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Chapter 1

General Introduction

Background

The knee

The knee exists of three compartments: the medial, lateral and patellofemoral com-
partment. The medial and lateral condyle of the femur rest on the medial and lateral
tibia plateau. The angles of the tibia plateaus, medial and lateral (defined as the
angle of this plateau relative to the plane orthogonal to the longitudinal axis of the
tibia in the sagittal plane) differ between persons. The tibia, femur and patella are
protected by articular cartilage. There are two menisci in the knee: the medial and
the lateral meniscus [17]. Those structures reduce the peak contact stress on the tibia
and femur during movements. The menisci also guide rotations and contribute to
stabilizing translations of the tibia relative to the femur [17]. To provide stability of
the knee (a decrease of knee laxity, i.e. tibiofemoral translations), the tibia and femur
are connected by ligaments: the extra-articular medial collateral ligament (MCL) and
lateral collateral ligament (LCL) and the intra-articular posterior cruciate ligament
(PCL) and anterior cruciate ligament (ACL) [17]. The MCL is attached to the medial
surface of the shaft of the tibia and to the medial epicondyle of the femur. The LCL
is attached anterior to the lateral aspect of the fibula head and the lateral epicondyle
of the femur. These two ligaments prevent anterior, posterior, medial and lateral
tibia translations relative to the femur and also limit valgus and varus angles [17].
The PCL, one of the two main intra-articular ligaments, is attached to the medial
surface of the intercondylar notch and the posterior side of the proximal tibia in the
fovea centralis. The PCL prevents posterior tibia translation [17]. The ACL (Figure
1) is the other main intra-articular ligament and is attached medially to the anterior
intercondylar tubercle of the tibia and a small part is attached to the anterior of the
lateral meniscus [21]. At the femoral side, the ACL is attached to the posterior part
of the medial aspect of the lateral femoral condyle [21].
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Fig. 1 A: the anterior cruciate ligament and posterior cruciate ligament. B: a cadaver knee in a
flexion angle of approximately 90 degrees.

The ACL consists of three bundles: the smaller anteromedial (AM) bundle, the
intermediate bundle (IM) and the larger posterolateral (PL) bundle. In literature,
the intermediate bundle is often disregarded as it is not clear where this bundle is
attached. The AM and PL bundle become taut at different knee flexion angles [31].
The AM becomes taut when the knee is flexed at 90 degrees and the PL becomes
taut at full extension [31]. The ACL prevents both anterior tibia translation relative
to the femur (ATT) and internal tibial rotation [14, 35]. In cadaveric knees, the ACL
provides approximately 80% to 90% of the force restraining ATT [7]. The ultimate
force that the ACL can handle, tested in cadaveric knees, when the force is applied
to the whole ACL is approximately 1725N [31].

Surrounding the knee, three main muscle groups are situated: the quadriceps,
the hamstrings and the gastrocnemius muscles [33]. The quadriceps group consist
of the rectus femoris, vastus lateralis, vastus intermedius and vastus medialis and
provides an extension moment around the knee. Moreover, the quadriceps group is
a dynamic antagonist to an intact ACL [17]. The hamstrings consist of the biceps
femoris, semitendinosus and semimembranosus muscles and provide a flexion moment
around the knee. The gracilis muscle, an adductor of the hip, also crosses the knee
and aids in the flexion of the knee. The hamstrings group and gracilis muscle are
antagonists to an intact PCL [17]. The gastrocnemius consists of two muscles: the
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medial and lateral gastrocnemius and, besides being a planter flexion of the foot, also
contributes in knee flexion.

ACL injury

Annually around 0.2-4 percent of the athletes injure their ACL [34]. ACL injuries
most commonly occur during sports that involve sudden stops or changes in direction,
jumping and landing [12] such as in soccer, basketball and downhill skiing [25, 12].
Mostly the ACL injury occurs during deceleration without contact with another player
in combination with a valgus angle and external rotation [35]. Other common injury
mechanisms are hyperextension with torsion, a valgus angle due to an external force
or hyperflexion [35].

An ACL injury results in increased ATT at the same anterior force on the tibia.
A lack of constraint in ATT can lead to instability of the knee. Moreover, an ACL
injury commonly results in alterations of muscle activation patterns, kinematics and
kinetics [24, 29, 39, 42]. These alterations, especially the instability of the knee, can
result in the inability to perform sports. Moreover, an increase in ATT is associated
with in increased risk of cartilage damage [24].

ACL reconstruction

In order to improve stability of the knee and to reduce probability of cartilage dam-
age, an ACL reconstruction (ACLR) is commonly indicated as treatment, especially
when aiming to return to sports [22]. In the Netherlands it is estimated that around
6000 ACLR’s are performed each year [35]. The first extra-articular procedures to
treat ACL injuries were reported by Bennett in 1926 and Cotton, Morrison, Bosworth
and Bosworth in the mid 1930s [35]. Campbell described the first intra-articular pro-
cedure to reconstruct the ACL using a patellar tendon [45]. Since then, the technique
of the ACLR has improved considerably: for example, from an open surgery to an
arthroscopy, the anatomical placement of the ACL, the fixation technique, and from
single bundle to double bundle reconstructions. In Figure 3 an MRI of a knee after
an ACLR using a patellar tendon is shown.

During an ACLR the torn ACL is removed and replaced with a piece of a tendon
from the patient (autograft) or from a donor (allograft), mostly being a bone-patella
tendon-bone autograft, a semitendinosus and gracilis autograft, a quadriceps auto-
graft, or an allograft of these tendons. Considerable research is done on the results
after the type of graft used (for example: [8, 13, 15, 20, 30, 37, 46]).

Using an allograft has its benefits: smaller incisions, shorter operation time, no
donor-site morbidity and the possibility of using larger bone blocks at the end of the
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graft [11, 26, 32, 36, 51]. However, it also has its disadvantages: greater chance of
infection, higher costs, higher chance of re-rupture and a mismatch of the length of
the graft in particular when using a patellar tendon. In contrast, the disadvantages of
using an autograft are: pain and muscle force deficits at the harvest side [23, 40, 50].

Despite functional improvements after an ACLR [42], which may be influenced by
graft choice, one year after ACLR one-third of the patients do not manage to return
to their preinjured level of sports and only 44% of the patients return to competitive
sports after one year [2]. Moreover, Forbell et al. [18] found that only 22% of their
patients still participated in sports after 3 years which may partly be due to ACL
problems. Instability due to an increase in ATT may be an explanation for the low
return to sports rate. Some patients may be able to compensate for the results of the
injury using muscle activation patterns or efficient kinematics whereas others are not
able to do this.

Fig. 3 MRI of a reconstructed ACL. The black bundle in the middle of the knee is the ACL bone-
patellar-tendon-bone graft.

Control of anterior tibia translation

One possible explanation of the fact that some patients manage to return to sports
(copers) whereas some patients do not manage to return to sports (non-copers) may
be that copers are able to develop more effective strategies to compensate for the
increased dynamic ATT (ATTd), (i.e. by using a specific muscle activation pattern)
whereas non-copers rely more on the movement limiting force produced by the ACL.
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This suggestion is supported by the finding of Kvist et al. [13] that there is no
correlation between passive ATT (ATTp) and ATTd, which may suggest that during
the dynamic situation, in contrast to ATTp, ATTd is controlled by other factors than
the movement limiting force produced by the ACL (i.e. muscle activation patterns or
the anatomy of the knee). It is shown that hamstring activity reduces in vivo ATTp
and ATTd in computer simulations [4, 27, 43, 44]. It is also shown that non-copers
have different dynamic muscle activation patterns compared to copers during one leg
stance on a stabilization platform [9] and during a hop test [16]. We suggest that
copers use different activation than non-copers, which may result in differences in
kinematics and ATTd. More knowledge on how knee ATTd is controlled in healthy
people and in patients after an ACL reconstruction may help to identify patients who
are copers and non-copers before return to sports. It is expected that copers may
have a solution to limit knee ATTd that non-copers do not have but may be able to
learn.

Aims and outline of this thesis

The main aim of this thesis is to uncover possible strategies to control ATTd use by
subjects after an ACLR.

Secondary Objective(s):

• To investigate whether graft choice influences the return to sports rate and level
after an ACLR revision;

• To review the factors that determine ATTp in healthy patients, ACL injured
patients, and patients with an ACL reconstruction;

• To investigate whether and how ATTd is limited by muscle activation patterns
in healthy knees;

• To investigate whether and how ATTd is limited by muscle activation patterns
and/or kinematics after ACLR;

• To investigate whether copers control their ATTd differently than non-copers
do;

• To investigate whether patients with a steeper tibia plateau angle show larger
ATTd.

Methodological objective:

11
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• To analyse the sensitivity of the optical motion capture method to determine
ATTd.

It is hypothesized that copers can limit their ATTd after an ACLR by developing
effective muscle activation patterns, in agreement with their anatomy, whereas
non-copers cannot compensate for the change in stability of the knee due to the
injury and reconstruction.

The aim of the first study, of which the results are reported in Chapter 2, was to
determine whether there are differences in functional results (i.e. return to sports
rate and level) after revision (i.e. second) ACLR using an allograft patellar tendon
or an autograft patellar tendon. The harvest of an autograft patellar tendon may
result in a smaller knee extensor moment during jump tasks and isokinetic testing
[40], and therefore a decrease in quadriceps-hamstrings ratio, which may influence
the functional results after ACLR. When the quadriceps-hamstrings torque ratio
becomes lower, the tibia is pulled posteriorly which reduces strain on the ACL. We
used the results of this study to determine the inclusion criteria of Chapters 3 to 7.

The aim of the second study, of which the results are reported in Chapter 3, was
to review what is known from the literature about ATTp in ACL-injured, ACLR, and
healthy knees in order to find possible factors which could influence ATTp. The aim
of the third study, of which the results are reported in Chapter 4, was to analyse the
sensitivity of the SCoRE and SARA methods for determination of the rotational axes,
one in the tibia and one in the femur, during tibiofemoral movements. The centers of
the rotational axes can be used to calculate the tibia translation relative to the femur
and with that ATTd. ATTp tests are commonly used to diagnose an ACL-injury
and to select patients for ACLR [49]. However, ATTp may be misleading in terms of
functional outcomes. For example, Kvist et al. [13] found that there is no correlation
between ATTp and ATTd and suggests that this is due to the type of activity, the
slope of the tibia plateau, or muscle activation patterns. In line with this suggestion,
it is reported that ACL-injured patients with muscle strength asymmetry of the
hamstrings or quadriceps showed altered knee mechanics in the sagittal plane [1, 38].
Patients after ACLR may compensate for the injury by changes in muscle activation
patterns or kinematics. For example, ATTd may be limited in patients coping with
the injury by using effective muscle activation patterns, whereas patients not coping
with the injury may fail to compensate successfully for the limiting results of the
injury. In order to be able to measure the ATTd, the SCoRE and SARA methods can
be used. Using the results of this sensitivity analysis of Chapter 4 we measured and
interpreted the ATTd, kinematics, kinetics and muscle activation patterns in subject
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with an intact native ACL (Chapter 5) and patients after an ACLR (Chapter 6).
The aims of these studies, reported in Chapters, 5 and 6, were to investigate whether
ATT can be limited by muscle activation patterns during a single leg hop for distance
in healthy people (Chapter 5) and after ACLR (Chapter 6). In Chapter 6 we also
reported results between copers and non-copers. Our hypothesis was that ATTd may
be different compared to ATTp due to muscle activation patterns, kinematics and/or
kinetics and that the control of ATTd differs between copers and non-copers after
an ACLR. The aim of Chapter 7 was to determine whether the angle of the tibia
plateau influences the ATTd during a single leg hop for distance after ACLR, as it
is suggested that a difference in ATTd is partly explained by the slope of the tibia [43].
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Chapter 2

Superior Return to Sports Rate after
Patellar Tendon Autograft over Patellar
Tendon Allograft in Revision Anterior

Cruciate Ligament Reconstruction

Michèle N.J. Keizer · Roy A.G. Hoogeslag · Jos J.A.M. van Raay · Egbert Otten ·
Reinoud W. Brouwer

Knee Surgery, Sports Traumatology, Arthroscopy 2018;26(2):574-581
http://dx.doi.org/10.1007/s00167-017-4612-9

Highlights

• After a minimum of 1 year after ACLR, no significant differences were found
between grafts

• After a minimum of 2 years after ACLR, rate of RTS type is in favour of using
an ipsilateral patellar tendon autograft compared to using a patellar tendon
allograft

• RTS type rate after a minimum of 2 years after ACLR: 43.3% allograft & 75%
allograft

• When the use of an allograft or autograft in revision ACLR is considered, choos-
ing an autograft should be in favour
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Abstract

Purpose: After revision anterior cruciate ligament reconstruction (ACLR), the rate
of return to the pre-injury type of sport (RTS type) is low and graft choice might
be an important factor. The aim of this study was to determine whether there is a
difference in outcome after revision ACLR using a patellar tendon allograft compared
to an ipsilateral patellar tendon autograft. It was hypothesized that the rate of RTS
type using an ipsilateral patellar tendon autograft will be superior to using patellar
tendon allograft.
Methods: The design is a retrospective cohort study. Inclusion criteria were patients
who underwent revision ACLR with a minimum follow-up of 1 year after revision
using a patellar allograft or ipsilateral autograft. Primary study parameter was rate
of RTS type. Secondary study parameters were RTS level, subscores of the KOOS,
the IKDCsubjective, the Tegner score and reasons for no RTS.
Results: Eighty-two patients participated in this study (36 allografts and 46
autografts). In patients with a minimum follow-up of 1 year, rate of RTS type was
51.4% for the patellar tendon allograft and 62.8% for the patellar tendon autograft
group (n.s.). In patients with a minimum followup rate of 2 years, rate of RTS type
was 43.3 versus 75.0%, respectively (p = 0.027). No differences in secondary study
parameters were found. In patients with a minimum follow-up of 1 year, rate of RTS
type was significantly higher (p = 0.025) for patients without anxiety compared to
patients who were anxious to perform certain movements.
Conclusion: After a minimum follow-up of 2 years, rate of RTS type is in favour
of using an ipsilateral patellar tendon autograft when compared to using a patellar
tendon allograft in patients undergoing revision ACLR; after a minimum follow-up
of 1 year, no significant difference was found. In revision ACLR, the results of this
study might influence graft choice in favour of autologous graft when the use of an
allograft or autograft patellar tendon is considered.

Level of evidence III.

Keywords ACL, Revision, Autograft, Allograft, Sports resumption, Anxiety
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Introduction

In primary anterior cruciate ligament reconstruction (ACLR), graft choice might be
of influence in rate of return to pre-injury type (RTS type) and level (RTS level) of
sport, subjective outcome and residual laxity [8, 20, 23]. After revision ACLR, rate of
RTS type and RTS level is slightly In primary anterior cruciate ligament reconstruc-
tion (ACLR), graft choice might be of influence in rate of return to pre-injury type
(RTS type) and level (RTS level) of sport, subjective outcome and residual laxity
[8, 20, 23]. After revision ACLR, rate of RTS type and RTS level is slightly lower
than after primary ACLR [1, 16]. Options in graft choice for revision ACLR may
include ipsilateral or contralateral hamstring, patellar or quadriceps autograft ten-
don, depending on the graft used for primary ACLR. For allograft use, more options
are available. However, for revision ACLR, optimal graft choice is still controversial
[9, 12]. Wright et al. [24] reported that of 12,000 patients in their cohort, graft choice
for revision ACLR was 49% allograft, 48% autograft and 3% combined allograft and
autograft. Patellar tendon - either allograft or autograft - was used most often.

The use of a patellar allograft tendon might have advantages over a patellar au-
tograft tendon, such as smaller incision, shorter operating time, less postoperative
pain [3, 14] and the possibility of using larger bone blocks at the end of the graft.
Disadvantages of using a patellar allograft tendon include a small chance of bacterial
infectious disease or virus transmission [2, 7, 15], higher costs, increased failure rates
in more active individuals due to graft weakening from sterilization processes [22], age
of the graft as donor grafts are frequently from older donors, a mismatch between size
of the donor graft and patient’s knee and availability [14]. By contrast, disadvantages
of using a patellar autograft tendon might include anterior knee pain [21], donor site
morbidity, quadriceps weakness [5, 21] and therefore a lower knee extensor moment
[17].

The present study adds to the current literature the analysis of differences in rate
of RTS type and RTS level between a patellar allograft tendon and a patellar au-
tograft tendon in revision ACLR. We hypothesized that rate of RTS type and RTS
level after revision ACLR using an ipsilateral patellar tendon autograft are superior
to revision ACLR using patellar allograft tendon.

Materials and methods

A retrospective cohort study was conducted at the Orthopaedic Department of Mar-
tini Hospital in Groningen and Centre for Orthopaedic Surgery OCON in Hengelo,
the Netherlands.
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In the period between 2005 and 2015, 115 patients who underwent revision ACLR
with a patellar tendon allograft or ipsilateral patellar tendon autograft with a mini-
mum follow-up of 1 year after revision ACLR were eligible for this study (mean 44.7
months; minimum 12, maximum 108.9). Four surgeons performed the ACLRs. Ex-
clusion criteria were patients with a history of second revision ACLR, contralateral
ACLR and revision ACLR with a graft other than a patellar tendon allograft or ip-
silateral autograft. Seventy-eight patients (67.8%) were included for analyses on rate
of RTS type and RTS level. Eighty-two patients (71.3%) were included for analyses
on functional results (KOOS, IKDCsubjective, Tegner scores). A subgroup analysis
was conducted in patients with a minimum follow-up of 2 years. Fifty-five patients
(47.8%) were eligible for this analysis. A flowchart of inclusion is presented in Fig. 1.
Baseline characteristics at the time of revision ACLR are presented in Tables 1 and
2.

Fig. 1 Flow chart of the included patients.
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Table 1 Baseline characteristics of the participants: allograft versus autograft.

Allograft Autograft p value (allo-
graft vs. au-
tograft)

Lost to
follow-up

p value
(included
vs. lost)

Number of patients 36 46 33
Women/men 14/22 16/30 n.s. 11/22 n.s.
Age at revision ACLR
[mean (SD)]

26.7
(10.3)

25.9
(6.6)

n.s. 25.9 (8.4) n.s.

Left/right 15/21 18/28 n.s. 13/20 n.s.
Months between primary
ACLR and revision
ACLR [mean (SD)]

45.3
(53.5)

32.3
(26.4)

n.s. 40.8 (34.7) n.s.

Primary graft used

Hamstring autograft 25 43 28
Hamstring allograft 1 1 0
Hamstring contralateral 1 0 0
Patellar autograft 8 0 2
Patellar allograft 0 0 2
Tuberositas tibialis graft 0 1 0
Leeds-Keilo implant 1 0 0
Not known 0 0 1
Level of sport before pri-

mary injury

n.s.

Did not do sports 1 1 -
Recreational 3 7 -
Competition regional 24 27 -
Competition national 5 9 -
Competition interna-
tional

3 0 -

Not known 0 2 -

n.s. not significant
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Table 2 Baseline characteristics for accompanying meniscal and/or cartilage injury at the moment
of revision: allograft versus autograft.

