric testing apparatus to simu-
late jump landing was introduced by Levine et al.?”
and used in the same or a subset of eight male and
eight female cadaveric specimens to analyse the re-
lationship between AM-ACL strain and multi-planar
knee kinematics?829 as well as loading conditions
and injury patterns at point of ligament failure27.29, |t
should be noted that the exact number of specimens
is difficult to extract from the literature because sub-
ject-specific characteristics are not always fully de-
tailed, and thus, several studies may have used the
same specimens. Muscle-tendon structures in the
Levine testing apparatus were replicated using cable-
pulley systems that allowed static force application
along the lines-of-action of the quadriceps and ham-
string muscle groups?’. Here, muscle-tendon forces
were mainly applied to stabilize the knee joint prior to
the simulation of landing, without reporting or
analysing their influence on ACL loading during simu-
lation. The H:Q ratio to stabilise the knee prior to
landing was set at 0.66 for all simulations, with the
knee positioned at 25° flexion angle at touch down?7-
30, The foot of the cadaveric leg in the Levine testing
apparatus was included to accurately capture the
load transfer at the ankle joint with the VIF ranging
from 3775N to 4875N27-30, which is substantially high-
er than the VIF applied to the tibia in the cadaveric
simulator by Withrow et al.’® (Tab. Il). The resulting
peak relative AM-ACL strain ranged from 9.4 to 27%,
which is also substantially higher compared to the re-
sults reported in19:21-26_ |t is likely that the larger strain
magnitudes are due to the larger VIF magnitudes as
well as differences in simulating the contribution of
muscle-tendon forces prior to and during landing. Yet,
an analytical comparison was not possible due to
large inter-study differences in experimental set-up.
Further in vitro cadaveric simulators were developed
by Weinhold et al.3" and Hashemi et al.5, with the lat-
ter also being used in a study by Cassidy et al.32 us-
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Table I. In vitro studies using cadaveric simulators to analyse ACL strain during jump landing. Ham: hamstrings;
Quad: quadriceps; Gastro: gastrocnemius; F: female; M: male; y: years; CSA: cross-sectional area.

Ref Activity Muscles Subjects Focus/independent variable

[19] Single-legged  Ham, quad, hip 10F, 55.2y, 10M, Limited internal femoral
landing rotators 59.9y rotation

[32] Double- Ham, quad, 1F, 20y /1M, 43y  Dynamic in vivo loading
legged gastro
landing

[5] Double- Quad 4F, 5M, 55.1y Quadriceps pre-activation
legged
landing

[28] Double- Ham, quad 8F, 8M, 45y* Time-sequence of knee
legged kinematics
landing

[29] Double- Ham, quad 6F, 8M, 45y* Passive anterior knee joint
legged laxity
landing

[27] Single- and Ham, quad 9F, 8M, 45y* Injury mechanisms (multi-
double-legged planar kinematics)
landing

[21] Single-legged  Ham, quad 12F, 58y, 70.2kg Quadriceps stiffness
landing

[20] Single-legged  Ham, quad 10F, 65.7y, 10M, Gender-specific muscle
landing 60.8y stiffness, ACL CSA & lateral

tibial slope

[22] Single-legged  Ham, quad, 11F, 65y Anterior tibial acceleration &
landing gastro posterior tibial slope

[23] Single-legged  Ham, quad, 8F, 4M, 65y Axial tibial torque
landing gastro

[24] Single-legged Ham, quad, 6F, 9M, 70.4y Axial tibial torque & frontal
landing gastro plane moment

[30] Single- and Ham, quad 9F, 8M, 45y* Injury mechanisms (multi-
double-legged planar kinematics)
landing

[31] Double- Ham, quad 7 age/gender Gender-specific loading
legged unknown
landing

[26] Single-legged  Ham, quad, 6F, 4M, 60.3y Hamstring tension
landing gastro

[18] Single-legged  Ham, quad, 5F, 5M, 67.9y Valgus moment
landing gastro

[25] Single-legged  Ham, quad, 6F, 5M, 70.8y Quadriceps force, impact
landing gastro force, knee flexion

* Possibly same or subgroup of same cadaveric specimens

ing physiologically-based muscle force profiles from
in vivo inverse dynamics analysis. Here, the muscle-
tendon forces of the hamstrings and quadriceps de-
termined in an amateur female athlete were trans-
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ferred to a cadaveric knee joint to measure AM-ACL
strain magnitudes during jump landing, with a report-
ed peak relative AM-ACL strain of 4.3% during land-
ing. Comparing the muscle force trajectories with the
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Table Il. In vitro results from cadaveric experiments (cadaveric simulator based on'®) on peak relative AM-ACL strain
[%] and strain rate [%/s] of the ACL during jump landing with corresponding loading conditions. Values in grey are
approximated from the available, published data or graphs. IC: initial contact; VIF: vertical impact force; ATT: anterior
tibial translation; H:Q: hamstrings to quadriceps force ratio; F: female; M: male; y: years.