Allograft Autograft Lost to
follow-up

Cartilage injury

Medial 18 22 16
Lateral 9 15 9
Patellar 11 13 4
Meniscal injury medial

No 14 25 13
Yes 5 7 3
Yes, subtotal meniscectomy 2 1 1
Yes, partial meniscectomy 15 11 13
Yes, meniscal repair 0 2 3
Meniscal injury lateral

No 24 33 19
Yes 5 5 2
Yes, subtotal meniscectomy 0 0 1
Yes, meniscal repair 0 2 2

The primary outcome measure was rate of RTS type. Secondary outcome measures
were rate of RTS level, the Dutch version of the Knee injury and Osteoarthritis Out-
come Score (KOOS) [4], the International Knee Documentation Committee subjective
form (IKDCsubjectve) [6], the Tegner score [19] and the reasons for not returning to
sport. Rate of RTS level was divided into three categories based on the open ques-
tions; 1: patients who returned to sports on a lower than pre-injury level; 2: patients
who returned to sport on their pre-injury level; 3: patients who returned to sport on
a higher than their pre-injury level.

The Medical Ethical Committee of Martini Hospital approved the study design,
procedures and protocol (METC number: 2014-87). All patients were informed about
the study procedure and interest by letter or by e-mail.

Procedure

All patients included in the study were asked to fill in a questionnaire. This ques-
tionnaire was sent together with an accompanying letter explaining the interest and
purpose of this study by mail or by e-mail using an online questionnaire. The ques-
tionnaire contained the Dutch version of the KOOS [4], the IKDCsubjective [6], the
Tegner score [19] and homemade open questions as presented in Table 3.
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Table 3 Open questions included in the questionnaire (in Dutch).

What kind of sport(s) did you perform before your knee injury?
At what level did you perform these sport(s)?
Did you perform the same sport(s) again after your first ACLR?
If so, at what level did you perform your sport(s)?
Did you perform the same sport(s) again after revision ACLR?
If so, at which level did you perform your sport(s)?
If you did not return to the same sport(s), what was the reason?
Does your knee injury affect you in such a way that you are anxious to perform certain actions?
What kind of work or study did you do before you injured your ACL?
Did you change your work or study because of your knee injury?

Statistical analysis

The data were processed using SPSS Version 20 (IBM SPSS Statistics for Mac. Ar-
monk, NY: IBM Corp.). A Chisquare test was used to compare the distribution of
rate of RTS type between patients with a minimum follow-up of 1 and 2 years who
underwent revision ACLR using a patellar tendon allograft or ipsilateral patellar ten-
don autograft. Fischer’s exact test was used to compare rate of RTS level in patients
with a minimum follow-up of 1 and 2 years who underwent revision ACLR using a
patellar tendon allograft or ipsilateral patellar tendon autograft, as the criteria were
not met for a Chi-square test.

The independent sample t test was used to compare the subscores KOOSsport,
KOOSsymptoms, KOOSqol of the KOOS and IKDCsubjective score between those pa-
tients with a minimum follow-up of 1 and 2 years who underwent revision ACLR using
a patellar tendon allograft or ipsilateral patellar tendon autograft. As the score of the
KOOSADL (kurtosis = 4.3) and the KOOSpain (kurtosis = 2.0) were not normally
distributed and the Tegner score is an ordinal level, the Mann–Whitney U test was
used to compare these scores among patients who underwent revision ACLR using a
patellar tendon allograft or ipsilateral patellar tendon autograft.

In addition, a Chi-square analysis was used to compare rate of RTS type and
anxiety to perform certain movements between patients with a minimum follow-up of
1 and 2 years.

An alpha level of p < 0.05 was considered to be significant. No sample size calcula-
tion was performed before conducting the study, as all patients who met the inclusion
criteria were included in this study. A post hoc power calculation revealed a power
of 84.1% for analysis regarding RTS type of patients at least 2 years postoperative
and a power of 17.7% for analysis regarding RTS type of patients at least 1 year
postoperative.
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Results

Baseline characteristics

No significant differences were found in demographic characteristics (Table 1) or in
meniscal and cartilage injury (Table 2). No significant differences were found for these
parameters between patients who did not fill in the questionnaire and the patients
who did fill in the questionnaire (Tables 2, 3).

Before primary ACL injury ten patients performed their sport at recreational level,
51 patients at regional competition level, 14 at national competition level and three
patients performed sport their sport at international competition level. No significant
differences were found between the groups for rate of RTS type and RTS level after
primary ACL injury.

Rate of RTS type after revision ACLR

In patients with a minimum follow-up of 1 year, no significant difference was found
between the groups (mean 56.0%, allograft 51.4%, autograft 62.8%; Table 4).
However, in patients with a minimum follow-up of 2 years, rate of RTS type did
reach a significant difference (p = 0.031) in favour of the patellar tendon autograft
group (mean 57.4%, allograft 43.3%, autograft 75%; Table 5).

Table 4 Return to pre-injury type of sport (RTS type) rate, return to pre-injury level of sports (RTS
level) rate, KOOS, Tegner and IKDCsubjective score: Allograft versus Autograft in patients with a
minimum follow-up of 1 year after surgery.

Allograft Autograft p value
(2-tailed)

RTS type rate (percentage) 51.4 62.8 n.s.
RTS level rate (percentage lower/same/higher) 41.2/52.9/5.9 63/37/0 n.s.
KOOSsymptoms [mean (SD)] 55.5 (12.5) 59.2 (10.5) n.s.
KOOSpain [mean (SD)] 76.5 (22.8) 83.4 (15.5) n.s.
KOOSADL [mean (SD)] 85.1 (20.1) 90.1 (13.5) n.s.
KOOSsport [mean (SD)] 51.3 (29.8) 56.7 (28.6) n.s.
KOOSqol [mean (SD)] 43.4 (15.2) 46.3 (13.2) n.s.
Tegner score [median (range)] 4 (10) 4.5 (8) n.s.
IKDCsubjective [mean (SD)] 62.0 (10.2) 64.5 (9.8) n.s.
n.s. not significant
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Table 5 Return to pre-injury type of sport (RTS type) rate, return to pre-injury level of sport (RTS
level) rate, KOOS, Tegner, and IKDCsubjective score: Allograft versus Autograft in patients with a
minimum follow-up of 2 years after surgery.

Allograft Autograft p value
(2-tailed)

RTS type rate (percentage yes/no) or 43.3 75 0.027*
RTS level (percentage lower/same/higher) 46.2/46.2/7.7 66.7/33.3/0 n.s.
KOOSsymptoms [mean (SD)] 55.2 (12.8) 57.6 (10.1) n.s.
KOOSpain [mean (SD)] 76.8 (21.0) 83.8 (16.0) n.s.
KOOSADL [mean (SD)] 86.6 (15.9) 90.5 (12.6) n.s.
KOOSsport [mean (SD)] 49.2 (25.9) 58.2 (27.3) n.s.
KOOSqol [mean (SD)] 43.3 (14.8) 44.8 (14.4) n.s.
Tegner score [median (range)] 4 (8) 4 (10) n.s.
IKDCsubjective [mean (SD)] 61.6 (8.9) 64.3 (10.0) n.s.
n.s. not significant; * significant

Rate of RTS level after revision ACLR

In those patients who did return to their pre-injury type of sports, no significant
difference was found in rate of RTS level after revision ACLR using a patellar tendon
allograft or patellar tendon autograft with a minimum follow-up of 1 year (Table 4)
or 2 years (Table 5).

IKDCsubjective, KOOS and Tegner scores

No significant differences were found in KOOSsymptoms, KOOSpain, KOOSADL,
KOOSsport, KOOSqol, IKDCsubjective or Tegner scores with a minimum follow-up
of 1 year (Table 4) or 2 years (Table 5).

Reasons for not returning to pre-injury type of sports

For reasons for no RTS and anxiety about performing certain movements, see Table
6. A significant difference (p = 0.025) was found after a minimum follow-up of 1
year in rate of RTS type between patients who were anxious (rate RTS type: 49%)
and patients who were not anxious about performing certain movements (rate RTS
type: 82%). No significant difference in rate of RTS type between patients who were
anxious and patients who were not anxious about performing certain movements was
found after a minimum follow-up of 2 years.
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Table 6 Reasons for no RTS and anxiety.

Reasons for not RTS Number of
participants

Anxiety about performing cer-
tain movements (69.6%)

Number of
participants

Risk of re-injury 29 Tossing and turning 23
Knee pain 22 Kicking a ball 5
Knee swelling 3 Running 11
Knee instability 21 Jumping 22
Discouraged by physiothera-
pist or orthopaedic surgeon

6 Stair-climbing 1

Squatting 3
Sudden movements 7
Kneeling 5
Unstable movements 2
New activities 1
Sport-related activities 20

Discussion

The most important finding of the present study was that, in patients undergoing
revision ACLR, after a minimum follow-up of 2 years there was a significant difference
in rate of RTS type in favour of using an ipsilateral patellar tendon autograft over
a patellar tendon allograft, even though after a minimum follow-up of 1 year no
difference was found.

Ardern et al. [1] reported that two-thirds of patients after a primary ACLR have
not returned to sport 1 year after surgery. This might explain the difference between
rate of RTS type after a minimum follow-up of 1 versus 2 years, the shorter follow-up
period may be too short and a follow-up of 2 years is more representative for this
outcome measure. In contrast to the present study, Legnani et al. [10] reported that
patients reconstructed with a contralateral autograft tendon returned to sport more
quickly after revision ACLR than patients reconstructed with an allograft patellar or
Achilles tendon. However, the autograft was harvested from the contralateral knee
and in the allograft group patellar as well as Achilles tendon, grafts were used.

Furthermore, Reinhardt et al. [16] reported a higher rate of RTS level (52%) for
patients with a minimum follow-up of 2 years when compared to the present study
(24%). This difference might be explained by the older age of the studied population
(the present study: 16–57; Reinhardt et al.: °18 years).

Few previous studies have compared use of an allograft and autograft for revision
ACLR (see Table 7). Most outcome measures (IKDCsubjective [22, 23], KOOS [23],
re-rupture rate [11, 18, 23], incidence of lateral compartment knee osteoarthritis [13],
femoral tunnel widening [13] and pain during walking downhill [13]) favoured using
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an autograft tendon. Some outcome measures (anterior translation [13], manual
examination for stability [13], IKDCsubjective [13], Lysholm score [18], Tegner activity
scale [18] and patient satisfaction with outcome [18]) were similar in their use of an
autograft and allograft tendon. Mayr et al. [13] reported greater extension deficits
in patients who underwent revision ACLR with an autograft compared to a patellar
tendon allograft. No significant differences in patient reported outcome measures
were found in the present study.

Table 7 Studies comparing the use of an allograft and autograft tendon for revision ACLR.

Study Graft type Outcome scores: graft favoured
Wright et al. [23] Not reported IKDCsubjective and KOOS: autograft

Marx scale: combined allograft and au-
tograft
Re-rupture rate: autograft

Lind et al. [11] Either hamstring or patellar
tendon autograft or allograft

Re-rupture: autograft

Mayr et al. [13] Patellar tendon Anterior tibia translation, manual ex-
amination for stability, IKDCsubjective:
autograft = allograft
Extension deficits: allograft
Lateral gonarthritis and femoral tunnel
widening and pain during walking down-
hill: autograft

Steadman et al. [18] Patellar tendon Lysholm score, Tegner activity scale,
and patient satisfaction with outcome:
allograft = autograft
Re-rupture rate: autograft

Legnani et al. [10] Patellar or Achilles tendon Quicker RTS time: autograft
IKDCsubjective, KOOS: allograft = au-
tograft
RTS level: allograft = autograft
Anterior tibia translation: allograft =
autograft

A significant difference was found in rate of RTS type between patients who re-
ported that they were anxious to perform certain movements and those that were
not. A future study could investigate whether psychological treatment to reduce the
anxiety may improve rate of RTS type.

Besides the retrospective nature of the present study, some other limitations need
to be addressed. One such limitation is that no objective instrumented assessment
was used to measure knee function. A future study could determine whether there
is a difference in clinical instrumented tests between using a patellar tendon allograft
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or a patellar tendon autograft for revision ACLR. In addition, patients who declined
to fill in the questionnaire (n = 8) or did not fill in the questionnaire for unknown
reasons (n = 10) might have introduced a non-response bias. However, no significant
differences were found in age at revision ACLR, sex, months between primary ACLR
and revision ACLR, cartilage damage, or meniscal damage between responders and
non-responders. Moreover, in the present study, patients participated at different
levels of sports (recreational, regional, national or international) before their ACL
injury. A lower pre-injury level might be easier to return to than a higher pre-injury
level. As most patients in the present study participated in their pre-injured sports
on a regional level, no analyses were conducted to determine this difference in rate
of RTS. Future studies could identify if this. Preferably, a RCT is needed to confirm
the results of the present study.

The clinical relevance of the present study is that, in revision ACLR, the results
might influence the choice in favour of autologous graft when the use of an allograft
or autograft patellar tendon is considered.

Conclusion

The results have shown that after a minimum follow-up of 2 years, rate of RTS type
can be seen in favour of using an ipsilateral patellar tendon autograft over a patellar
tendon allograft in patients undergoing revision ACLR; after a minimum follow-up of
1 year, no significant difference was found.
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Highlights

• Graft choice, ACL injury or reconstruction, intra-articular injuries and whether
the injury is chronic or acute affect the passive ATT

• Autograft ACLR may give better results than an allograft ACLR as knee laxity
is greater when using an allograft tendon

• Comparison of passive ATT between different measurement methods should be
taken with caution

• More consistency in measuring devices used should be introduced
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Abstract

Purpose: Anterior tibia translation (ATT) is mainly prevented by the anterior
cruciate ligament. Passive ATT tests are commonly used to diagnose an anterior
cruciate ligament (ACL) injury, to select patients for an ACL reconstruction (ACLR),
and as an outcome measure after an ACLR. The aim of this review was to present
an overview of possible factors determining ATT. A second purpose was to give a
summary of the ATT measured in the literature in healthy, ACL-injured and ACLR
knees and a comparison between those groups.
Methods: A literature search was conducted with PubMed. Inclusion criteria
were full-text primary studies published in English between January 2006 and
October 2016. Studies included reported ATT in explicit data in healthy as well as
ACL-injured or ACLR knees or in ACL-injured as well as ACLR knees.
Results: Sixty-one articles met inclusion criteria. Two articles measured the ATT in
healthy as well as ACL-injured knees, 51 in ACL-injured as well as in ACLR knees,
three in ACLR as well as in healthy knees and three in healthy, ACL-injured and
ACLR knees. A difference in ATT is found between healthy, contralateral, ACLR
and ACL-injured knees and between chronic and acute ACL injury. Graft choices
and intra-articular injuries are factors which could affect the ATT. The mean ATT
was lowest to highest in ACLR knees using a bone–patella tendon–bone autograft,
ACLR knees using a hamstring autograft, contralateral healthy knees, healthy knees,
ACLR knees with an allograft and ACL-injured knees. Factors which could affect
the ATT are graft choice, ACL injury or reconstruction, intra-articular injuries and
whether an ACL injury is chronic or acute.
Conclusion: Comparison of ATT between studies should be taken with caution
as a high number of different measurement methods are used. To be able to
compare studies, more consistency in measuring devices used should be introduced to
measuring ATT. The clinical relevance is that an autograft ACLR might give better
results than an allograft ACLR as knee laxity is greater when using an allograft
tendon.

Level of evidence III.

Keywords Knee laxity, Influences, ACL, Allograft, Autograft
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ATTp in ACL injured, ACLR and healthy knees

Introduction

Anterior tibia translation (ATT) is mainly prevented by the anterior cruciate liga-
ment (ACL) [1]. An ACL injury results in higher ATT with respect to the femur.
To reduce the increased ATT after an ACL injury, an ACL reconstruction (ACLR) is
warranted [2]. Passive ATT tests are commonly used to diagnose an ACL injury and
to select patients for an ACLR [3]. Moreover, passive ATT tests are commonly used
as an outcome measure after an ACLR, for example, to compare knee laxity after an
ACLR using different types of grafts (i.e. [4, 5]).

Several methods can be used to assess the ATT. These tests could either be clin-
ical tests, i.e. the Lachman test, or instrumental measuring methods (i.e. [6, 7]).
The most frequently used instrumental measuring method is the KT-1000 arthrome-
ter (KT-1000) (Medmetric Corp., San Diego, CA, USA) developed by Dale Daniel in
1983 [8]. Using the KT-1000 and its successors, the KT-2000 [9] and the ComputKT,
an examiner applies forces to the tibia using a handle on top of the device. The ante-
rior–posterior displacement is determined by the distance or relative motion between
two sensing paddles: one on the patella and one on the tibial tubercle. The device is
calibrated by the determination of the zero point which is done by performing several
anterior and posterior translations of the tibia. Visual–manual records are displayed,
and audible tones are reached at 15 N, 20 N, 30 N, 67 N, 89 N, 133 N, 134 N, maximal
manual (Mm) or maximal personal (Mp) forces. The KT-2000 and the ComputKT
have improved data visualisation.

Other methods to assess the ATT are the Kneelax (MR Systems, Haarlem, the
Netherlands [10]), the Rolimeter (Aircast, Vista, CA, USA [11]), the Telos Stress De-
vice (H.Tulaszew- ski, 6302 LICH-Ober-Blessingen, West Germany [12]), the electro-
magnetic measurement system (EMC) (FASTRAK, Polhemus, VT, USA [13]), the ra-
diostereometric analysis (RSA [12]), fluoroscopic measurements (FM) (BV-29; Philips,
Best, the Netherlands) and (computerassisted) navigation systems. The Kneelax is
similar to the KT-1000, but the updated recording process allows digital recording
of ATT at the same forces as the KT-1000. The Rolimeter can measure the ATT
during the Lachman, anterior drawer and ‘step-off’ tests and is easy in use and cheap.
The ends of the device are placed on the mid-patella and tibia, and ATT is measured
using a calibrated stylus with 2-mm markers. The Telos Stress Device in combina-
tion with a radiostereometric analysis is expensive and results in radiation exposure.
When mechanically a force of 150 N, 250 N or maximal manual (Mm) is applied, a
stress radiograph is made. Recently, the Telos Stress Device is updated allowing to
determine the ATT with a linear optical encoder and without radiographs.

The electromagnetic measurement system (EMS) is an in vivo noninvasive system

37

3



M.N.J. Keizer, E. Otten

using an electromagnetic sensor during the pivot-shift test. It monitors instantaneous
3D position and calculates the 3D acceleration of the motion. The radiostereometric
analysis (RSA), developed by Selvik et al., has a high accuracy of 0.1-mm displace-
ment. It is an invasive method relying on the implantation of tantalum beads. During
a fluoroscopic measurement (FM), the device is placed on the medial side of the knee,
and X-ray fluoroscopy captures the knee motion during a Lachman test. A (computer-
assisted) navigation system can be used during surgery to measure three-dimensional
knee kinematics when applying a specific amount of force on the tibia.

A variety of factors could determine the ATT. It is necessary to identify possible
factors which could determine the ATT as knee laxity is shown to be associated with
osteoarthritis [14, 15] and an increased chance of knee injuries [16], in particular an
ACL injury [17, 18]. Besides, it is not clearly reported what the range of ATT is in
healthy, ACL-injured and ACLR knees.

The main purpose of the current systematic review was to give an overview of
possible factors determining the ATT. A second purpose was to present a summary
of the ATT measured in the available literature in healthy, ACL-injured and ACLR
knees and a comparison between those groups.

Methods

Inclusion criteria

In order to identify articles for inclusion, a systematic literature search was conducted
with the PubMed electronic database on the 6 October 2016. The search terminology
was based on the query “(Knee OR ACL) AND (Laxity OR Anterior Translation)
NOT (cadaveric OR Shoulder OR Ankle OR PCL OR TKA OR TKR)”.

Titles, abstracts and full texts were analysed by the first author (M.N.J.K). Ar-
ticles were included if they were: (1) full-text primary studies; (2) published in the
English language; (3) published between the 1 January 2006 and 1 October 2016, to
reduce the high number of papers and as the measurement methods are improved; (4)
studies that reported possible factors determining the ATT; (5) studies that reported
ATT in either ACL-injured as well as in ACLR knees; in ACL-injured as well as in
healthy knees; or in ACLR as well as in healthy knees; (6) studies that displayed the
ATT in explicit data. Review articles were excluded. Articles were excluded when
they only measured ATT in ACL-injured, ACLR or healthy participants, did not
display ATT in explicit data, measured ATT in participants with additional (knee)
injuries, measured tibia position instead of ATT or measured ATT in an active situ-
ation.
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After identification of the articles, the Newcastle–Ottawa Scale was used by the
first author (M.N.J.K.) to appraise the studies that were identified for inclusion in
this review [19]. All included studies were found to have an average to good study
quality with a score of 6 to 9 out of 9. No reasons were found to assume biases in the
data.

Study characteristics

Articles which met inclusion criteria were analysed for patient demographics, measur-
ing methods to access ATT, the ATT, factors determining the ATT, and, for articles
with ACLR participants, type of graft used.

Fifty-eight articles reported factors which may determine the ATT. Two articles
were identified reporting ATT in ACL-injured as well as healthy or contralateral
healthy knees, 51 articles were identified reporting ATT in ACL injured as well as
ACLR knees, and 3 articles were identified reporting ATT in ACLR as well as in
healthy knees. Three articles were included in all three groups as they reported ATT
in healthy, ACL-injured and ACLR knees. For analyses, sixty-one articles were in-
cluded (Fig. 1).

Found articles by searching terms
(n=1658)

Potential studies screend for
relevance based on title (n=1624)

Articles which displayed the ATT
or anterior laxity in explicit data
(n=308)

Included (n=61)
- Factors which could determine the ATT (n=58)

- ATT in ACLi knees (n= 56)
- ATT in ACLR knees (n= 57)
- ATT in healthy knees (n= 8)

Excluded articels (n=240)
- Other types of injuries (n=65) 
- Only measured ACLi, ACLR, or Helahty
knees (n=150)
- Measured anterior tibia position (n=2) 
- Only reported side to side differences
and did not report possible factors which
could determine the ATT (n=30)

Fig. 1 Flow chart of the literature search.

The number of included participants per study ranged from 11 to 375. The average
age of the participants included per study ranged from 13.9 to 54.4 year. Four studies
did not include information on gender. In total, 2.583 of the patients were male, and
1651 were female. Forty-four of the studies used hamstring autografts for ACLR, 15
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of the studies used bone–patellar tendon autografts for ACLR, and six of the studies
used allograft for ACLR.

Synthesis of results

The mean ATT was measured for all measurement methods as well as for ACL-injured,
ACL-reconstructed (split by type of graft) and (contralateral) healthy knees. These
data were compared between groups.

Statistical analysis

In this review, the results of articles with a significant difference of p < 0.05 were
declared as significant results.

An independent two-way factorial analysis of variance with interaction was con-
ducted to find the effect of the type of devices and the groups (healthy, contralat-
eral healthy, ACL-injured, ACLR with hamstring autograft tendon, ACLR with
bone–patella tendon–bone autograft tendon and ACLR with allograft tendon knees)
on the ATT, to find whether there is an interaction between groups and type of devices
and to evaluate the coefficients of the groups and devices.

Results

Possible factors which could determine the ATT

Chen et al. [20] found that patients which had an acute ACL-injured (n = 27) had
significantly lower ATT in comparison with patients who had chronic ACL-injured
(n = 28). Christino et al. [6] found that ATT in patients without intra-articular
injuries (n = 19) was significantly lower than in patients with intra-articular injuries
(n = 11).

Of sixteen studies only two articles found significant differences in ATT between
using a single-bundle and a double-bundle autograft tendon for ACLR in favour of
a double-bundle autograft [4, 21]. Three of the six articles which compared allograft
use and autograft use found a significant difference in favour of an autograft tendon
[22–24]. Only one out of five studies which compared BPTB autograft and hamstring
autograft use reported a significant difference in favour of hamstring autografts
[23]. A significantly higher ATT was found in patients who underwent ACLR
using a 4-strand compared to an 8-strand hamstring autograft [24], in patients who
underwent ACLR using a Leeds-Keio ligament compared to using a BPTB autograft
at 2 years after reconstruction [25] and in patients who underwent ACLR using a

40



ATTp in ACL injured, ACLR and healthy knees

calcium phosphate-hybridised BPTB autograft in comparison with the conventional
method [26].

Two studies reported significant differences between graft fixation methods [27,
28]. However, others did not report any differences in graft fixation methods [21,
29–34]. For all comparisons see Table 1.

Table 1 Factors which might determine the anterior tibia translation.

Study Compared Conclusion
20 Acute versus chronic ACL-injured knees Chronic ° acute*
6 Before ACLR in patients with versus without intra-articular

injuries
With ° without*

35 Males versus females Females° males
36 Males versus females Females °males
37 Males versus females Females ° males
4 SB versus DB hamstring aut SB ° DB*
38 SB versus DB hamstring aut DB° SB
39 SB versus DB hamstring aut SB ° DB
40 SB versus DB hamstring aut SB ° DB
41 SB versus DB hamstring aut SB ° DB
42 SB versus DB hamstring aut DB ° SB
43 SB versus DB hamstring aut SB ° DB
44 SB versus DB hamstring aut DB ° SB
45 SB versus DB hamstring aut 0˝, 30˝, and 90˝: SB ° DB

60˝: DB ° SB
46 SB versus DB hamstring aut SB° DB
47 SB versus DB hamstring aut DB ° SB
48 SB versus DB hamstring aut SB ° DB
49 SB versus DB hamstring aut DB ° SB
50 SB versus DB hamstring aut SB ° DB
51 SB versus DB BPTB all SB ° DB
52 TB versus SB hamstring aut KT-1000: TB ° SB

Telos: SB ° TB
19 Anatomic versus nonanatomic DB hamstring SB ° anatomic*

Nonanatomic °anatomic
53 All versus hamstring aut All ° aut
28 All versus BPTB aut All °aut
54 All versus hamstring aut All ° aut*
55 Hamstring aut versus irradiated all All ° aut*
22 BPTB aut versus fresh-frozen all (all1) or y-irradiated all

(all2)
All2* ° all1 ° aut

56 All free tendon Achilles versus hamstring aut All ° aut
23 BPTB versus hamstring aut BPTB ° hamstring*
57 BPTB versus hamstring aut Hamstring °BPTB
58 BPTB versus hamstring aut Hamstring °BPTB
59 BPTB versus hamstring aut Hamstring ° BPTB
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60 DB hamstring (1) versus BPTB (2) versus BPTB_L (3) Medial: 3 ° 2 ° 1
Lateral: 2 ° 3 ° 1
BPTB_L reduced most*

61 DB hamstring aut versus aug KT-1000: DB °aug
Telos: aug ° DB

62 4-Strand versus 8-strand hamstring aut 4-strand ° 8-strand
63 Hamstring versus quadriceps aut Quadriceps ° hamstring
25 BPTB versus LK 2 y after ACLR: LK ° BPTB*

5 y after ACLR: BPTB °
LK

64 Qf versus BPTB BPTB ° Qf
65 Cas versus non-Cas surgery Non-Cas ° Cas
66 High versus low tension BPTB or hamstring aut High ° low
26 CaP versus CM BPTB CM ° CaP*
67 A20 versus P20 versus A20P0 versus A20P20 versus A20P45

bundle fixation
P20 ° A20*

A20 ° A20P0*
P20 ° A20 ° A20P20*
P20 ° A20 ° A20P45*

68 With versus without navigation system With ° without
21 TT versus AM SB hamstring aut TT ° AM
69 Metal versus PLLA screw Metal = PLLA
70 BioCryl versus RigidFix fixation BioCryl ° RigidFix
27 Cortical with versus without aperture fixation Without ° with*
29 TransFix versus Endobutton fixation Endobutton ° TransFix
31 TransFix versus bioscrew fixation Bioscrew ° TransFix
71 Bioabsorbable versus metal screw fixation Metal ° bioabsorbable
72 Metal versus PLLA screw hamstring aut PLLA ° metal
73 RigidFix and intrafix (1) versus RigidFix and bioscrew (2)

versus bioscrew and intrafix (3) versus bioscrew and bioscrew
fixation (4)

3 ° 2 ° 4 ° 1

74 Femoral knot/press fit (1) versus femoral interference screw
fixation (2)

2 ° 1

75 Early extension versus late extension during rehabilitation Late ° early
76 Greater than 20% versus lower than 20% strength deficit Greater ° lower
77 Three-day versus 2-week immobilisation 3 Days ° 2 weeks
78 Brace versus nonbrace after ACLR Nonbrace ° brace
34 Left-handed versus right-handed physiotherapists using the

KT-1000
LH ° RH*

ACL anterior cruciate ligament, ACLR anterior cruciate ligament reconstruction SB single bundle,
DB double bundle, all allograft, aut autograft, BPTB bone-patellar tendon-bone, TB triple bundle,
BPTB-L mono-bundle BPTB combined with extra-articular reconstruction, aug remnantpreserving
augmentation, LK Leeds-Keio ligament, y years, Qf quadruple flexor, Cas computer-assisted surgery,
A20 anteromedial bundle fixation only at 20˝ of flexion, P20 posterolateral bundle fixation only at
20˝ of flexion, A20P0 anteromedial bundle fixation at 20˝ and posterolateral bundle fixation at 0˝

of flexion, A20P20 anteromedial bundle fixation at 20˝ and posterolateral bundle fixation at 20˝
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of flexion, A20P45 anteromedial bundle fixation at 20˝ and posterolateral bundle fixation at 45˝ of
flexion, TT transtibial femoral tunnel preparation, AM anteromedial femoral tunnel preparation,
CaP hybridising calcium phosphate, CM conventional method, PLLA biodegradable interference
screw, LH lefthanded, RH right-handed n.s. not significant

Factor analysis of groups and devices on ATT

Two devices (FM and EMS) showed much higher ATT than the other devices, and
therefore, these two devices were excluded for calculation of mean ATT per group.
A nonsignificant interaction between groups and devices was seen (p = 0.73). No p
values could be calculated for the groups and devices separately, as the number of
observations of some groups and some devices was too low. The coefficients of all
groups ranged from -1.75 to 2.89 with a mean of 0.00. The coefficients of all devices
ranged from -3.30 to 4.07 with a mean of 0.21. In Table 2 the coefficients of the
groups, of devices which were lower than -1 and higher than 1, and of the interaction
which were lower than -3 and higher than 3 are reported. For the ATT for each
device per group see Fig. 2.

Table 2 Highest coefficients of an independent two-way factorial analysis of variance with interaction.
Only coefficients for devices lower than -1 and higher than 1 are reported. Only interaction coefficients
lower than -3 and higher than 3 are reported.

Group Coef Device Coef Device Coef Interaction Coef
ACL-
injured

2.89 ComputKT
(134 N)

4.07 KT-1000 (133 N) -1.26 Telos * healthy 4.51

Contra-
lateral

0.85 Navigation 3.59 Kneelax (98 N) -1.45 Telos (150 N) *
ACL-injured

4.17

Allograft -0.18 Navigation
(MF)

2.64 KT-1000 (15 N) -1.84 Rolimeter (Mm) *
contralateral

3.82

Healthy -0.24 KT-1000
(Mm)

1.84 Telos (150 N) -2.56 KT-1000 (89 N) *
hamstring

3.58

BPTB -1.53 KT-1000
(300 N)

1.68 Kneelax (132 N) -2.79 Navigation (100 N) *
ACL-injured

3.24

Hamstring -1.75 Rolimeter 1.66 Rolimeter (Mm) -3.30 RSA * BPTB 3.02
KT-1000
(134 N)

1.02 ComputKT (134 N) *
ACL-injured

-3.16

KT-2000
(Mm)

1.01 KT-1000 (Mp) *
ACL-injured

-3.38

Coef: coefficient
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Fig. 2 Absolute anterior tibia translation per group (healthy, contralateral healthy, ACL in-
jured, ACL reconstructed with hamstring autograft tendon, ACL reconstructed with bone–patella
tendon–bone autograft tendon and ACL reconstructed with allograft tendon knees) of each device
(black dots). The black horizontal lines indicate the mean ATT of the groups. The six separate
dots indicate the devices excluded from analysis.

Discussion

The mean finding of this review was that graft choice, ACL injury or reconstruction,
intra-articular injuries and whether an ACL injury is chronic or acute are factors
which could determine the ATT. Other possible factors, such as fixation techniques,
were inconclusive. The mean absolute ATT is, respectively, lowest to highest in ACLR
knees with a BPTB autograft (3.25 mm), ACLR knees with a hamstring autograft
(3.27 mm), contralateral healthy knees (5.33 mm), healthy knees (5.96 mm), ACLR
knees with an allograft tendon (6.73 mm) and ACL-injured knees (9.15 mm).

The mean ATT measured in ACLR knees with an allograft was twice as high as
the ATT measured in ACLR knees with an BPTB autograft. This finding is con-
sistent with the finding of Tian et al. [55], however, in contrast with the finding of
Ghodadra et al. [28] who did not report a significant difference between BPTB auto-
graft and allograft use. In addition, Laoruengthana et al. [23] reported that ATT is
significantly higher in ACLR knees with BPTB autograft compared to ACLR knees
with hamstring autograft. This is in contrast with the data presented in this review.
The mean ATT in knees with a BPTB autograft was only 0.02 mm lower than in
ACLR knees with a hamstring autograft.
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The methods used to assess ATT might have introduced a systematic measure-
ment error. In healthy knees, ATT ranged from 3.93 mm (KT-1000 89N) to 8.35
mm (ComputKT) and in contralateral healthy knees from 2.5 mm (KT-1000 67N) to
15.7 mm (EMS). In addition, the range of coefficients measured using an independent
two-way factorial analysis of variance with interaction was greater in range for the
devices (range: -3.30 to 4.07) in comparison with the groups (range: -1.75 to 2.89).
Therefore, comparison of ATT between devices should be taken with caution as the
choice of measuring device might be paramount. However, some interactions between
devices and groups were strong (Table 2), for example: the coefficient of the interac-
tion between the ComputKT and BPTB group was -3.16. Therefore, the difference in
ATT between devices might also have been caused by differences in characteristic of
subjects measured in the studies in which those devices were used. More consistency
in measuring device used to assess ATT should be introduced. Pugh et al. [30] in
their review suggest that the KT-1000 and the Rolimeter provide better results than
the Telos Stress Radiography and some other devices not covered in this review. For-
tunately, the KT-1000 arthrometer is the most frequently used.

For almost all devices a variety of forces can be used to measure the ATT. The
relation between forces and ATT is reported by Lin et al. [33] for healthy knees and
ACL-injured knees. They reported a significantly larger displacement and a signif-
icantly larger stiffness of the injured knee compared to healthy knees. In line with
these results the mean ATT of the studies in this review was smaller in healthy and
contralateral knees in comparison with ACL-injured knees. However, the relation-
ship between force and ATT is not seen in the data of the current review. This
might be due to differences between studies in, i.e. subject characteristics and other
factors which could also have determined the ATT. For example, a significant differ-
ence in ATT measured using a KT-1000 between right-handed physiotherapists and
lefthanded physiotherapists was reported by Sernert et al. [34]. A between-studies
comparison of ATT should be taken with caution, especially when different measure-
ment methods or forces are used.

Muscle activity might also have determined the ATT. Klyne et al. [79] found in
patients with an ACL injury a relation between ATT in a passive situation and pro-
longed muscle activity of the medial gastrocnemius during a jump test. Barcellona et
al. [80] found that hamstrings activity reduces anterior knee laxity in a passive situa-
tion in ACLinjured patients. This indicates that patients with an ACL injury might
compensate for knee laxity by increasing the duration of muscle activity. However,
Goradia et al. [76] did not find a difference in ATT between patients with strength
deficit and patients without strength deficit. Kvist [81] found that there is no cor-
relation between ATT in a passive situation and ATT in an active situation, which
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might indicate that muscle activity does play a role in the control of ATT during
activity. Future studies could investigate the effect of muscle activity on ATT and
could investigate ATT in an active situation, i.e. by using the method to assess ATT
of Boeth et al. [82].

Some limitations of this review should be addressed. Systematic reviews are lim-
ited by the weaknesses of each study. This might include a small number of partici-
pants, a shortterm follow-up time and a high variability of participants. However, no
reasons were found to assume biases in the data. One article which was determined
to have a poor quality was excluded from further analysis. In addition, a limitation
of this review was the large variety of measurement devices used to assess the ATT,
which made a comparison between studies difficult. However, this also makes clear
that more consistency should be introduced in measuring method for ATT.

Conclusion

Surprisingly reported ATT, in comparison with healthy knees, is higher after an ACLR
using an allograft tendon and lower in knees using a bone–patella tendon–bone au-
tograft. In addition, ATT was significantly higher in chronic than in acute ACL
injuries and in knees with intra-articular injuries compared to knees without intra-
articular injuries. Inconclusive results were found for other factors such as fixation
techniques. When excluding two devices which measured much higher ATT than the
other devices, mean ATT was lowest to highest in ACLR knees using a bone–patella
tendon–bone (BPTB) autograft, ACLR knees using a hamstring autograft, contralat-
eral healthy knees, healthy knees, ACLR knees with an allograft and ACL-injured
knees. Between-studies comparison of the ATT should be taken with caution as lots
of different measurement methods with different forces were used to measure the ATT.
To make the compatibility of studies more reliable, more consistency in measuring
methods to assess ATT should be introduced. The clinical relevance of this study
is that even though the ATT was smaller after an ACLR in comparison with ACL-
injured knees, using an allograft tendon, the ATT was greater than healthy knees,
whereas by using an autograft tendon the ATT was smaller than in healthy knees.
An increase in ATT is found to be a risk factor for osteoarthritis and a chance of knee
injuries; therefore, an autograft ACLR might give better results in comparison with
an allograft ACLR.
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Highlights

• Transients in dynamic ATT less than 2.32 mm should be taken with caution

• Transients in dynamic ETR less than 1.70 degrees should be taken with caution

• The marker setup should be chosen carefully

• A marker setup with markers spread over the whole femur may give the best
results
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Abstract

Purpose: The first aim was to report the sensitivity of calculated tibiofemoral
movements for the choice of placement of the set of femoral markers. The second
aim was to report the influence of accuracy of the motion captured positions of the
markers on the calculated tibiofemoral movements.
Methods: Tibiofemoral kinematics during single leg hops for distance were calculated.
For the first aim, an experiment was conducted in which four different setups of
the femoral markers were used to calculated tibiofemoral movements. For the
second aim, an experiment was conducted in which all raw marker positions were
mathematically moved independently with the known Vicon position error with a
distance and in a random direction in each frame, repeated a hundred times. Each
time, the tibiofemoral movements were calculated.
Results: The first experiment yields that the standard deviation of the calculated
anterior tibia translation between marker setups was 0.88 mm and the standard
deviation of the external tibia rotation between marker setups was 0.76 degrees. The
second experiment yields that the standard deviation was 0.76 mm for anterior tibia
translation and 0.38 degrees for external tibia rotation.
Conclusion: A combined standard deviation of both experiments revealed that
transients in anterior tibia translation less than 2.32 mm and external tibia rotations
less than 1.70 degrees should be taken with caution. These results are 19.42% of the
range of the anterior tibia translation and 13.51% of the rotation range during the
jump task. The marker setup should be chosen carefully.