Ref Subjects Peak Strain Time Peak H:Q Peak Knee Knee Peak
relative rate after VIF [N] before H:Q flexion flexion ATT
strain [%] [%/s] IC IC atIC at [mm]
peak
ACL
[19] 10F, 55.2y 8.7 n/a 0.005- 1196 0.39 n/a 15 21.9 41-7.6
0.01
10M, 59.9y 6.0 n/a 0.005- 1416 n/a 22.4 0.5-7
0.02
[21] 12F, 58y, 6.0 232.4 0.01 622 0.39 X 15 251 4.9
70.2kg
5.0 156.2 0.01 652 0.90X 23 5.4
[20] 10F, 65.7y, 6.4 232.4 0.027 688 0.39 Y 15 23.9 4.0
68.8kg
10M, 60.8y, 3.3 156.2 0.021 814 0.84Y 21.5 3.4
71.8kg
[22] 11F, 65y 3.4 n/a 0.066 1298 0.39 n/a n/a n/a n/a
[23] 8F, 4M, 65y 3.0 184.2 0.075 1287 0.39 n/a 15 29.6 1.3
[24] 6F, 9M, 70.4y, 3.8 n/a 0.071 1457 0.39 n/a 15 29.4 1.6
85.6kg
[26] 6F, 4M, 60.3kg 3.0 n/a 0.03- 1755 0.39 0.11 25 30.9 4.3
0.06
0.8 n/a 2093 0.31 30.5 3.1
3.6 n/a 1777 0.06 31 4.2
2.9 n/a 1702 0 31.1 4.8
[18] 5F, 5M, 67.9y 3.5 n/a 0.02- 1610 0.39 n/a 25 29.7 1.9
0.05
[25] 6F, 5M, 70.8y 2.9 n/a 0.02- 1400 0.39 n/a 25 30.9 n/a
0.05

AM-ACL strain trajectories during landing, it was
found that the AM-ACL strain was low at peak quadri-
ceps force during landing®2. In different work, Hashe-
mi et al.5 reported a decrease in AM-ACL strain from
4.5 to 2.8% with an increase in quadriceps muscle
force from 25N to 700N during landing in nine cadav-
eric knees (5 males, 4 females, average age 55.1
years), even though AM-ACL strain was increased
prior to landing in the presence of higher quadriceps
forces. These results are in line with the results by
Lipps et al.2%-21 suggesting that the quadriceps mus-
cle-tendon unit acts as joint stabiliser during landing,
and thus assists in reducing ligament loading. Yet, an
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analytical analysis of the reported relationship be-
tween quadriceps forces and AM-ACL strain was
again difficult due to large inter-study differences in
the confounding factors, i.e. magnitudes of the VIF.

Relationship between muscle-tendon forces and
in situ ACL forces during jump landing

A total of 10 studies reported on ACL loading, includ-
ing applied muscle force magnitudes, during single-
legged (n=5) or double-legged (n=5) jump landing
based on musculoskeletal, computational modelling
of the knee joint or the lower limbs (Tab. Ill). Thereby,
computational models with different degrees of com-
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Table lll. In silico computational modelling studies that analysed ACL loading during jump landing. Ham: hamstrings;
Quad: quadriceps; Gastro: gastrocnemius; ID: inverse dynamics; FD: forward dynamics; CMC: computed muscle

control; F: female; M: male; y: years.

Ref Activity Muscles Method Subjects Focus/independent
variable

[11] Double-legged Rectus fem, biceps In vivo, ID/FD, 11F, 20y, Increased drop height
landing fem CMC 59.7kg

[37] Double-legged Ham, gastro, patellar  Invivo, ID, EMG-  16F, 22y, Muscle & joint forces
landing tendon driven 62.2kg

[33] Double-legged Ham, quad 3D FEM 8F, 8M, 45y Validation of cadaveric
landing cadaveric experiments

experiments

[38] Single-legged Ham, patellar tendon In vivo, ID/FD, 15F, 20.9y, Stiff versus soft landing
landing CMC 63.2kg*

[39] Single-legged Ham, quad, gastro, In vivo, ID, static ~ 8M, 22.9y, Gastrocnemius & soleus
landing soleus optimisation 67.2kg