Keywords Functional axis of rotation, knee laxity, tibia translation, tibia rota-
tion
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Introduction

Hip centers and knee rotation axes can be calculated using a three-dimensional motion
capture system. There are various methods to estimate the joint center of rotation
and axis of rotation (i.e. [7, 8, 12, 16]). In this technical note the symmetrical center
of rotation estimation (SCoRE) [9] and the symmetrical axes of rotation approach
(SARA) [10] which are implemented in the software of the motion capture system
Vicon (VICON Motion Systems Ltd, Oxford, UK) are investigated. Since the combi-
nation of these two methods can be used to calculate tibiofemoral movements [5] and
are now easily available it makes sense to test its accuracy, which has not be done
before. Being able to calculate these movements in demanding in vivo tasks may be
of high interest in anterior cruciate ligament injury and reconstruction research. Cur-
rently in ACL research passive tibiofemoral movements are highly investigated, for
example to compare surgical technics [1, 3] or to compare the results of non-copers
with copers [4, 24]. However, it is found in literature that there is no correlation
between passive and active anterior tibia translation [13, 25]. To be able to evaluate
the functional highly significant dynamic movement, such a method is very useful.

To calculate tibiofemoral movements, first the optimal common shape technique
(OCST) should be performed [26]. Using the OCST, the markers on each segment
are virtually replaced so that the markers of each segment act as a rigid body: the
mutual distances between the markers do not chance over time. Based on the OCST
markers, two coinciding points of rotation can be reconstructed in the knee using the
SARA method. These points are estimated using dynamic calibration frames of a
knee flexion-extension movement. One of these coinciding points is fixed in the rigid
body of the tibia segment pSARAtibq and one in the rigid body of the femur segment
pSARAfemq (Figure 1.A). In addition, based on the OCST markers, two centers of
the knee (knee joint centers), one fixed in the rigid body of the tibia pSCoREtibq
and one fixed in the rigid body of the femur pSCoREtibq, can be calculated by the
SCoRE method. Using these SARA and SCoRE data, two axes of rotation can be
reconstructed in the knee, one in the tibia segment pAXtibq and one in the femur seg-
ment pAXfemq. Moreover, based on the OCST markers, the point of rotation in the
hip (hip joint center) can be calculated by the SCoRE method using dynamic calibra-
tion frames of a star-arc movement. For the mathematical model of these methods,
see Ehrig et al. [9] and Ehrig et al. [10]. The dynamic translation and rotation of
AXtib relative to AXfem estimate the tibiofemoral movements (Figure 1.B).

The reliability of the SCoRE and SARA methods including their application by
Boeth et al. [5] have been studied several times [8, 18, 28, 27]. A high reliability
(Intraclass correlation coefficient ° 0.8) and no significant differences between five
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different observers who placed the marker set and between measure days was found
in functional femur and tibia length (distances between the centers of the axis of ro-
tation and the hip center or ankle center) calculated based on the SCoRE and SARA
methods [27]. It was also reported that SARA showed a better inter-trial consistency
of locations of the axis of rotation; however, worse consistency of the orientations of
the axis of rotation compared to geometry-based axes while performing isokinetic knee
flexion-extension [28]. Differences in ETR relative to the femur between using SARA
and fluoroscopic (invasive) techniques were reported between 5.7 and 9.6 degrees [18].
A correction equation led to a sum of the root mean square error of between 0.6 and
0.8 degrees for the SARA method [18]. In addition, De Rosario et al. [8] presented a
mathematical model of soft tissue artefacts propagation to the position and direction
of variable and fixed axes as calculated by three methods. One of these methods was
the SARA method. They reported that SARA, measured in one subject, showed an
absolute difference in position error of the measured and estimated axes of rotation
of 6.3 mm and no method was superior to another. However, their marker setup was
atypical: markers were placed relatively close to the knee.

A few studies have been published using the SCoRE and/or SARA method for
research [5, 12, 16, 19, 22]. In the these studies, systematic errors could have been
introduced. No studies are published on the influences of markers placements and
measuring errors of the motion capture system on calculated tibiofemoral movements.
The aims of the experiments in this technical note were to:

1. determine the sensitivity of the calculated tibiofemoral movements for the
choice of the placement of the set of femoral markers.

2. determine the sensitivity of the calculated tibiofemoral movements for the errors
in the captured positions of the Vicon markers found in previous research.

Method

Data

Tibiofemoral kinematics during a single leg hop for distance of one healthy subject
(woman, 23 years old) were calculated using the SCoRE and SARA methods imple-
mented in Nexus 2 of a Vicon system (10-camera, VICON MX-F40; VICON Motion
Systems Ltd, Oxford, UK) in a lab of 5 by 10 meter and 3 meter high. The single leg
hop for distance is used as the impact on the knee is greater than in common motion
analysis experiments (gait, stair-ascending) and consequentially the sudden transla-
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Fig. 1 Coordination systems in the femur and tibia. Both coordination systems of the tibia and
femur based on the SCoRE and SARA data. u1: the axis of rotation fixed in the tibia system;
v1: the axis of rotation fixed in the femur system; u2 and v2: the cross product of the first and
third axes; v3: vector from the center of rotation of the femur to the center of rotation of the hip;
u3: vector from the center of rotation of the tibia to the center of the ankle. A) Coinciding axis of
rotation and therefore no anterior tibia translation. B) Anterior translation and external rotation of
the tibia.

tions and rotations are believed to be greater. The sample frequency was 100Hz for
each of the markers.

To be able to estimate the center of the hip, calibration frames of a star-arc move-
ment of the tested leg were captured. To be able to estimate the coinciding rotation
axes in the knee, calibration frames of an open kinetic flexion-extension movement
with the tested leg raised from the ground was captured. Then, the subject per-
formed six hops for distance with her preferred leg which was the left one. Markers
were placed by the first author as shown in Figure 2, adapted from Boeth et al. [5].
The motion capture of the hops were subsequently used to calculate the tibiofemoral
movements with the method described in the next section.
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Fig. 2 Marker setup. Marker setup of experiment 1 and 2. For both experiments, markers were
attached on the right and left anterior and posterior superior iliac spine, greater trochanter, medial
and lateral epicondyle of the femur, medial and lateral malleoli of the ankle; the heel; anterior on the
proximal foot; and the first and fifth metatarsophalangeal joints. In addition, six additional markers
were attached to the tibia. A) For experiment 1, sixteen additional markers were attached to the
femur (four groups of four additional markers; the black filled markers with different shapes). B)
For experiment 2, four additional femur markers were attached (filled black markers)

Computations of tibiofemoral movements

In order to compute tibiofemoral movements, based on the method of Boeth et al.
(2013), first OCST markers of all raw markers were calculated. Then, two coordinate
systems were set up using a customized MATLAB (version 9.5, The MathWorks Inc.,
Natick, Massachusetts) script: one coordinate system in the femoral segment (parent
system) and one in the tibia segment (child system). The first axes (u1 and v1) of
both coordinate systems were calculated from the normalized axis of rotation of the
corresponding segment calculated by the SCoRE and SARA methods (Figure 1). The
centers of these axes (centers of rotation; u1c and v1c) were calculated by projecting
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the mean OCST corrected medial and lateral epicondyle markers on the rotation axes
and were defined as the origin of the coordinate systems. The third axis of the tibia
segment (u3) was the normalised vector from the center of rotation of the tibia (u1c)
to the mean OCST corrected malleoli markers. The direction of this axis was changed
to the opposite direction to make the system righthanded. The third axis of the femur
segment (v3) was the normalized vector from the center of rotation of the femur to
the center of rotation of the hip. The second axis of both coordinate systems (u2

and v2) were reconstructed by taking the cross product of the first and third axes of
the coordinate systems. Hereafter, the coordinate systems were made orthogonal by
another cross product of the first and second axes. In this way the direction of the
first axis remains unchanged.

The coordinate systems U and V were defined from the collection of unit vectors
u1, u2, u3 and v1, v2, v3 in their columns. The transpose of V and U were the rotation
matrices of tibia and femur system (see equations (4.1) and (4.2)). The rotation
matrix from the tibia system to the femur system can be calculated from these two
matrices (equation (4.3)). The femoral translation relative to the tibia is expressed
in equation (4.4). The euler rotation angles are given in equations (4.5), (4.6) and
(4.7) of the supplementary material, in which the indices represent the positions in
the matrices (columns, rows). These euler angles are computed using the equations
from Robertson [23]. The inverted femoral translation and the euler rotation angles
relative to the tibia estimate the motion of the tibia relative to the femur.

MTib “ UT (4.1)

MFem “ V T (4.2)

MTibFem “ MTib ˚ MT
Fem (4.3)

Tr “ MTib ˚ pu1c ´ v1cq (4.4)
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Experiment 1: the sensitivity of the measured tibiofemoral movements
depending on the placement of the set of markers

On top of three bony landmark markers on the femur, sixteen additional markers were
physically attached to the upper leg. For each single leg hop for distance, calculations
of tibiofemoral movements were performed four times using different groups of four
additional femur markers on different heights of the femur: one group of proximal
femur markers (the triangles in Figure 2.A), one group of markers in the middle of
the femur (the squares in Figure 2.A), one group of distal femur markers (the stars in
Figure 2.A), and one group of markers spread over the femur (the black filled circles
in Figure 2.A). This to study the effect of soft tissue artefacts (wobbling masses) of
the upper leg.

In addition, calculations were performed using all sixteen additional femur mark-
ers. The results of any set of four femur markers were compared to the results where
all markers were used, as it is believed on the basis from observing soft tissue motion
in high speed video footage that using more markers will average out more soft tissue
artefacts. Moreover, there is no golden standard.
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Experiment 2: the sensitivity of the measured tibiofemoral movements
depending on Vicon’s marker position errors

For this experiment the additional group of markers spread over the femur (shown
in Figure 2.B) was used. A standard deviation of the position error of Vicon of 1.84
mm based on the error reported by Merriaux et al (2017) [17] with correction for our
camera distance was used. The following two steps were performed 100 times for the
same single leg hop:

1. All markers (raw data) were mathematically moved. For this, in each frame all
markers were randomly displaced in a random direction. A normal distribution
with a standard deviation of 1.84 mm was used as the amount of displacement
and direction for each marker.

2. Each time, after displacement of the markers tibiofemoral movements were cal-
culated.

This procedure was repeated for each 6 single leg hops for distance.

Data analysis

For both experiments, the standard deviation of anterior tibia translation and exter-
nal tibia rotation for each frame between the 4 marker setups or the 100 trails were
the markers were moved was calculated. Then, the mean of this standard deviation
over time and over the 6 single leg hops for distance was calculated.

Also, the maximal, minimal and range of anterior tibia translation and external
tibia rotation was calculated for each frame. Then, the mean, maximal and minimal
values of the range were calculated.

To determine the effect of both the Vicon’s position errors and marker setup com-
bined on the tibiofemoral movements, a combined standard deviation was calculated.
For this only one single leg hop was used. The standard deviations of both exper-
iments were squared and added together. Then, the square root of this value was
calculated, which accounts for a combination of two standard deviations which have
an independent origin.
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Results and discussion

Experiment 1: the sensitivity of the measured tibiofemoral movements
depending on the placement of the set of markers

The tibiofemoral movements resulting from the different marker groups have been
depicted in Figure 3. For the range of the ATT and ETR between results obtained
with the different marker sets see Table 1. The standard deviation of the calculated
ATT, when using different marker setups, is 0.88 mm and for ETR 0.76 degrees.
To compare this result with the measurements: for the condition where all markers
were used, the range of the ATT over the whole hop was 11.97 mm and of the ETR
12.58 degrees. When different marker setups are used, calculated differences during
transients in ATT of less than twice the standard deviation (1.76 mm) and ETR
(1.52 degrees) should be taken with caution.
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Fig. 3 Results experiment 1. Tibia translation, tibia rotation and knee flexion angle of six single leg
hops for distance over time with the different lines being computations with four different groups of
femoral markers. The black dotted line is the situation where all sixteen femur markers where used.
TO: too off; IC: initial contact.
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Table 1 The mean, maximal and minimal range in anterior tibia translation (ATT) and external
tibia rotation (ETR) between the different conditions and the mean standard deviation over time.
Experiment 1: the sensitivity for the marker placement. Experiment 2: the sensitivity for Vicon’s
position errors.

Experiment 1 Experiment 2
ATT (mm) ETR (deg) ATT (mm) ETR (deg)

Mean StD over time 0.88 0.76 0.76 0.38
Mean of the range 1.91 1.72 3.82 1.93
Max of the range 4.46 3.08 3.93 2.03
Min of the range 0.85 0.46 3.79 1.87

See Table 2 for the mean, maximal and minimal difference between the results of
the different marker setups compared with the results of the marker setup where all
markers where used. The tibiofemoral movements computed with the marker setup
where the markers were spread over the femur (the black filled circles in Figure 2.A)
is most similar to the situation where all markers where used. This may be due to the
cancelation of movements of soft tissue relative to the bone when applying markers
over the whole femur, while as when using markers for example only proximal and
medial on the femur, soft tissue artefacts may result in greater errors because these
markers tend to move more as one group.

Table 2 Mean, minimal and maximal absolute differences between the results of the different marker
setups compared with the results of the marker setup where all markers where used. S1: proximal
femur markers; S2: markers in the middle of the femur; S3: distal femur markers; S4: group of
markers spread over the femur.

S1 S2 S3 S4
ATT ETR ATT ETR ATT ETR ATT ETR

Mean difference 1.09 1.38 1.31 0.34 0.9 0.43 0.35 0.71
Min difference 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.13
Max difference 4.17 2.63 3.66 1.08 2.35 1.43 1.45 1.52

These results imply that the marker setup should be chosen with care. We advise
using a marker setup with markers spread over the femur (black filled circles in
Figure 2.A) as in that case soft tissue artefacts may partly be canceled out.
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Experiment 2: the sensitivity of the measured tibiofemoral movements
depending on Vicon’s marker position errors

The mean and standard deviation of the tibiofemoral movements and the knee flexion
angle resulting from all 100 trials where markers were moved have been depicted in
Figure 4. For the range of the tibiofemoral movements between the different trials see
Table1. The standard deviation between trials of the computed ATT and ETR was
0.76 mm and 0.38 degrees respectively.

These results imply that the position error of Vicon results in an error of ATT of
1.5 mm and ETR of 0.76 degrees (twice the standard deviation).

Fig. 4 Results experiment 2. Tibia translation, tibia rotation and knee flexion of one single leg
hop for distance over time. The black line is the mean of all trails. The grey area is the standard
deviations in tibia translation and rotation of the 100 trials when all marker, per trail, were moved
in a random direction. TO: too off; IC: initial contact.

The sensitivity of the measured tibiofemoral movements depending on both
the Vicon’s marker position errors and the placement of the set of markers

To determine the combined effect of both the Vicon’s position error and marker setup
on the tibiofemoral movements, a combined standard deviation was calculated for
one single leg hop for distance. For ATT this standard deviation was 1.16 mm and
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for ETR 0.85 degrees. The combination of the effect of the marker setup (wobbling
masses) and Vicon’s position error may result in an error in tibiofemoral movements
of twice the standard deviation; which is for ATT 2.32 mm and for ETR 1.70 degrees.
These results are 19.42% of the range of the anterior tibia translation and 13.51% of
the rotation range.

Strong points and limitations

This is the first study which addresses the effects of the marker placement and Vi-
con’s position error on the ATT and ETR in a high demanding dynamic situation.
The effects of marker placements and Vicon’s position error have been investigated
[20, 21, 29]; however, as far as known to the authors no studies are published in-
vestigating those effects on tibiofemoral movements. A number of publications using
the SCoRE and/or SARA method are relevant in light of such an investigation. The
methods in the present sensitivity analysis and the ability to measure the ATT and
ETR using such methods may be of high intrest in anterior cruciate ligament injury
and reconstruction research, especially since the SCoRE and SARA methods are eas-
ily available.

Some possible limitations of this study need to be addressed. One possible limita-
tion is that only one subject has been studied. The aim of this study was to observe
the sensitivity of using different marker setups and the effect of Vicon’s position er-
rors on the outcome measures of interest. For this, only one subject could be used
on which the necessary parameters could be varied. We have chosen a subject who
is active in recreational sport activities with a BMI of 22.7. This choice was made
since the subject is representative of the population in which an ACL injury occurs
frequently [11]. An addition to this study may have been to study subjects with very
low and very high BMI in terms of wobbling masses. A future study could investigate
this.

A second limitation may be the relative low frequency of 100Hz in which the
marker positions were captured. This may have introduced loss of interesting data.
However, 100Hz is ample to capture the frequency content of human movements, even
during collisions such as with the ground.

Another possible limitation is that no data of a golden standard to measure the
ATT and ETR is available, like bi-planar fluoroscopy data. Previous studies found an
absolute range of ATT using bi-planar fluoroscopy model-based data during running
of +/- 10 mm [2] and +/- 25 mm [14]. The results of Anderst et al. [2] are comparable
to our results (12 mm). However, bi-planar fluoroscopy itself has its limitations [14].
A lack of a golden standard makes it impossible to verify the outcomes of the methods
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developed by Boeth et al. [5]. However, given the method, the present study seeks to
find the effects of marker placement and measurement errors on the produced outcome
measures. The results of the current study gives interesting information on determin-
ing ATT and ETR using the VICON motion capture system in dynamic situations.
Being able to measure the ATT and ETR in high demanding tasks is of high interest
in knee ligament research, for example to compare results after two different types of
anterior cruciate ligament reconstruction or the results after different rehabilitation
programs.

Conclusion

Especially when different sets of markers are used, calculated differences in anterior
tibia translation, i.e. between subjects, and transients of anterior tibia translations
of less than 2.32 mm and of external tibia rotations of less than 1.70 degrees should
be taken with caution. These results are 19.42% of the range of the anterior tibia
translation and 13.51% of the rotation range. When using the SCoRE and SARA
methods, the marker setup should be chosen carefully. We advise a marker setup
with markers spread over the whole femur.
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Highlights

• Participants with more passive knee laxity (ATTp) showed smaller dynamic
laxity (ATTd)

• Muscle activation did not contribute in such a way that ATTd was limited at
the observed knee angles

• Less knee flexion angle at impact is associated with larger ATTd
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Abstract

Purpose: It has been reported that there is no correlation between anterior tibia
translation (ATT) in passive and dynamic situations. Passive ATT (ATTp) may be
different to dynamic ATT (ATTd) due to muscle activation patterns. This study
aimed to investigate whether muscle activation during jumping can control ATT in
healthy participants.
Methods: ATTp of twenty-one healthy participants was measured using a KT-1000
arthrometer. All participants performed single leg hops for distance during which
ATTd, knee flexion angles and knee flexion moments were measured using a 3D
motion capture system. During both tests, sEMG signals were recorded.
Results: A negative correlation was found between ATTp and the maximal ATTd
(r=-0.47, p=0.028). An N-Way ANOVA showed that larger semitendinosus activity
was seen when ATTd was larger, while less biceps femoris activity and rectus femoris
activity were seen. Moreover, larger knee extension moment, knee flexion angle and
ground reaction force in the anterior-posterior direction were seen when ATTd was
larger.
Conclusion: Participants with more ATTp showed smaller ATTd during jump
landing. Muscle activation did not contribute to reduce ATTd during impact of
a jump-landing at the observed knee angles. However, subjects with large ATTp
landed with less knee flexion and consequently showed less ATTd. The results of this
study give information on how healthy people control knee laxity during jump-landing.

Level of Evidence: III

Keywords knee, knee laxity, muscle activity, motor control
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Introduction

Passive anterior tibia translation (ATTp) is often studied in literature, for example
in people with hypermobility [33], anterior cruciate ligament (ACL) injured patients
[15], or after a total knee arthroplasty [14]. ATTp, however, only gives information
about knee laxity in situations where muscle activation and extern forces are absent
or minimal. People with large ATTp may compensate for knee laxity by using effec-
tive muscle activation patterns in dynamic tasks or by amending their kinematics and
kinetics in such a way that anterior tibia translation is limited. Therefore, anterior
tibia translation in dynamic situations (ATTd) may give new information additional
to ATTp. This can also be suggested by the absence of correlation between ATTp
and ATTd found during normal gait, active extension, heel raises, cycling, one-legged
squat and chair squat [21, 34]. This absence of correlation may be due to the con-
tribution of muscle activation patterns and external forces in a dynamic situation.
Previous studies found a relation between ATTp and pre-activation of the muscles
[20, 31, 32], and ATTp and hamstrings activity [3]. Computer models showed that
simulated hamstrings activity reduces the ATTd [29], and also showed that muscle
activation patterns influence ATTd.

To the best of our knowledge, in literature no information is available on whether
there is an in vivo correlation between ATTd and muscle activation patterns and
between ATTd and knee kinetics in healthy people. Such information will enlarge
the knowledge about how healthy people control knee laxity and may give us valu-
able information for people with hypermobility, with knee injuries or for ACL injury
prevention programs. Those people, especially when large ATTp is observed, may
be able to learn effective muscle activation patterns and landing strategies to limit
ATTd. The present study will add to the current literature insight into the control
of ATTd by muscle recruitment, kinematics and kinetics during a jumping task in
healthy people. The aims of this study were to investigate:

1. Whether there is a correlation between ATTd and ATTp. To verify whether
the absence of correlation between ATTd and ATTp found in literature holds
during jump landing.

2. Whether quadriceps, hamstrings, and gastrocnemius activity are correlated with
ATTd.

3. Whether the knee flexion angle and knee flexion moment are correlated with
ATTd.
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We hypothesized that quadriceps activity will increase ATTd, and hamstrings and
gastrocnemius activity will decrease ATTd due to their anatomical insertions and lever
arms. Moreover, we hypothesized that landing with more flexed knees and larger knee
flexion moment will increase ATTd

Methods

A study was conducted at the motion lab of the Department of Rehabilitation
Medicine of the UMCG. The study design, procedure, and protocol are approved
by the local Ethics Committee (ECB number: 2016.12.06.2 R2). All participants
were informed about the procedures and the aim of the study by e-mail and signed
an informed consent form.

Participants

Twenty-one healthy participants (13 women and 8 men) who participated in recre-
ational team sports (see Table 1) at least twice a week, and in addition played a
match at least once a week, were included in the study. Moreover, the participants
had to be between 18 and 45 years of age. Participants with any history of knee
trauma, previous lower limb surgery, or self-reported disorders of the leg were
excluded (Table 2).

Table 1 Sports of the participants.

Sports n
Football 10
Volleyball 3
Korfball 2
Hockey 5
Handball 1
Total 21
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Table 2 Baseline characteristics

Mean Standard
deviation

Range

Age (years) 21 2.48 18-26
Mass (kg) 71.7 8.32 60.7-91.3
Height (mm) 178.3 2.37 165-197.5
BMI (kg/m2) 23.7 2.94 19.1-32.8
Hours of sport (a week) 5.9 2.37 3 – 13

Tested leg (right/left) 20/1

Evaluation protocol

Each participant was measured in a single session. The passive test (condition 1) and
the SLHD task (condition 2) were performed in a random order. The same researcher
performed all procedures for every participant: electrode placements, marker place-
ments and measurements.

First, sEMG-electrodes surface electromyographic (sEMG; Cometa Wave Plus
Wireless sEMG system, Cisliano Milano, Italy) were attached according to SENIAM
guidelines [26]. The skin was prepared by being shaved and cleaned with alcohol. All
EMG-electrode pairs were placed along the length of the muscle fibers on the bulk
of the muscles to reduce cross-talking [26]. For condition 1, the patterns of mus-
cle activation were determined using the electrical signals of the medial hamstring
(MH), lateral hamstring (LH), rectus femoris (RF), vastus medialis (VM), and vastus
lateralis (VL) using sEMG. The patterns of muscle activation of the gastrocnemius
medialis (GM) and gastrocnemius lateralis (GL) were not measured in condition 1
because of interference of the attachment of the KT-1000. For condition 2, the pat-
terns of muscle activation were determined using the electrical signals of the MH, LH,
RF, VM, VL, GM and GL. The sEMG signals were recorded at a sampling frequency
of 1000Hz.

During condition 1 (passive), ATTp was measured using a KT-1000 arthrometer
(MEDmetric Corp, San Diego, California, USA) at a force of 133N with the knee sup-
ported at approximately 30 degrees of flexion. The participants were laying supine
and were instructed to relax their leg which the examiner verified by observing the
sEMG recordings. This test was repeated three times and the average was taken.

For condition 2 (dynamic), retroreflective markers were attached to the tested
leg, the dominant leg of the participant (the leg that the participant prefers to use
when kicking a ball [25]). Markers were attached as shown in Figure 1 (adapted from
Boeth et al. [6]). The 3D marker positions were measured with an 8-camera three-
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Fig. 1 Marker placement. Markers were attached on the right and left anterior and posterior superior
iliac spine, the right and left iliac crest, the greater trochanter, the medial and lateral epicondyles
of the knee, the medial and lateral malleoli of the ankle, the heel, anterior of the talus bone and
the first and fifth metatarsophalangeal joints. Besides, two additional markers were attached to the
pelvis, two to the thigh, and six additional markers were attached to the shank (adapted from Boeth
et al. (2013) [6]).

dimensional motion capture system (VICON MX3+; VICON Motion Systems Ltd,
Oxford, UK) at a frequency of 100Hz. After attaching markers, calibration frames of
a flexion-extension movement and a star-arc movement, as prescribed by the manual
of VICON, were performed to be able to identify the joint hip and knee centers and
axes of rotation of the knee [8, 9]. Then, the participants performed SLHD wearing
sports shoes and with their arms in free motion. First, three practice SLHD were
performed. The participants started on their tested leg in a stationary posture and
jumped as far as possible in a horizontal direction. The participants had to stand
still on the same leg after landing for a minimum of three seconds. The distance of
the furthest practice SLHD was used for the starting distance from the force plate.
Next, ten successful SLHD were performed.
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Data analysis

The data were processed using a customized MATLAB (version 9.4, The MathWorks
Inc., Natick, Massachusetts) script. The 3D marker position data were filtered us-
ing a convolution filter with low pass frequency of 10Hz with zero lag, while gaps in
the data of a maximum of 10 frames were filled with a quadratic spline interpola-
tion. ATTd was determined based on a combination of the optimal common shape
technique, symmetrical axis of rotation approach, and symmetrical center of rotation
estimation combined [6]. For quantifications of ATTd and knee angles see Keizer and
Otten [16]. It should be noted that results from this method should be taken with
caution when transients are below 2.32 mm [16]. However, the intraclass correlation
coefficient between observers who placed the markers is higher than 0.8 [36]. Knee
flexion moment was calculated from the GRF vector and its lever arm to the center
of the knee of the stance leg. ATTd, knee flexion angle, and knee flexion moment
during each SLHD were determined for 1.5 seconds before the instant of first ground
contact until 1.5 seconds after that instant. The time point of first ground contact
was determined as the time where the vertical GRF on the force plate was at least
five percent of the body weight.

Muscle activity around the instant of first ground contact, taking into account an
electromechanical delay of 50 ms [4], was rectified and filtered using a fourth order low
pass frequency Butterworth filter at 6 Hz with zero lag. Muscle activity was scaled
to a percentage of the mean muscle activity during the SLHD for each participant to
reduce the influence of body fat.

Statistical analysis

An a-priori power analysis based on the correlation between ATTp and ATTd of a
healthy knees (contralateral knees of ACL injured patients; R2 = 0.34) [6], indicated
that a total sample size of 18 participants would be required to achieve statistical
significance at a 0.05 level with 80% power.

The data were analyzed using the Statistics Toolbox from MATLAB version 9.7
(The MathWorks Inc., Natick, Massachusetts). Pearson correlation analyses were
performed between ATTp and maximal ATTd, and ATTp and range of ATTd.

In addition, an N-Way ANOVA was performed using a type II sum of squares and
no interactions. For this analysis data from initial contact until 0.25 seconds after
initial contact was used. The dependent variable was the ATTd and the independent
variables were the activity of the independent muscles, the knee flexion angle, the knee
extension moment and the ground reaction force rotated towards the tibia system in
the medial-lateral and anterior-posterior direction. All variables were normalized to
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a scale of 0 to 1 by dividing their values by their maximal value during a session.
Correlations were considered to be significant with an alpha of † 0.05. If a cor-

relation was significant, a correlation coefficient of 0.2-0.49, 0.5-0.79 and 0.8-1 were
considered to represent a weak, a moderate and a strong association, respectively [13].

Results

Passive and dynamic ATT

The mean ATTp was 3.4 mm (range: 0.9-8.8 mm). During the passive test, no more
muscle activity than noise was found in a flat background signal of the sEMG.

The ATTd for each participant is presented in Figure 2. A weak negative corre-
lation was found between ATTp and maximal ATTd (r=-0.47, p=0.028; Figure 3A).
No correlation was found between ATTp and the range of the anterior posterior tibia
translation during jump landing (r=0.38, p=0.087; Figure 3B).

Fig. 2 Mean and standard deviations of the dynamic anterior tibia translation (ATTd) of ten trials
of a single hop for distance of all participants (Pp). TO: toe-off; IC: initial ground contact.

82



Dynamic ATT in healthy subjects

2 4 6 8 10 12 14

ATTd (mm)

0

1

2

3

4

5

6

7

8

9

A
T

T
p
 (

m
m

)

A: Maximal ATT (r=-0.5; p=0.02*)

6 8 10 12 14 16 18

ATTd (mm)

0

1

2

3

4

5

6

7

8

9

A
T

T
p
 (

m
m

)

B: Range (r=0.38; p=0.087)

Fig. 3 Passive anterior tibia translation (ATTp; KT-1000 arthrometer) v.s. the maximal dynamic
anterior tibia translation (ATTd) and the range of dynamic anterior posterior tibia translation during
a single hop for distance; *: significant.

Control of ATT in a dynamic situation

In Table 3 the sum of squares, mean of squares, F-value, p-value and weight
coefficients of the N-Way ANOVA are presented. The knee extension moment, knee
flexion angle, GRFap, ST activity, BF activity and RF activity resulted in significant
effects on ATTd.
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Table 3 Sum of squares, degrees of freedom, mean squares, F-values, p-values and coefficient of the
N-way ANOVA with the dependent variable being dynamic anterior tibia translation.

Variable Sum of squares
(type II)

d.f. Mean
squares

F p-value Weight
coefficient

KM 49.3 1 49.26 5.36 0.0208* 3.9112
KA 796.3 1 796.344 86.69 † 0.000* 8.0731
GRFml 4.1 1 4.056 0.44 0.5065 0.0004
GRFap 158.7 1 158.699 17.28 †0.000* 5.8964
ST 241.5 1 241.537 26.3 †0.000* 5.8438
BF 36.6 1 36.636 3.99 0.0461* -2.1236
GM 11.7 1 11.704 1.27 0.2593 1.3573
GL 5.7 1 5.657 0.62 0.4328 -1.6735
RF 83.7 1 83.734 9.12 0.0026* -3.148
VM 6.8 1 6.796 0.71 0.3899 1.4945
VL 2.7 1 2.699 0.29 0.5879 -1.0857
Error 9507.1 1035 9.186
Total 14429.5 1046

*:significant; KM: knee extension moment; KA: knee flexion angle; GRFml: ground reaction force in
the medial-lateral direction; GRFap: ground reaction force in the anterior-posterior direction; ST:
semitendinosus; BF: biceps femoris; GM: gastrocnemius medialis; GL: gastrocnemius lateralis; RF:
rectus femoris; VM: vastus medialis; VL: vastus lateralis.

Discussion

The most important findings of this study were:

1. A negative correlation between ATTp and maximal ATTd.

2. That larger ST activity was seen when ATTd was higher, while BF activity and
RF activity were lower.

3. That higher knee extension moment, knee flexion angle and GRFap were seen
when ATTd was higher.

ATT compared to literature

A review showed a range of ATTp of approximately 2.5-8.4 mm in healthy knees [17].
The present study found a range of 0.9-8.8 mm, which is comparable to the literature
study. A lack of golden standard of ATTd measurement makes it difficult to verify the
outcomes of the methods developed by Boeth et al. [6]. However, the ATTd found in
our study is comparable with that of previous studies. In our study the mean range
of ATTd was 11.5 mm (-4.7 to 6.8 mm). Previous studies found an absolute range of
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ATTd using bi-planar fluoroscopy model based data during running of around 10 mm
(8 to 18 mm) [1] and +/- 25 mm [23], and using the same methods as in the present
study around 12 mm (-2 to 10 mm) [16]; all in healthy subjects.

Correlation between ATTd and ATTp

The present study revealed a significant negative correlation between ATTp and max-
imal ATTd. In contrast with these findings, Boeth et al. [6] did find a significant
positive correlation between the ATTp measured also using the KT-1000 arthrometer
and the range of the anterior posterior tibia translation during walking. This differ-
ence in results may be related to the task: jumping is more challenging in terms of
net joint moments of force and anterior tibia shear force, which may allow less room
for phasic co-activation of the muscles in a much shorter time window in which the
joint load is growing. In addition, others did not find a correlation between ATTp and
ATTd (during gait) measured using a CA-4000 electrogoniometer in ACL deficient
knees [34]. This may be due to differences in measurement method, due to the task
or due to the injury. During walking ATTd may not be maximal as the impact on the
knee is small and a knee injury may result in an inhomogeneous group of participants.

The finding of the current study that people with high ATTp tent to show low
ATTd suggest that passive ATT tests are not representative for ATTd, and that peo-
ple with high ATTp may be able to control their knee laxity during jump landing, i.e.
by using adequate muscle activation patterns or kinematics.

Active control of ATTd

Surprisingly, the effect of the knee flexion angle on the ATTd and the effect of exten-
sion moment on the ATTd were higher than the effect of muscle activation on ATTd.
This result might imply that muscle activation patterns do not contribute to reduce
ATTd in healthy people during a SLHD landing. This can also be seen in the sign of
the predictive weight coefficient of the ST and RF activity with ATTd. ST activity
has a positive predictive weight coefficient whereas RF activity has a negative pre-
dictive weight coefficient on ATTd, which is in line with the fact that the hamstrings
are known to pull the tibia posteriorly relative to the femur and the quadriceps pull
the tibia anteriorly [7, 12]. However, according to measurements of Kirkendall and
Garrett [19] landing with low knee flexion does increase the knee extensor activity
and landing with higher knee flexion does increase the hamstring activity. This is in
line with our results. These results might mean that the pattern of muscle activity at
the observed net knee moment is unable to limit the ATTd at that knee angle. Par-
ticipants with a large ATTp use less knee flexion while landing and have less ATTd.
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In literature it is shown that ACL strain increases when the knee is more extended
(between 0 and 30 degrees) in cadaveric knees using a strain transducer on the antero-
medial bundle of the ACL [2, 27] and in healthy knees using an MRI and fluoroscopy
based model during jump landing [35]. Therefore, it is previously suggested that land-
ing with a more flexed knee (so called soft landing) may protect the ACL since it is
not strained [10, 11, 22]. In physiotherapy after an ACL injury and reconstruction as
well as in ACL injury prevention, people are therefore instructed to land with more
knee flexion to protect the ACL [5, 37]. The predictive weight coefficient between
knee flexion angle and ATTd was positive. This might imply that there is more room
for ATTd during jump landing when the knee is more flexed. When there is more
room for ATTd the possible anterior tibia acceleration might be higher and therefore
the sudden impact of the tibia on the ACL strain might be higher during uncontrolled
movements. For example, in expert skiers it is shown that the ACL can be torn when
the quadriceps contract in a short time period while the knee is in a high flexion which
results in a high anterior tibia acceleration [24]. Note that this all depends on the
inertial properties of the elements and their accelerations. Nevertheless, a numbers
of studies suggest that most ACL injuries occur while the knee is near full extension
or in hyperextension [18, 30].

Future research and limitations

Further research is necessary to corroborate or reject our findings that landing kine-
matics and kinetics are more important in the control of ATTd than muscle activation.
Perhaps in people with larger knee laxity, a suitable landing strategy is already found
autonomously. Also, future studies could investigate if patients after an ACL injury
can compensate for the dynamic knee laxity using effective landing kinematics, ki-
netics and muscle activation patterns. Such studies can be designed to investigate
if patients who can cope with the injury may compensate for the available passive
knee laxity by using effective landing strategies and muscle activation patterns in a
dynamic situation whereas patients who cannot cope with the injury might not be
able to compensate for the results of the injury. Also, more research is needed on the
contribution of limiting ATT by respectively strain in the ACL and muscle forces.
This requires a good 3D model fed by material properties, geometrical data and ex-
perimental data in dynamical situations.

Other factors such as anatomical differences, i.e. the slope of the tibia plateau,
might also be important for the observed ATTd. Shao et al. [28] reported by using
a biomechanical computer model that ATT is influenced by the slope of the tibia
plateau. Further research is necessary to investigate the influence of anatomical dif-
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ferences on the ATTd.
Some limitations of this study need to be addressed. There may be errors in the

results of ATTd due to wobbling masses of the muscles in the upper and lower leg
on which the optical markers were affixed, falsely represented as ATTd. However,
a sensitivity analysis of the methods used in the present study revealed that only
transients less than 2.32 mm should be taken with caution [16]. A second limitation
is the method of normalization of muscle activity. We have chosen to normalize the
muscle activity to the percentage of the mean muscle activity during the SLHD. This
normalized muscle activity might be more comparable between participants than the
absolute muscle activity since the influence of variables like conductance and body fat
are canceled. We have chosen not to normalize to a maximal voluntary contraction
task, as we found that some participants showed different isometric activation strate-
gies than others in those tasks. A third limitation might be the sample size. Even
though we met the number of participants calculated with a power calculation, the
variety in the ATTd within the study group was high. This might explain the lack of
correlations or when significant, only weak or moderate correlations.