[40] Double-legged Gastro, tibialis, In vivo, ID, EMG- 1M, 28y, 82kg Lower limb force
landing vastus, rectus fem, driven transmission

ham, biceps fem

[36] Single-legged Ham, quad, gastro Force-driven n/a Valgus & internal rotation
landing model moments

[34] Single-legged Ham, quad, gastro Force-driven n/a Posterior deceleration
landing model force

[35] Single-legged Ham, quad, gastro Force-driven n/a Valgus moment
landing model

[41] Double-legged Ham, gastro, patellar In vivo, ID, EMG-  23F, 20.9y, Knee & hip flexion during
landing tendon driven 63.1kg* landing

* possible same or subgroup of same subjects

plexities have been developed, either alongside ca-
daveric testing to extend the experimental results?3.33-
36 or in combination with in vivo measurements of
joint kinematics, external ground reaction forces and
muscle-tendon forces to investigate the factors con-
tributing to ACL loading during jump landing''-37-41,
Here, the open-source musculoskeletal modelling
software OpenSim#2 was used in three studies to de-
rive the muscle-tendon forces during landing based
on in vivo kinematic, kinetic and EMG data, whereby
one study adopted an algorithm based on static opti-
misation3® while two studies deployed an advanced
algorithm called computed muscle control'"-38, In
comparison to the standardised position of the knee
joint and constant pre-tension of muscles (H:Q ratio)
for in vitro studies, the reported muscle-tendon forces
and knee joint kinematics from in situ computational
modelling varied significantly between studies (Tab.
IV), with the H:Q ratio prior to impact ranging from
0.33 to 1.33, the initial knee flexion angle from 9° to
34° and the peak VIF from 1.8 to 4.1 times Body
Weight (BW). Furthermore, computational simulations
were often driven by in vivo data from optical motion
capture, ground reaction force measurements and
EMG11.37.39.40_ Here, differences between subjects,
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testing procedures and data processing likely con-
tributed to the larger range of input parameters com-
pared to cadaveric testing.

The results from in situ computational modelling sug-
gest that there is no apparent trend between the result-
ing peak ACL force and the peak VIF or the H:Q ratio
prior to or during the landing phase (Tab. IV). Note, da-
ta was only extracted from those studies that reported
on most of the following parameters in addition to liga-
ment forces: VIF, knee flexion angle, hip flexion angle,
ATT, H:Q ratio before landing and peak H:Q ratio dur-
ing landing. The reported peak ACL force ranged from
0.15BW with 1.8BW of peak VIF and 0.19 H:Q peak ra-
tio during landing®” to 0.8BW with 3.3BW of peak VIF
and 0.76 H:Q peak ratio during landing®8. Interestingly,
the results by Southard et al.#! suggest that increased
tension in the hamstrings due to greater hip flexion an-
gles are likely to contribute to a reduction in ACL load-
ing. This finding is in line with the in vitro results by
Withrow et al.26, who reported reduced peak AM-ACL
strain with increased passive stiffness of the ham-
strings, suggesting that greater hip flexion during land-
ing may help to increase the muscles’ force generating
capacity to reduce anterior shear forces, and thus con-
tribute to reduced ACL loading.
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Table IV. Results from in silico computational modelling on peak ACL force during jump landing with corresponding
loading conditions. Values in grey are approximated from the available, published data or graphs. IC: initial contact;
BW: body weight; VIF: vertical impact force; ATT: anterior tibial translation; H:Q: hamstrings to quadriceps force

ratio; F: female; M: male; y: years.

Ref  Subjects Peak Time Peak H:Q

H:Q Knee Knee Hip Hip ATT

ACL after VIF before peak flexion flexion flexion flexion increase
force IC [BW] IC atIC at atiC at
[BW] peak peak
ACL ACL
[37] 16F, 22y, 0.2 0.07 1.8 0.56 0.19 18 30-50 n/a n/a n/a
62.6kg
[38] 15F, 0.8 0.01 3.3 1.33 0.76 11 14 21 22 n/a
20.9y,
63.2kg
0.7 0.007 2.9 1.33 0.76 16 18 29 30 n/a
[40] 1M, 28y, 0.4 0.04 4.1 0.33 0.24 34 48 32 40 n/a
82kg
[41] 23F, 0.4 0.025 2.1 n/a 0.30 9 n/a 3 23 n/a
20.9y,
63.1kg
0.3 0.025 1.9 n/a 0.24 23 n/a 12 n/a n/a

Most computational models represented the ACL lig-
ament as a straight-line 1D segment with pre-defined,
non-linear elastic material properties with its insertion
sites based on cadaveric measurements1-23.37-39_ |n
a computationally more involved approach, Kiapour
et al.33 developed an anatomically-based Finite Ele-
ment (FE) model of the knee joint based on CT/MRI
images of one female athlete (25 years old). The
anatomically-based FE model accurately captured
the 3D spatial orientation of the fibres inside the liga-
ments to analyse the strain in the different bundles.
The model was then later validated against in vitro re-
sults by the same Authors??, and subsequently adopt-
ed to better interpret experimental findings on the re-
lationship between multi-planar knee kinematics and
ACL loading from cadaveric testing®0. While the mod-
el accurately captured the 3D fibre orientation of the
ligaments, the muscle-tendon structures were repre-
sented by straight-line segments with their line-of-ac-
tion taken from the literature. The H:Q ratio prior to
landing was pre-set at 0.67, and details on the mate-
rial properties of the muscle tissue and the magni-
tudes of the muscle-tendon forces during dynamic
simulation were unfortunately lacking.

Discussion

Muscles are the primary active joint stabilisers that
help to protect knee ligaments from injury. As a re-
sult, it is assumed that the co-activation of antagonis-
tic muscles prior to and during landing plays a critical
role in balancing the forces across the knee joint, and
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thus reducing the risk of ACL injury. Interestingly, no
apparent trend between ACL loading and H:Q ratio
prior/during landing was found across the literature,
with an isolated increase of either the quadriceps or
the hamstrings muscle-tendon forces during landing
leading to a decrease in ACL loading. It appears that
ACL loading cannot be explained by the mechanisms
of muscle-tendon forces alone, but likely results from
a complex interaction between the external forces
(e.g. VIF), the knee joint kinematics, the knee joint
anatomy, as well as the timing and magnitude of
peak muscular activity. Here, the in vitro results of
three studies suggest that the timing of peak muscle-
tendon forces may be crucial to reducing ACL load-
ing519:32, The importance of neuromuscular timing
was emphasised in related work by Taylor et al.®
who found a peak ACL strain 55ms before landing at
the minimum of knee flexion angle based on in vivo
image-based analysis in eight subjects (8 males, av-
erage age 26 years). It was suggested that the timing
of antagonistic muscle activity before landing may be
crucial for successfully stabilizing the knee joint dur-
ing impact; and that disruptions or perturbations prior
to contact may lead to ligament overloading and in-
jury. Unfortunately, the accurate derivation of force
trajectories of antagonistic muscles during jump land-
ing remains very challenging because of remaining
limitations in measuring or computationally simulating
the over-determined dynamical system that compris-
es the lower limbs.

Computational models based on inverse dynamics
analysis in combination with EMG-based or static op-
timisation have generally been adopted to derive
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muscle-tendon forces during landing in situ (Tab. Il1).
The derivation of muscle-tendon forces using static
optimisation necessitates distributing the net inter-
segmental forces across synergistic and antagonistic
muscles, which leads to a problem of indeterminate
nature that is generally solved using quasi-static opti-
misation techniques*3. For low-speed exercises, the
quasi-static equilibrium condition holds true under the
assumption that the angular acceleration of each seg-
ment is negligible; however, this is not the case for
high-speed exercises associated with non-contact
ACL rupture. Static optimisation techniques are gen-
erally not sufficient for predicting antagonistic muscle
activity that does not occur with the goal of minimiz-
ing stress but rather to e.g. stabilize joints and main-
tain joint integrity. Ideally, computational methods
based on forward dynamics simulations are used to
predict muscle activation patterns during high-speed
movements such as jump landing, and then analyse
how inter-muscular control affects ACL loading“3.
Forward dynamics simulation is a method of system-
atic trial and error, and reflects the process by which
an athlete optimizes control of muscle recruitment
and physiological strength for best performance of
explosive movements. In general, forward dynamics
simulations are computationally expensive as the ba-
sic equations of motion have to be integrated twice
over time. However, advancements in numerical tech-
niques have led to the introduction of the computed
muscle control algorithm to determine a set of muscle
excitation patterns that optimally matches in vivo
kinematic data in a computationally efficient man-
ner*4. Two studies have adopted the computed mus-
cle control algorithm to analyse the influence of land-
ing technique on ACL loading during jump landing in
young female athletes'!-38. Further work in this direc-
tion is needed to elucidate the influence of changes
in antagonistic muscle activity on ligament (over)-
loading.