Conclusion

The results of this study show that participants who have more knee laxity during the
passive test have smaller ATTd during the SLHD. Subjects with a large ATTp land
with less knee flexion and have less ATTd. Participants did not use muscle activation
at impact in such a way that ATTd is reduced during a jump-landing task. The
pattern of muscle activity at the observed knee moment is unable to limit the ATTd
at that knee angle.
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Highlights

• There is a positive correlation between ATTp and ATTd in copers, however not
in non-copers

• Copers and non-copers use different landing techniques

• Only the copers show a negative correlation between ATTd and gastrocnemius
activity of their operated leg

• Non-copers show a positive correlation between ATTd and knee extension mo-
ment
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Abstract

Background: One year after anterior cruciate ligament reconstruction (ACLR)
two-thirds of the patients manage to return to sports (copers) whereas one-third of
the patients do not manage to return to sports (non-copers). Passive ATT during
clinical tests does not correlate with dynamic ATT (ATTd). Copers v.s. non-copers
show different muscle activation patterns compared to copers and non-copers may
not be able to control dynamic ATT as well as copers.
Study Design: Retrospective cohort study.
Hypothesis/Purpose: To investigate whether 1) there is a positive correlation
between ATTp or general joint laxity and ATTd during jump landing; 2) ATTd is
moderated by muscle activating patterns; 3) there is a difference in moderating ATTd
between copers and non-copers. It is hypothesized that ACLR patients compensate
for dynamic ATT by developing effective muscle strategies, that are more effective in
copers compared to non-copers.
Method: Forty unilateral ACLR patients performed ten single leg hops for distance
with both legs. Lower body kinematic and kinetic data were measured using a
motion capture system and the ATTd was determined with an embedded method.
Muscle activity was measured using EMG signals. Bilateral ATTp was measured
using a KT-1000 arthrometer. In addition, the Beighton score was taken.
Results: There is no significant correlation between ATTp and ATTd in copers,
however there is a positive correlation in non-copers in the operated knee. There
is a positive correlation between the Beighton score and ATTp and between the
Beighton score and ATTd in both copers and non-copers in the operated knee.
Copers showed a negative correlation between ATTd and gastrocnemius activity of
their operated leg. Non-copers showed a positive correlation between ATTd and knee
flexion moment in the operated knee.
Conclusion: Copers vs. non-copers use different landing techniques. Copers use an
increase of gastrocnemius activity to reduce ATTd whereas non-copers moderate
ATTd by generating smaller knee flexion moment.
Clinical Relevance: ATT in ACLR patients is a risk factor for second ACL injury.
This study shows that those who return to sport have sufficient plantarflexor
activation to limit ATTd. Future studies should investigate whether focusing on
plantarflexor during rehab will increase the number of return to sport after ACLR.

Keywords: knee, knee laxity, muscle activity, motor control
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Introduction

An anterior cruciate ligament (ACL) injury results in greater knee laxity and al-
terations of muscle activation patterns [1, 4, 19]. An ACL reconstruction (ACLR)
reduces knee laxity [24]. One year after an ACLR, however, 82% of the patients
return to any sports while only 62% are able to return to their pre-injured level of
sports and only 44% manage to return to competitive sports [5]. The discrepancy
between return to any type of sports and return to pre-injured level of sports may
be caused by learned muscle control or adjustments of kinematics. Some patients are
not able to control dynamic knee laxity, i.e. anterior tibia translation (ATT), during
landing after an ACLR whereas others are.

There is no association between ATT in a passive situation (ATTp), i.e. during a
Lachman or KT-1000 arthrometer test, and ATT in a dynamic situation (ATTd) such
as normal gait, active extension, heel raises, cycling, one-legged squat and chair squat
for ACL deficient, ACLR, or healthy knees [28, 40]. One previous study even found
that healthy participants with high ATTp showed low ATTd [23]. These findings sug-
gest that next to the passive resisting force of the ACL and knee ligament properties
other factors are involved for controlling ATTd, for example dynamic muscle activa-
tion patterns or landing kinematics and kinetics [23]. One possibility is that ACLR
patients who manage to return to pre-injured type and level of sports (copers) are
able to use muscle activation patterns that limit the strain of the ACL whereas ACLR
patients who do not manage to return to pre-injured type of sports (non-copers) rely
more on the resisting force from the ACL. In literature it is stated that non-copers
have different dynamic muscle activation patterns compared to copers during one leg
stance on a stabilization platform [12] and during a hop test [17]. Copers use different
muscle activation patterns compared to non-copers and we hypothesize that this is
because copers are able to control ATTd using muscle activation patterns whereas
non-copers are not. In line with the suggestion that knee laxity can be mitigated by
muscle activation patterns in a dynamic situation, it is reported that ACL injured
patients with low muscle strength of the quadriceps or large inter-leg hamstrings
muscle strength asymmetry show greater movement asymmetry in the sagittal plane
[1, 31]. This may be due to an imbalance of the quadriceps to hamstring ratio, which
may result in modified kinematics, kinetics and ATTd [2, 38]. Besides, it is found
that residual muscle activity of the medial gastrocnemius and hamstrings modulates
ATTp [7, 26] and computer models have shown that hamstring activity reduces ATTd
during gait [37]. As far as known by the authors, no study has been conducted to
study in vivo the relation between ATTd and muscle activation patterns. This may
be of interest for patients after an ACLR since copers may have a solution to limit
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knee ATTd that non-copers do not have but may be able to learn. The aims of this
study were therefore to investigate:

1. the relationships between both the ATTp and general joint laxity (Beighton
score) with ATTd during jump landing in ACLR patients;

2. whether ATTd in ACLR patients can be moderated by muscle activation pat-
terns during a single leg hop for distance after ACLR;

3. whether there is a difference in ATTd between copers and non-copers.

We hypothesize that copers compensate for knee laxity in dynamic situations by
developing effective muscle activation strategies whereas non-copers are not able to
actively moderate knee laxity.

Methods

Participants

The correlation between ATTd and ATTp was used for an a priori power analysis [13](
R2 of 0.47). Based on an effect size of 0.69, statistical power set at ↵ § 0.05 and a
power of 80% to detect statistically significant differences, 12 participants were needed.
We included forty patients (15 women and 25 men; age: 18-45). Inclusion criteria
were: patients 12 to 24 months post-ACLR and an ACLR performed using autograft
hamstring tendons. Exclusion criteria were patients with cartilage pathology that
needed concomitant surgical treatment, revision ACLR, osteotomies or contralateral
ACL injury.

The ACLR for all patients was performed by using an ipsilateral gracilis and
semitendinosus autograft and was fixed using an endobutton (Endobutton CL Ultra;
Smith & Nephew) in the femoral socket and a plug and a PEEK interference screw
(Biosure; Smith & Nephew) in the tibial tunnel.

The study was a collaboration between the Martini Hospital Groningen and the
University Medical Center Groningen (UMCG). Patients were included and underwent
surgery via the Martini Hospital Groningen and tests were performed at in the UMCG
in the period from April 2018 - November 2019. The study design, procedure, and
protocol are approved by the Medical Ethical Committee of the UMCG (METC
number: 2017.658). All participants were informed about the proceedings and aims
of the study by e-mail and they signed an informed consent form.
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Study parameters

The primary outcome measures were ATTd during a single leg hop for distance
(SLHD) [44], observed ATTp measured using a KT-1000 arthrometer (MEDmetric
Corporation, San Diego, California, USA) and the patterns of muscle activation dur-
ing both tests for both legs. The coefficient of variation of this procedure determining
the ATTd across 16 healthy knees is 5.2% +/- 1.2% and excellent reproducibility was
observed (ICC(3,1) = 0.92) [13]. Moreover, Keizer and Otten [25] showed that ATTd
higher than 2.32 millimetre (mm) is reliable in terms of wobbling masses and the
Vicon position error. Previous studies found an average error of the KT-1000 of 0.13
mm [27] and an interrater interclass correlation coefficient of 0.79 [12]. In addition,
secondary study parameters during the jump test were the knee flexion angle, knee
external flexion moment, and the vertical ground reaction force magnitude for both
legs. The Beighton score (score from 0 to 9) [10], a scoring system for joint laxity and
hypermobility, was also taken as secondary study parameter.

Procedure

Each participant was measured in a single session. First, participants completed a
questionnaire about sports participation and fear and the Beighton score was taken.
The questionnaire was used to divide copers (those who are able to return to pre-
injured type of sports) versus non-copers (those who are not able to return to pre-
injured type of sports) for the subsequent data analysis. A passive test (condition 1)
and a dynamic test (condition 2) were performed. The order of the conditions was
randomized to reduce the effect of fatigue on knee laxity [8].

Surface electromyographic (sEMG) electrodes (Cometa Wave Plus Wireless sEMG
system, Cisliano Milano, Italy) were attached according to SENIAM guidelines [32].
For condition 2 (single leg jumps), we recorded the EMG signals of the medial ham-
string (MH), lateral hamstring (LH), rectus femoris (RF), vastus medialis (VM), vas-
tus lateralis (VL), gastrocnemius medialis (GM) and gastrocnemius lateralis (GL).
For condition 1 (passive ATT test), the EMG signals were recorded of the MH, LH,
RF, VM, VL. The gastrocnemius activity was not measured in condition 1 because
the location of the EMG electrodes interfered with the attachment of the KT-1000
apparatus. The same researcher performed all electrode placements.

During condition 1 (passive test) ATTp was measured in millimetres with the knee
at 30 degrees of flexion using a KT-1000 arthrometer (MEDmetric Corporation, San
Diego, California, USA) [33] under a force of 67, 89 and 133 Newton. The partici-
pants were laying supine and were instructed to relax their leg which was verified by
observing the sEMG recordings. This test was repeated three times for both legs.
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During condition 2 (dynamic test) ten SLHD’s were performed subsequently with
both legs. During this test, ATTd, the muscle activation patterns, knee flexion angle,
and external knee flexion moment were determined. 3D marker positions were mea-
sured using a 10-camera three-dimensional motion capture system (VICON VERO;
VICON Motion Systems Ltd, Oxford, UK) at a frequency of 200 Hertz (Hz). Markers
were attached as shown in Figure 1 (adapted from Boeth et al. [13]). Marker place-
ments were performed by the same researcher for each participant. After attaching
markers, calibration frames of a flexion-extension movement and a star-arc movement,
as prescribed by the manual of VICON, were performed to be able to identify the
hip and knee joint centers and axis of rotation of the knees [15, 16]. See Keizer and
Otten 2020 [25] for the whole procedure. The participants performed three practice
SLHD subsequently with both legs, starting with the uninjured leg. The participants
started standing still on their tested leg and hopped forward as far as possible. Partic-
ipants were instructed to stand still for at least three seconds after landing to assure
a controlled landing. For each leg, the median of the distance of the three practice
jumps was used for the starting distance from the middle of a 40x60 cm force platform
(AMTI; Watertown, MA). Ten successful jumps were recorded with both legs. The
starting leg was randomized.

Data analysis

Data were processed and analyzed using the Statistics Toolbox from MATLAB ver-
sion 9.7 (The MathWorks Inc., Natick, Massachusetts). All kinematic and kinetic
data and muscle activity during each jump were determined between 1 second (s) be-
fore and 1.5 s after initial contact (IC), defined as the moment where vertical ground
reaction force was > 5% of the bodyweight. The zero-point of ATTd were calibrated
using the frames captured during a flexion-extension task. Raw 3D marker position
data were filtered using a low pass frequency convolution filter of 10Hz with zero lag.
Gaps smaller than 20 frames were filled using quadratic spline interpolation with zero
lag. Trials with larger gaps were excluded.

The knee flexion moment was calculated from the GRF vector and its lever arm
to the center of the knee of the stance leg. For quantification of ATTd and knee an-
gles two coordinate systems were reconstructed in the tested knee using a customized
MATLAB script based on the method of Boeth et al. [13]. One system was recon-
structed in the femoral segment (parent system) and one in the tibia segment (child
system). See Keizer and Otten [25] for this procedure. The motion of each coordi-
nate system is consistent with the movement of the respective segment. The ATTd
was quantified in millimeters using the relative movement of the origin of the coordi-
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Fig. 1 Marker placement. Markers were attached on the right and left anterior and posterior superior
iliac spine, the right and left iliac crest, the greater trochanter, the medial and lateral epicondyles of
the femur, the medial and lateral malleoli of the ankle, the heel, anterior of the talus bone and the
first and fifth metatarsophalangeal joints. Two additional markers were attached to the pelvis, two
to the thigh, and six additional markers were attached to the shank [13].

nate system of the tibia relative to that of the femoral coordinate system. The knee
flexion angles and the rotations between both coordinate systems, tibia and femur,
were calculated. The rotations are obtained using scalar products as in the equations
explained in Robertson et al. [35]

The sEMG signals were recorded at a sampling frequency of 1000 Hz. Muscle activ-
ity around the point of first ground contact, taking into account an electromechanical
delay of 49.7 milliseconds (ms) [9], was rectified and filtered using a fourth-order low
pass frequency Butterworth filter at 6 Hz with zero lag. To minimize the influence of
body fat and skin conductivity we scaled the EMG signals to the mean muscle activ-
ity during 1s before IC until 1.5s after IC of the SLHD for each participant. Due to
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large variations in peak activation, especially of the semitendinosus muscle, during a
maximal isometric contraction task, we did not scale to this muscle activity. Maximal
isometric contraction tasks are notorious for this kind of large variations.

The mean of the kinematics data, kinetic data and muscle activation patterns of
the 10 trails represented participant‘s movement pattern.

Statistical analysis

The subsequent statistical analysis were performed on the means of the 10 trails of
each subject. A Pearson correlation was calculated between ATTp of the operated leg
and the Beighton score and a statistical parametric mapping (SPM) regression anal-
ysis was performed to analyze the relation between ATTd of the operated leg over
time and the Beighton score. Pearson correlations were calculated between maximal
ATTd and ATTp for the operated as well as the contralateral leg, both for copers and
non-copers separately.

To analyze the EMG signals over time we used SPM canonical correlation analysis
(CCA) to find the significance between muscle activity and ATTd and between muscle
activity and kinetics. SPM{x2} analyses were performed using the open-source spm1d
code (v.M.0.1, www.spm1d.org) in MATLAB version 9.7. For this, data from initial
contact until 0.5 seconds after initial contact was used. The dependent variable was
ATTd and the independent variables were the activity of the independent muscles,
knee flexion angle and external knee flexion moment over time. When the original
SPM{x2} exceeded the calculated critical x2-value (threshold) based on an ↵ of §
0.05, the null hypothesis was rejected, implying a correlation. When significant val-
ues were reached, a post-hoc regression analysis was performed for each independent
muscle activity and kinetics variables as independent variables. This procedure was
done for the whole group, for only the copers separately, and for the non-copers.

P-values were considered to be significant with an alpha of ↵ § 0.05. If a cor-
relation was significant, a correlation coefficient of 0.2-0.49, 0.5-0.79 and 0.8-1 were
considered to represent a weak, a moderate and a strong association, respectively [20].

Results

Baseline characteristics of the participants are displayed in Table 1. Figure 2 shows
the means and standard deviations of the kinetic and kinematic data over the 10
trials of the operated leg divided in copers and non-copers, and Figure 3 shows
similar data for the contralateral leg.
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Table 1 Baseline Characteristics Copers v.s. Non-copers.

Copers Non-copers T-test /
Chi-square
(p-value)

Number of patients (M/F) 17/9 8/6 0.6

Mean Range Mean Range
Age 26.5 19-39 26.1 18-42 0.97
Length (cm) 181 161-198 181 163 - 196 0.81
Weight (kg) 79 61-112 76 52-107 0.66
Month post-surgery 16.5 12-24 17 12-24 0.82
Beighton score 2.2 0-7 1.9 0-6 0.75
ATTp reconstructed (mm) 5.2 1.1-9.5 4.6 1.7-8.5 0.69
ATTp contralateral (mm) 4.2 1.6-8.7 3.3 0.8-7.7 0.24
ATTd reconstructed (mm) 12.5 -0.1-22.3 11.1 1.5-19.4 0.51
ATTd contralateral (mm) 12.5 4.5-20.0 11.3 5.5-16.6 0.42

Anxious (Y/N) 9/17 10/4 0.03*

ATTp passive anterior tibia translation during the KT-1000 arthrometer under 133N; ATTd dynamic
anterior tibia translation during a single leg jump landing; * = significant
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Fig. 2 The mean and standard deviation (gray area) of the A) ATTd, B) knee flexion angle, C)
external knee flexion moment, D) vertical ground reaction force, E) mean of the medial and lateral
hamstrings activity expressed as % of mean EMG, F) vastus medialis, vastus lateralis and rectus
femoris activity expressed as % of mean EMG, G) gastrocnemius medialis and lateralis activity
expressed as % of mean EMG, and H) passive ATT of the operated leg divided in copers and non-
copers.
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Fig. 3 The mean and standard deviation (gray area) of the A) ATTd, B) knee flexion angle, C)
external knee flexion moment, D) vertical ground reaction force, E) mean of the medial and lateral
hamstrings activity expressed as % of mean EMG, F) vastus medialis, vastus lateralis and rectus
femoris activity expressed as % of mean EMG, G) gastrocnemius medialis and lateralis activity
expressed as % of mean EMG, and H) passive ATT of the contralateral leg divided in copers and
non-copers.
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General joint laxity and ATT

There is a weak significant positive correlation between the Beighton score and ATTp
of the operated leg (r=0.42, p=0.007). The SPM{t} regression analysis (Figure 4)
shows a significant positive correlation between the Beighton score and ATTd of the
operated leg between 0.19 s and 0.08 s before initial contact (IC) (p=0.003).

Fig. 4 SPM{t} regression analysis between the Beighton score and ATTd.

ATT of copers v.s. non-copers

There is no significant correlation between ATTp and maximal ATTd of the operated
leg for copers (r=0.05, p=0.82) and there is a moderate significant positive correla-
tion for non-copers (r=0.55, p=0.04). There are no statistically significant difference
between ATTp and maximal ATTd for copers nor noncopers in the contralateral knee
(r= 0.05, p=0.82 and r=0.38, p=0.18, respectively).

The correlation of ATTp between the operated leg and contralateral leg is mod-
erate significant for both the copers and non-copers (copers: r=0.56, p=0.003; non-
copers: r=0.68, p=0.008; see figure 5A). The correlation of ATTd between the oper-
ated leg and contralateral leg is significant but weak for the copers (r=0.39, p=0.047)
and moderate significant for non-coper (r=0.76, p=0.002) (figure 5B).

Control of ATTd

For the whole group, the SPM{x2} analyses of the operated leg shows a significant
CCA between 2 ms and 3 ms after IC (p = 0.049) and between 11 ms and 17 ms after
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Fig. 5 Correlation between the passive anterior tibia translation (ATTp) and dynamic anterior tibia
translation (ATTd) of the operated leg. * = significant

Fig. 6 A) Correlation between ATTp of the operated and contralateral leg. B) Correlation between
the dynamic maximal ATTd of the operated and contralateral leg. For both legs, the data is divided
in copers and non-copers.

IC (p = 0.028). A post-hoc SPMt regression analysis shows significant correlations of
the vastus lateralis, gastrocnemius medialis, gastrocnemius lateralis and knee flexion
angle on ATTd over some time sections. See Table 2 for only the significant sections
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of the variables. The SPM{x2} CCA of the contralateral knee shows no significant
correlations.

The SPM{x2} analyses of the operated leg in copers shows a significant CCA be-
tween 0 ms and 3 ms after IC (p = 0.049). A post-hoc SPM{t} regression analysis
shows significant correlations between the gastrocnemius medialis and lateralis on
ATTd over some time sections. See Table 2 for only the significant sections of the
variables. The SPM{x2} CCA of the contralateral knee shows no significant correla-
tions.

The SPM{x2} analyses of the operated leg in non-copers show a significant CCA
between 12 ms and 15 ms after IC (p = 0.040). The SPM{x2} analyses of the con-
tralateral knee shows a significant CCA between 4 ms and 6 ms after IC (p = 0.049)
and between 16 and 19 ms after IC (p=0.048). For only the significant results of the
a post-hoc SPM{t} regression analysis see Table 2.

Discussion

This research shows that after ACL reconstruction, patients who are able to return
to sport and who have larger activation of the gastrocnemius muscles just after initial
contact during a unilateral landing with the operated leg have less dynamic ante-
rior tibia translation. Moreover, patients who are not able to return to sports have
larger knee flexion moments during a unilateral landing with the operated leg and
have greater dynamic anterior tibia translation. The dynamic anterior tibia transla-
tion of the operated knee was less in non-copers who had less passive anterior tibia
translation, but there was no significant association present in copers.

Correlation of ATT between legs

In the current study we found a positive association between ATTp of the operated
leg and the contralateral leg. We also found a positive association between maximal
ATTd of the operated leg and the contralateral leg. This may suggest that surgeons
are able to reconstruct the ACL at a comparable length of that in the native ACL
of the contralateral knee or that during rehabilitation the length of the reconstructed
ACL adapts to its use. Miura et al. also found that an ACLR could reduce knee
laxity close to the level of that of the contralateral knee [30]. However, there is also a
study that found higher ATTp in the operated leg compared to the contralateral leg
[29].
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Table 2 SPM{x2} CCA analyses and post-hoc SPMt regression analysis for the whole group (A),
only the copers (B) and the non-copers (C) for the operated and contralateral leg. For the post-hoc
analysis, only the significant variables are shown. The variable name, time frame after IC in which
the variable is significant, the p-value and the direction of the relation is given.

A. Whole group
Operated leg Contralateral

Variable Time after
IC (ms)

p-value
(sign)

Variable Time after
IC (ms)

p-value
(sign)

Vastus lateralis 0-6 0.04 (-) N.S. N.S. N.S.
Gastrocnemius
medialis

0-6 0.025 (-) N.S. N.S. N.S.

Gastrocnemius
lateralis

0-2 0.048 (-) N.S. N.S. N.S.

Knee flexion angle 11-40 <0.001
(+)

N.S. N.S. N.S.

CCA 2-3 & 11-

17

0.049 &

0.028

CCA N.S. N.S.

B. Copers
Operated leg Contralateral

Variable Time after
IC (ms)

p-value
(sign)

Variable Time after
IC (ms)

p-value
(sign)

Gastrocnemius
medialis

0-5 0.027 (-) N.S. N.S. N.S.

Gastrocnemius
lateralis

0-1 0.049 (-) N.S. N.S. N.S.

CCA 0-3 0.049 CCA N.S. N.S.

C. Non-copers
Operated leg Contralateral

Variable Time after
IC (ms)

p-value
(sign)

Variable Time after
IC (ms)

p-value
(sign)

Knee flexion mo-
ment

13-19 0.011 (+) Gastrocnemius
medialis

12-18 0.026 (-)

Gastrocnemius
lateralis

9-13 0.032 (-)

CCA 12-15 0.040 CCA 4-6 & 16-

19

0.049 &

0.048

CCA canonical correspondence analysis; IC initial contact; N.S not significant.
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General joint laxity and ATT

It is shown that general joint laxity is associated with a larger risk of ACL injury and
increased risk of graft failure after reconstruction of the ACL and is more common in
patients with an ACL injury [3, 42]. We found an association between the Beighton
score and ATTp for the whole group, showing that persons with larger general joint
laxity also have larger amounts of specific passive anterior tibia translation. In addi-
tion, our analysis shows that just before a unilateral landing with the operated leg,
patients who have a higher Beighton score also have a larger amount of ATTd. These
results imply that in passive situations ATTp, or in dynamic situations with no exter-
nal forces ATTd, are associated with general joint laxity. After initial contact there
was no association between general joint laxity and ATTd for copers or non-copers
and this suggests that during jump landing ATTd is limited by joint kinetics and/or
muscle activation. Indeed, we show that knee kinematics, kinetics and muscle activa-
tion probably contribute to the movements in the joint, limits ATTd during unilateral
landing in the operated leg in copers and non-copers. Also, it is shown that girls with
large general joint laxity, showed different muscle activation patterns during a static
balance task without vision which supports our suggestion [21].

Relation between ATTp and ATTd

Previous studies showed no correlation between ATTp and ATTd during gait, active
extension, heel raises, cycling, one-legged squat and chair squat in ACL deficient,
ACLR and healthy knees [28, 40]. One previous study, using the same technique as
the present study, showed a weak negative correlation between ATTp and ATTd in
healthy subjects [23]. In contrary, the present study shows a positive association
between ATTp and ATTd of the operated leg for non-copers but not for copers. This
difference may be due to the injury. Non-copers with greater amounts of ATTp also
have greater amounts of ATTd during unilateral landing in the operated leg and this
suggests that non-copers rely more on the strain of the ACL during impact than
copers. The absence of a significant association in copers support the hypothesis that
those who are able to return to sport are able to control ATTd and developed an
effective strategy during their rehabilitation to reduce ATTd during landing. Conse-
quently, copers rely less on the strain of the ACL to limit ATTd. This is also shown
in healthy subject who amended their knee flexion moment to reduce their ATTd [23].

In the following subsections we will discuss the underlying mechanisms of how joint
kinematics, kinetics and/or muscle activation can contribute to an effective strategy
that reduces ATTd during unilateral jump landing in ACLR patients.
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Kinematics, kinetics and ATTd

We can divide a unilateral jump landing in different phases, i.e. preparation, loading
response, and stabilization. The preparation phase is during flight and the knee is
extending in order to prepare for initial contact. Our analysis shows that during this
preparation phase there are no crucial differences in kinematics, kinetics and muscle
activation between the operated and non-operated leg and/or between copers and
non-copers. The second phase, loading response, is characterized by a rapid knee
flexion movement that enables shock absorption and deceleration of the body center
of mass. We found that larger knee flexion angles during loading response result in
more ATTd. This finding is in line with previous findings in healthy subjects using
the same measuring methods [23]. Previous cadaver studies using a strain transducer
on the anteromedial bundle of the ACL showed that the ACL is most strained when
the knee is flexed between 0 and 30 degrees and the strain becomes less by larger
amounts of knee flexion [6, 34]. Similar results are shown in healthy knees using an
MRI and fluoroscopy based modeled jump landings [41]. These studies show that
when the knee is flexed more than 30 degrees, the ACL is less strained. Consequently,
there is more room for ATT and this is thus in line with our findings on dynamic
ATT.

More knee flexion during jump landing results in less strain on the ACL [6, 34]
and physiotherapists usually instruct their patients to land with a more flexed knee
to prevent re-ruptures [11, 45]. However, when the ACL is slack (in high knee flexion
angles) a greater translational acceleration can occur of the tibia relative to the femur
which subsequently is decelerated by the ACL, resulting in a greater peak stress of
the ACL in uncontrolled sudden movements. Future studies should focus on the
combination of knee flexion during landing and mechanical properties of the ACL to
get more insight into the optimal and patient specific landing technique that lowers
the strain on the ACL.

Only the non-copers, with their operated leg, decreased their knee flexion moment
to reduce the ATTd. A decreased knee flexion moment is possible due to less knee
flexion, which limits the energy absorption around the knee joint during landing.

Muscle activation and ATTd

Gastrocnemius activity limits passive ATT [7, 18, 26] and we, for the first time, showed
that increased gastrocnemius activity also limits ATT during a dynamic hopping task.
The reason for this may be due to the tibia plateau angle, posteriorly lower than an-
teriorly [22], which favours ATT. A future study could investigate the influence of the
anatomy of the knee on ATTd. In healthy subjects, in contrast with the findings of
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the present study, there is no association between muscle activation and ATTd, also
during a unilateral jump landing [23]. This difference may be explained by the injury.
After an ACLR patients may learn to limit their ATTd in different ways than healthy
subjects.

Vastus lateralis (VL) activity was negatively associated with ATTd. Indeed, pa-
tients with greater activation of the VL just after initial contact showed less ATTd.
This negative correlation is not as expected as previous studies showed that the
quadriceps cause an increase in ACL loading [43]. One previous study in healthy
subjects, also found a negative weight coefficient between VL and ATTd, however,
not significant. An increased vastus activity reduces further knee flexion and we found
that the knee flexion angle is positively correlated with ATTd. The knee flexion angle
may have a larger contribution to ATTd than the vastus activity, which may explain
that at the moment that the vastus lateralis activity is increased (and knee extension
flexion angle is smaller) the ATTd is smaller than with less vastus lateralis activity.

Because of the harvest of the medial hamstring tendon it is a self-evident hypoth-
esis that the activity of the hamstrings is reduced shifting the balance towards the
quadriceps group [36]. However, we did not find a difference in hamstring activity of
the injured leg compared to the uninjured leg. This is in line with a previous study
which showed that medial hamstring tendons regenerate and the strength returns
[39]. Consequently, harvesting of that tendon may not have been the background of
the observed differences.

Summary copers v.s. non-copers:

We found that copers and non-copers, in their operated and contralateral leg, showed
differences in the association between muscle activity and ATTd and between kinetics
and ATTd. Copers increase their gastrocnemius activation to reduce the ATTd of
the knee in the operated leg. Non-copers amended their knee flexion moment of their
operated leg to reduce the ATTd. Moreover, with their contralateral leg non-copers
also used muscle activation of the gastrocnemius muscles to reduce the ATTd. These
results may imply that copers use muscle activation of the gastrocnemius to limit
ATTd whereas non-copers fail to do this. Instead non-copers limit their knee flexion
moment in order to limit ATTd. Figure 7 summarizes the results of this study. Only
the significant variables on ATTd are depicted.

Strong and weak points

A strong point of this study is the high statistical power. A limitation of this study
may be that the measured ATTd is influenced by wobbling masses. In another ex-
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Fig. 7 Relation between significant variables and ATTd. Dashed line: whole group. Dotted line:
only the copers. Continuous line: only the non-copers.

periment in which we identified the sensitivity of the method used to quantify ATTd
on the marker placement (wobbling masses) and the Vicon’s position error we found
an error in measured ATTd of 2.32 mm [25]. All differences between patients or tran-
sients in one SLHD under 2.32 mm should be interpret with caution. This limitation
is used to interpret the results of the current study. A second limitation is the method
of normalization of muscle activity. We have chosen to normalize the muscle activity
to the percentage of the mean muscle activity during the SLHD. This normalized mus-
cle activity might be more comparable between participants than the non-normalized
electrical muscle activity since the influence of variables like conductance and body
fat are bypassed. We are using the muscle activation over a longer time window in
the same task for normalization, which forms a background to detect peaks at certain
moments in time.

Conclusion

Anterior tibia translation during unilateral jump landing is limited by knee flexion mo-
ments and gastrocnemius muscle activation but differs between copers and non-copers.
Non-copers use a different landing technique from copers. Copers use increased gas-
trocnemius activity to limit ATTd of their operated leg, whereas non-copers limit
their knee flexion moment to reduce ATTd.
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Highlights

• Patients with larger Medial PTPA have lower ATT

• Patients with a smaller lateral PTPA show larger maximal knee flexion angle

• Patients with a larger lateral tibia plateau angle may automatically adapt their
landing strategy (i.e. maximal knee flexion angle and muscle activity) to the
anatomy of their knee
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Abstract

Purpose: An increased posterior tibia plateau angle is associated with increased risk
for anterior cruciate ligament injury and re-rupture after reconstruction. The aims of
this study were to determine whether the tibia plateau angle correlates with dynamic
anterior tibia translation (ATT) after an anterior cruciate ligament reconstruction
and whether the tibia plateau angle correlates with aspects of knee kinematics and
kinetics during jump landing.
Method: Thirty-seven patients after anterior cruciate ligament reconstruction with
autograft hamstring tendon were included. Knee flexion angle and knee extension
moment during single leg hops for distance were determined using a motion capture
system and the dynamic ATT with its embedded method. The medial and lateral
posterior tibia plateau angle were measured using MRI. Moreover, passive ATT was
measured using the KT-1000 arthrometer.
Results: A weak negative correlation was found between the maximal dynamic ATT
and the medial tibia plateau angle (p=0.028, r=-0.36) and between the maximal knee
flexion angle and the lateral tibia plateau angle (p=0.025, r=-0.37) during landing.
Patients with a smaller lateral tibia plateau angle show larger maximal knee flexion
angle during landing than the patients with larger lateral tibia plateau angle. Also,
the lateral tibia plateau angle is associated the amount of with muscle activity.
Conclusion: The posterior medical tibia plateau angle is associated with dynamic
ATT. The maximal knee flexion angle and muscle activity are associated with the
posterior lateral tibia plateau angle.

Level of evidence: III

Keywords Knee, Knee laxity, anatomy, tibia plateau
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Introduction

The posterior tibia plateau angle (PTPA) is defined as the angle of the posterior tibia
plateau relative to the plane orthogonal to the longitudinal axis of the tibia in the
sagittal plane. The PTPA has a medial angle (MPTPA) and a lateral angle (LPTPA).
On radiographs, the PTPA has shown to be increased in patients who have had an
ACL injury compared to a group that had no injury [31]. Therefore, increased PTPA
is a risk factor for anterior cruciate ligament (ACL) injury [17, 26, 30] and re-rupture
after an ACL reconstruction [10, 14, 33].

A correlation between the PTPA and knee kinematics using cadaveric experiments
(e.g.. [13]) and model studies (e.g. [20, 27, 29]) have been found. For example, it
has been reported by using a biomechanical computational model that an increased
PTPA, where the MPTPA and LPTPA was seen as one plateau, is associated with
larger calculated anterior tibia translation (ATT) during the stance phase of gait in
both healthy and ACL-deficient modelled knees [27]. It has also been shown that an
increase in both the MPTPA and LPTPA correlates with an increased passive ATT
in ACL injured [25], ACL reconstructed (ACLR) [5] and cadaveric knees [13]. The
explanation for these results is that the tibiofemoral contact force on the tibia plateau
with a large PTPA results in more ATT in a passive situation than when the PTPA
is smaller. An increase in ATT consequently results in more load on the ACL: in
cadaveric knees, 80% to 90% of the anteriorly applied tibial loads, using the drawer
test, is supported by the ACL [4].

As a larger PTPA is associated with an increase in ATT, some orthopaedic sur-
geons consider and recommend a combined ACLR and anterior closing wedge tibial
osteotomy in patients after an ACL injury in order to reduce the PTPA, especially
in patients after an ACL re-rupture, when the PTPA is larger than a threshold of 12
degrees [6, 7, 13]. This is aimed at reducing the chance of re-rupture of the graft. It
is shown that with an absence of applied internal moment, an anterior closing wedge
tibial osteotomy in cadaveric knees alters knee kinematics, reduced the passive ATT,
which results in a reduction of ACL load [13, 36]. However, neuromuscular control,
kinematics and kinetics were not taken into account. The PTPA may play a signifi-
cant role in the force load on the ACL. On biomechanical grounds patients who have
a large PTPA may show different dynamics of the knee, due to a difference in direc-
tion of the condylar reaction force. Moreover, it is found that there is a correlation
between the PTPA and the knee moment by using a model of a drop vertical jump
[2]. As far as known to the authors it is not yet known if and how the PTPA corre-
lates with dynamic in-vivo kinematics and kinetics during high demanding functional
tasks, such as jump landing, after an ACLR.
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This study sought to determine whether the PTPA (MPTPA and LPTPA) posi-
tively correlate with the dynamic ATT (ATTd) after an ACL reconstruction during
a jump landing. The second aim was to determine how the MPTPA and LPTPA
correlates with the knee flexion angle and knee internal extension moment during
landing. We hypothesized that the PTPA is positively correlated with the maximal
ATT during jump landing and that the PTPA does have a positive correlation with
the knee flexion angle and internal extension moment of the knee.

Methods

The study was conducted at the University Medical Center Groningen (UMCG) in the
period from April 2018 - November 2019. The study design, procedure, and protocol
are approved by the Medical Ethical Committee of the UMCG (METC number:
2017.658). All participants were informed about the procedures and aim of the study
by letter and they signed an informed consent before the start of the measurement.

Participants

Sample size estimations were performed a priori. Means and standard deviations from
available data from the literature [18] were entered for the MPTPA in correlation with
passive ATT (r=0.41). As no information about the correlation between dynamic
ATT and PTPA is available in the literature, the correlation between passive ATT
and MPTPA was used for the power analysis. Based on a statistical power set at ↵

§ 0.05 and a power of 80% to detect a statistically significant correlation, 33 subjects
were needed.

To be on the safe side of the statistical power, thirty-seven patients (13 woman
and 24 men; age: 18-39) were included in the study. Inclusion criteria were one
to two years post-surgery, age between 18 and 45 years and ACLR with autograft
hamstring tendon. Exclusion criteria were patients with cartilage pathology that
needed concomitant surgical treatment and changed the standard rehabilitation,
who underwent a revision ACLR, osteotomy or contralateral ACLR. For baseline
characteristics see Table 1.
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Table 1 Baseline characteristics of the participants: allograft versus autograft.

Mean Range Man Woman
Age 25.9 18-39 Gender 24 13
Height (cm) 181.7 161-197.6
Weight (kg) 78.2 51.7-111.6 Yes No
Month post-surgery 16.4 12-14 RTS/not RTS 26 11
MPTPA (deg) 3.7 -21-8.8
LPTPA (deg) 5.3 0.6-12.2
Maximal ATTd (mm) 12.1 -0.1-22.3
KT-1000 arthrometer (mm) 5.1 1.1-9.5

MPTPA: medial posterior tibia plateau angle. LPTPA: lateral posterior tibia plateau angle. ATT :

anterior tibia translation. RTS : return to sports.

Surgical technique

Subjects were included in this study after surgery, though in all patients the same
surgical procedures were followed. For all surgical procedures, ipsilateral gracilis and
semitendinosus autografts were used. If the graft diameter was less than 8 mm, one
of the two grafts was tripled. After arthroscopic inspection of the patellofemoral joint
and the cartilage and menisci of both compartments, the remaining ACL stumps were
removed. First, the femoral socket was created through the anteromedial portal using
a cannulated reamer 0.5 mm less than the diameter of the graft. Subsequently, the
tibial tunnel was drilled using a cannulated reamer with the diameter of the graft.
After introduction, the hamstring graft was fixated in the femoral socket with an
endobutton (Endobutton CL Ultra; Smith & Nephew) and after 20 cycles the graft
was fixated in the tibial tunnel with a plug and a peek interference screw (Biosure;
Smith & Nephew) of one mm more than the diameter of the graft with the knee in
0-10 degrees of flexion.

Study parameters

The primary outcome measures were the maximal ATT during a single leg hop for
distance (SLHD) landing determined using a passive motion capture system (VICON
VERO; VICON Motion Systems Ltd, Oxford, UK) and its embedded methods and
the MPTPA and LPTPA determined using MRI. The MRI’s were taken as part of
the care as usual. In addition, primary study parameters during the jumping task
were the knee flexion angle, and internal knee extension moment measured using a
Vicon system and force platform (AMTI; Watertown, MA). During the single leg
hop for distance surface electromyographic (sEMG) data was captured using Cometa
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electrodes (Cometa Wave Plus Wirless sEMG system, Cisliano Milano, Italy) of the
medial hamstring (MH), lateral hamstring (LH), rectus femoris (RF), vastus medialis
(VM), vastus lateralis (VL), gastrocnemius medialis (GM) and gastrocnemius lateralis
(GL). A secondary study parameter was passive ATT measured with the KT-1000
arthrometer (MEDmetric Corporation, San Diego, California, USA).