In general, the consideration of physiologically-based
muscle activity for analysing ACL loading during in
vitro cadaveric testing, as well as in situ computation-
al modelling, remains highly compromised. Muscle-
tendon structures for computational simulations have
generally been represented using non-linear elastic
1D elements to reduce computational costs, with the
muscle’s anatomical line-of-actions, cross sectional
areas and material properties estimated based on re-
ported values in the literature; while 1D cables with a
given stiffness and pre-tension have been adopted to
replicate muscles during cadaveric testing. However,
the muscle force magnitudes and directions during
dynamic movement are affected by time-dependent
changes in muscle-tendon lengths, lever arms, knee
and hip joint angles and their angular velocities, as
well as the given muscle activation levels and cross
sectional areas. Slight changes in the muscle line of
action have a considerable impact on the muscle’s
lever arm, which in turn influence the moment gener-
ating power, and thus the entire dynamics of the joint.
Cassidy et al.®2 was the only group who applied phys-
iologically-based muscle force profiles to a cadaveric
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knee joint to measure AM-ACL strain magnitudes
during jump landing. The muscle-tendon forces and
lever arms from computational modelling based on in
vivo kinematic and kinetic data of one female ama-
teur athlete were used to calculate the equivalent
muscle group forces, which were then applied to the
cadaveric knee to replicate the moments as predicted
by the computational model. Unfortunately, the study
was limited to one subject and exact details on the
magnitudes of the applied VIF, peak hamstring and
quadriceps forces were missing.

The coupled motion between the hip, knee and ankle
joint dynamically affects the force-generating proper-
ties of all muscle structures in the lower limbs, where-
by the stretch-strain response of the muscle-tendon
structures and ligaments further depends on the
speed of movement'8. The importance of considering
the dynamic coupling between the hip, knee and an-
kle joint when analysing ACL loading during jump
landing has been clearly demonstrated in different
work19:37. Based on cadaveric testing, it has been
demonstrated that AM-ACL strain is inversely related
to the available range of internal femoral rotation dur-
ing jump landing, suggesting that increased pre-ten-
sion of the external hip rotators may cause an in-
crease in ACL strain due to an increase in internal
tibial rotation with coupled anterior tibial translation®.
In different work based on computational modelling, it
was demonstrated that a change in the ankle plantar
flexion angles significantly affected knee joint kine-
matics and kinetics, and thus ACL loading3’. Only
three studies were found which reported on strain
rate magnitudes from DVRT measurements during
cadaveric testing (Tab. Il). However, none of these
studies further analysed the relationship between
joint dynamics, speed of loading and potential in-
crease in ACL injury risk under sudden stretch during
high-impact loading. Here, it is important to remem-
ber that ligaments and muscle-tendon structures
have visco-elastic material properties that are charac-
terised by a velocity-dependent response to sudden
stretch. As such, the rate at which the muscles and
ligaments are stretched during landing is likely to im-
pact on the resulting forces within the soft tissue, and
thus the risk of ACL injury.

Conclusion

The key finding from this systematic review of the lit-
erature is that both peak ACL strain and peak ACL
force during jump landing appear to be reduced if the
tensile stiffness (passive resistance to stretch) of the
quadriceps®20.21.32 or the hamstrings2%4! is increased
during landing (Tabs. Il, 1V). These results suggest
that increased hip flexion during landing may help in
reducing ACL strain by lengthening the hamstrings,
and thus increasing its passive resistance to stretch;
while increased tensile stiffness of the quadriceps, for
example associated with increased muscular cross-
sectional area in males compared to females, may
help in stabilising the joint during landing, and thus
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protecting the passive soft-tissue structures from
overloading. However, the applied VIF, knee joint po-
sition and muscle-tendon forces prior to landing were
found to span a wide range of magnitudes across
both in vitro cadaveric and in situ computational stud-
ies, which severely limited our ability to analytically
compare the study results.

In general, advancements in computational modelling
and cadaveric simulations are needed to accurately
capture the behaviour of the non-linear viscoelastic
muscle-tendon structures during dynamic movement,
and then systematically analyse the influence of
changes in the timing and the magnitude of muscle-
tendon forces on peak ACL loading during jump land-
ing. In the future, forward dynamics musculoskeletal
modelling may provide a powerful tool to analyse how
alterations in muscle activation affect ACL loading
during high-impact movements such as jump landing.
The insights from such analyses will be essential to
improve the current understanding of the biomechani-
cal mechanisms underlying ligament overloading,
with the ultimate goal to design targeted preventive
therapy (e.g. muscle strengthening exercises) as well
as patient-specific treatment following ACL injury.
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