Procedure

Dynamic ATT

First, 42 retroreflective markers were attached to the participants. Markers were
attached as shown in Fig. 1 (adapted from Boeth et al., 2013). The same inves-
tigator (MNJK) performed all marker and electrode placements. Marker positions
were measured using the 10-camera three-dimensional motion capture system Vi-
con at a frequency of 200 Hz. After attaching the markers, calibration frames of a
flexion-extension movement and a star-arc movement, as prescribed by the manual of
VICON, were performed to be able to identify the joint hip and knee centres and axes
of rotation of the knees [8, 9]. Then, the SLHD were performed as described previ-
ously [32]. For another study the SLHD was performed for both legs, for this study
only data of the operated leg was of interest. First, three practice jumps were per-
formed with both legs. The participants hopped forwards as far as possible starting
from standing still on their tested leg. They were instructed to stand still for at least
three seconds after landing to assure a controlled landing. The median distance of
the practice jumps was used as the starting distance from a 40x60 cm force platform
(AMTI; Watertown, Massachusetts). Next, twenty successful jumps, 10 with each
leg. were performed where the participant landed on the force plate. The starting leg
was randomised.

MPTPA and LPTPA using MRI

The MPTPA and LPTPA were measured by means of MRI using the circle method [12,
19] using a customized MATLAB script. See Fig. 2 for a description of this procedure.
This procedure was repeated three times for each slope and each participant by the
same researcher. The mean of the three calculated angles was taken.

Quantifications of ATT and knee angles

For quantification of ATTd and knee angles see Keizer and Otten (2020). In brief, two
coordinate systems were reconstructed in the tested knee using a customized MAT-
LAB script based on the method of Boeth et al. [3]. One system was reconstructed in
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Fig. 1 Marker placement. Markers were attached on the right and left anterior and posterior superior
iliac spine, the right and left iliac crest, the greater trochanter, the medial and lateral epicondyles
of the knee, the medial and lateral malleoli of the ankle, the heel, anterior of the talus bone and
the first and fifth metatarsophalangeal joints. Besides, two additional markers were attached to the
pelvis, two to the thigh, and six additional markers were attached to the shank (adapted from Boeth
et al. [3]).

the femoral segment (parent system) and one in the tibia segment (child system). The
motion of each coordinate system is consistent with the movement of the respective
segment. After reconstruction of the two coordinate systems, the femoral coordinate
system was translated and rotated towards the local tibia coordinate system. Fi-
nally, the anterior tibia translation was quantified in millimeters using the relative
movement of the joint centre of rotation of the tibia coordinate system relative to the
joint centre of rotation of the femoral coordinate system in the local tibial coordinate
system. The coefficient of variation of this procedure across 16 healthy knees is 5.2%
+/- 1.2% and excellent reproducibility was observed (ICC(3,1) = 0.92). Moreover,
Keizer and Otten [16] showed that ATTd larger than 2.32 millimeter (mm) is reliable
in terms of wobbling masses and the Vicon marker position error. The knee flexion
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Fig. 2 Determination of the medial and lateral PTPA using MRI and the circle method [12, 19].
First, the central sagittal MRI image was found (left image). This image was determined using the
following criteria: the anterior and posterior proximal tibia cortices were visible in concave shape
and the intercondylar eminence and the posterior cruciate ligament attachment were visible in the
image. In this image, a circle was fitted to the proximal tibia, tangential to the cortices. A second
circle was fitted distally in the tibia with its centre placed on the first circle. The longitudinal axis
was determined by the line connecting the centres of the two circles. Then, the mid-sagittal images of
the medial and lateral femoral condyles were selected (middle and right image). The angle between
the line connecting the anterior and posterior articular surface of the posterior tibia plateau and the
line at right angles to the longitudinal axis of the tibia on both medial and lateral images were the
MPTPA and LPTPA respectively.

angles, the rotations between both coordinate systems, tibia and femur, were calcu-
lated. The rotations are obtained using scalar products as in the equations explained
in Robertson et al. [23].

Data analysis

Data were processed and analysed using the MATLAB version 9.4 (The MathWorks
Inc., Natick, Massachusetts). The ATT, sagittal knee angle and knee extension mo-
ment during each jump were determined from the moment of first ground contact until
0.5 seconds after the moment of first ground contact. The moment of first ground con-
tact was determent as the moment where the vertical ground reaction force measured
by the force plate was at least five percent of the participants body weight expressed
in N. Kinematic data were filtered using a convolution filter with low pass frequency
of 10 Hz with zero lag. Using inverse dynamics, the ground reaction force vector and
its lever arm to the centre of the knee of the stance leg where used to calculate the
internal knee extension moment, which was normalized to body mass [35].

sEMG signals were recorded at 1000 Hz. The signals were rectify and a fourth-
order low pass frequency Butterworth filter with a cut-off frequency of 6 Hz with zero
lag was used to filter the muscle activity, taking into account an electromechanical
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delay of 50 milliseconds. The EMG signals were scaled to the mean muscle activity
during 1 second before IC until 1.5 second after IC of the single leg hop for distance
to minimize the effects of body fat and skin conductivity. We did not scale to the
maximal muscle activity of an isometric contraction task as a large variation in peak
activation of, especially the medial hamstrings muscle, during this task was observed.

Statistical analysis

For all statistical analysis the Statistics Toolbox from MATLAB version 9.4 was used.
To assess the intertrial repeatability of the approach to measure the MPTPA and
LPTPA the intraclass correlation coefficients ICC(3,1) was determined [22].

A Pearson correlation was performed between ATTp and maximal ATTd. A multi-
regression analysis with intercept was performed for both the MPTPA and LTPA
correlating with the maximal dynamic ATT, knee flexion angle and knee extension
moment. A Pearson correlation was calculated between the maximal ATT during
jump landing and the MPTPA and between the maximal ATT and the LPTPA. In
addition, Pearson correlations were calculated between the MPTPA/LPTPA and the
maximal knee moment, and between MPTPA/LPTPA plateau and the maximal knee
flexion angle. An alpha of ↵ § 0.05 was considered to be significant. If a correlation
was significant, a correlation coefficient of 0.2-0.49, 0.5-0.79 and 0.8-1 were considered
to represent a weak, a moderate and a strong association, respectively [37].

A statistical parametric mapping (SPM) canonical correlation analysis (CCA) was
performed to find the significance between muscle activity and the LPTPA or MPTPA
over time. An open-source spm1d code (v.M.0.1, www.spm1d.org) in MATLAB ver-
sion 9.7 was used to perform the SPM{X2}. For this analysis, data from initial contact
until 0.5 seconds after initial contact was used. Correlations were calculated between
LTPTA or the MPTPA and the activities of the muscles. The null hypothesis was re-
jected when the original SPM{X2} analysis exceeded the calculated critical X2-value
(threshold) based on an ↵ of § 0.05, implying a correlation. When significant values
were reached, a post-hoc regression analysis was performed over time for each muscle
activity separately.

Results

MPTPA, LPTPA and passive ATT

The PTPA was measured three times for each participant by the same researcher.
Excellent reproducibility was found between instances that the PTPA was calculated
(MPTPA ICC(3,1) = 0.98, LPTPA ICC(3,1) = 0.98). For the mean and range of
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the MPTPA, LPTPA and ATT see Table 1. A non-significant correlation was found
between ATTp and maximal ATTd (p = 0.20).

Correlation between PTPA and kinematics

A multi-regression analysis with intercept revealed a non-significant correlation for
the MPTPA (r2=0.13, p=0.18) and LPTPA (r2=0.17, p=0.09). A weak significant
negative correlation was found between the maximal ATT and the MPTPA (p=0.028,
r=-0.36; Fig. 3A). A weak significant negative correlation was found between the
maximal knee flexion angle and LPTPA (p=0.025, r=-0.37; Fig. 3D). No significant
correlation was found between the maximal ATT and the LPTPA (p=0.88, r=-0.03;
Fig. 3B), between the maximal knee flexion angle and MPTPA (p=0.28, r=-0.18;
Fig. 3C), between the maximal knee extension moment and MPTPA (p=0.46, r=-
0.12; Fig. 3E) and between the maximal knee extension moment and the LPTPA
(p=0.15, r=-0.24; Fig. 3F). In addition, a weak significant positive correlation was
found between the MPTPA and LPTPA (p=0.02, r=0.38).

Muscle activation and PTPA

The SPM{X2} analysis of the lateral tibia plateau angle with the muscle activity
showed a significant CCA between 6 and 10 ms after initial contact (p = 0.03; Fig.
4A). The post-hoc SPM{t} regression analysis showed a significant negative corre-
lation of the medial hamstrings muscle between 4.5 and 7 ms after IC (Fig. 4B).
All other muscles did not show a significant correlation with the lateral tibia plateau
angle (Fig. 4C-H). The SPM{X2} analysis of the medial tibia plateau angle with the
muscle activity showed a non-significant CCA (Fig. 5).
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Fig. 3 Correlations between MPTPA and the maximal dynamic ATT (A), knee flexion angle (C)
and knee extension moment (E), and between LPTPA and the maximal dynamic ATT (B), knee
flexion angle (D) and knee extension moment (F). *: significant
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Fig. 4 SPM{X2} canonical correlation analysis between muscle activity and the LPTPA (A). Pos-
hoc SPM{t} regression analysis between LPTPA and the medial hamstrings (B), biceps femoris
(C), vastus lateralis (D), vastus medialis (E), rectus femoris (F), gastrocnemius lateralis (G) and
gastrocnemius medialis (H) activation. X2* and t* are the significant boundaries of the analysis.
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Fig. 5 SPM{X2} canonical correlation analysis between muscle activity and the LPTPA (A). Pos-
hoc SPM{t} regression analysis between LPTPA and the medial hamstrings (B), biceps femoris
(C), vastus lateralis (D), vastus medialis (E), rectus femoris (F), gastrocnemius lateralis (G) and
gastrocnemius medialis (H) activation. X2* and t* are the significant boundaries of the analysis.
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Discussion

The most important findings of this study are that there is a weak significant negative
correlation between ATTd and MPTPA and between the maximal knee flexion angle
and LPTPA. Moreover, a significant correlation between muscle activation (especially
a negative correlation of the medial hamstrings) and the LPTPA is found just after
initial contact. This may imply that the slope of the PTPA is associated with the
kinematics of ACL injured and reconstructed knees and that patients with a larger
LPTPA automatically adapt their landing strategy (i.e. more knee flexion angle and
medial hamstrings activity) to the anatomy of their knee.

Previous model studies showed that an increase in PTPA results in an increase
in ATT (e.g. [27, 28]). Our study confirms that there is an association between
ATTd during jump landing and the MPTPA. However, we found a negative correla-
tion where the previous studies found a positive correlation: in our study, patients
with larger MPTPA showed less maximal ATTd than patients with smaller MPTPA
(r=-0.36). This is not as we hypothesized. In a passive situation tibiofemoral con-
tact force on the tibia plateau in people with a larger PTPA results in more ATTp
than when the PTPA is smaller. One possible explanation for the contradiction may
be that during dynamic situations compensational muscle activation patterns play a
significant role in limiting the ATTd. A non-significant correlation between ATTp
and ATTd also implies this. During our study, patients may have compensated for
increased dynamic ATTd or PTPA by using suitable muscle activation patterns or
kinematics. A significant CCA between muscle activation and the LPTPA just af-
ter initial contact is indeed found. This is in line with previous studies who found
adaptative muscle activation patterns in patients after an ACL reconstruction during
gait [24] and suggested that neuromuscular compensation strategies enable patients
after an ACL reconstruction to return to high demanding sports activities [21]. A 3D
computer model study fed with real in vivo data could investigate the effect of the
PTPA on kinematics, kinetics and muscle activity in further detail.

It has been shown that patients who have had an ACL injury compared to a
group that had no ACL injury have larger LPTPA [31]. In our study we found that
patients after an ACLR with larger MPTPA showed less ATTd and did not find a
significant correlation between the LPTPA and ATTd. The results of Sonnery-Cottet
et al. [31] and our results seems to contradict each other. However, as described in
the previous paragraph, patients after an ACLR may compensate for larger PTPA by
using muscle activation patterns in a way to reduce ATTd. When there is a loss of
feedforward muscular activation control, for instance at foot positions that occur in
a very short time span, an ACL (re)injury may occur in patients with a large PTPA
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because forces are not carried by the muscular components. This is in line with pre-
vious studies that showed that the PTPA correlates with an increased ATTp in ACL
injured, ACL reconstructed and cadaveric knees [5, 13, 25]. We did find a significant
CCA between the LPTPA and muscle activation, which suggests that patients indeed
amend their muscle activation to the anatomy of their knee, especially by reducing
their medial hamstring activity when the LPTPA is larger. This result is in line with
our finding that patients with larger LPTPA showed smaller maximal knee flexion
angle during jump landing than patients with smaller LPTPA. Patients with a larger
LPTPA may automatically adapt their landing strategy (i.e. maximal knee flexion
angle and hamstring activation) to their anatomy of the knee. Less knee flexion angle
reduces ATTd. Further research could investigate if patients with larger PTPA use
different muscle activation patterns than patients with smaller PTPA to reduce the
ATTd.

The MPTPA and LPTPA have a low correlation: some patients with large MPTPA
have small LPTPA (the difference between MPTPA and LPTPA is -9.1 to 3.7 (mean:
-1.82) degrees in our study). Previous studies found asymmetry (a nonsignificant
or weak correlation) between the LPTPA and MPTPA [11, 34]). A large LPTPA
does not necessarily imply that these patients also have a large MPTPA. Our results
showed, in most cases, a larger LPTPA than the MPTPA, which is also found in the
study of Hashemi et al. [11]. Hashemi et al. [11] showed a range of MPTPA of -3
to 10 degrees (our study -2.1 to 8.8) and of LPTPA of 0 to 14 degrees (our study 0.6
to 12.2). We suggest that a larger LPTPA than the MPTPA is beneficial in terms
of biomechanics because this combination provides a larger internal tibia rotation
moment during walking. A larger internal tibia rotation moment (counteracted by a
moment from the floor) helps to rotate the trunk in swinging the other leg forwards
during walking. Also, our results showed a correlation between ATTd and MPTPA,
however, not between ATTd and LPTPA.

Some orthopaedic surgeons even consider and recommend a combined ACLR and
anterior closing wedge tibial osteotomy in patients after an ACL injury in order to re-
duce the PTPA [6, 7, 13]. It is shown that with an absence of applied internal moment,
an anterior closing wedge tibial osteotomy in cadaveric knees alters knee kinematics,
reduced the ATTp, which results in a reduction of ACL load [13, 36]. However, neuro-
muscular control, kinematics and kinetics were not taken into account. Future studies
should investigate whether the ATTd is reduced, in situations with loss of muscular
activation control, after an anterior closing wedge tibial osteotomy to confirm this
suggestion.
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Limitations

A limitation of this study that needs to be addressed is the potential influence of
wobbling masses on the measured dynamic ATT. However, Keizer and Otten [16] have
identified the sensitivity of the method to determine dynamic ATT on the marker
placement (wobbling masses) and Vicon’s position error. The error found in this
sensitivity study was less than 2.32 mm [16]. The results of the current study were
interpret using this error. A lack of golden standard makes it impossible to verify
the outcomes of the methods used. When compared to previous studies the range of
dynamic ATT is comparable. In previous studies the dynamic ATT range was 11.5
mm (-4.7 to 6.8 mm) [15] and 12 mm (-2 to 10 mm) [16] both using the same methods,
10 mm (8 to 18 mm) using bi-planar fluoroscopy model-based data during running [1];
all in healthy subjects. In our study the mean range of dynamic ATT was 13.42 (-2.96
to 10.46). A second limitation may be the method of normalization of muscle activity.
We normalized muscle activation to the percentage of the mean muscle activity during
the single leg hop for distance. This normalized muscle activation may be more
comparable between patients than the absolute maximal electrical muscle activation.
This was done because we observed large differences in the maximal muscle activation
between legs during this task, especially in the medial hamstrings muscle. Since we
are averaging over subjects in a group, this provides numerical more stable results.
A third limitation is the absence of information about the tibia plateau slope of
the contralateral knee. It would be very interesting for future study to investigate
the contralateral tibia plateau slope in correlation with muscle activation and the
difference between the contralateral and injured knee.

Conclusion

The dynamic ATT during a single leg hop for distance is negatively correlated with
the MPTPA, however not with the LPTPA. Moreover, patients with a smaller LPTPA
show larger maximal knee flexion angle during landing than the patients with larger
LPTPA. Moreover, a correlation between the LPTPA and muscle activation was
found.
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Chapter 8

Discussion and conclusion

General discussion

Around one third of the patients after an ACL reconstruction (ACLR) is not able to
return to their pre-injured level of sports [4]. Moreover, around 20% of the patients
are not able to return to any sports at all [4]. Copers (those who are able to return
to their pre-injured type of sports) may be differentiated from non-copers (those who
are not able to return to their pre-injured type of sports) by the strategy they use to
control their knee laxity, i.e. anterior tibia translation (ATT), during dynamic situa-
tions, such as in jump landings. Kvist et al. [14] showed that there is no correlation
between passive ATT (ATTp) and dynamic ATT (ATTd). This suggests that ATTd
is controlled by other factors than the movement limiting force of the ACL, such as
muscle activation patterns. In this thesis, we hypothesised that copers can compen-
sate for dynamic ATTd by developing effective muscle strategies while non-copers fail
to do this. Moreover, we hypothesised that a steeper tibia plateau angle increases
the ATTd. The aim of this thesis was to uncover possible strategies to control ATTd
after an ACLR consisting of muscle activation patterns and kinematics.

The most important result of this thesis is that we, indeed, found a difference in
the control of ATTd between copers and non-copers. Copers reduce their gastroc-
nemius activity to limit ATTd. Non-copers decrease their knee flexion moment in
such a way that ATTd was smaller. Moreover, patients with a larger medial posterior
tibia plateau angle showed less ATTd than patients with a smaller medial posterior
tibia plateau angle. Also, we have shown that ATTd can reliably be measured when
transients in movements are higher than 2.3 mm. Measuring ATTd in a valid way is
important to answer the research questions of this thesis.

Measurement devices for ATT

Measuring ATT in patients after an ACLR can be used to compare ATT after dif-
ferent operation techniques or to compare the ATT in copers v.s. non-copers, as the
ACL (graft) limits ATT. ATTp tests are commonly used to diagnose an ACL injury
and to select patients for an ACLR [3]. A number of devices has been developed to
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measure ATTp (The KT-1000 arthrometer, Kneelax, Rolimeter, Telos Stress Device,
electromagnetic measurement system, fluoroscopic measurement and navigation sys-
tems; see Chapter 3). We showed that ATTp measured using these devices is not
very consistent. Therefore, the outcomes of studies using different measurement de-
vices cannot be compared. More consistency in ATTp measuring devices should be
introduced. The golden standard, the most frequently used device to measure ATTp
and the device we used to collect the data presented in this thesis, is the KT-1000
arthrometer (Medmetric Corp., San Diego, CA, USA) [27]. Fair intra-rater repro-
ducibility was reported for the KT-1000 arthrometer [27]. The Rolimeter may be a
better device to use for research to measure ATTp as the intra-rater reproducibility
is shown to be reliable [18]. Moreover, this device is cheap, easy to sterilize and easy
to use [18, 11]. In this thesis, the KT-1000 arthrometer was used as this is the golden
standard to measure ATTp and is relatively easy to use. The device was used by one
examiner for all participants. For future research we recommend to use the Rolimeter
or KT-1000 arthrometer by two or three examiners for each participant to average
out errors.

Measuring ATTd is more difficult than ATTp and no golden standard is avail-
able. Therein this thesis we showed that there is no correlation between ATTp and
ATTd and, therefore, ATTd may give interesting information in addition to ATTp
when measured after an ACLR as an ACLR aims to improve ATTd. The ability to
measure ATTd is of high interest to be able to evaluate highly significant functional
movements. Since 2013, the methods of Ehrig et al. [7, 8], the symmetrical centre of
rotation estimation (SCoRE) and the symmetrical axes of rotation approach (SARA),
are easily available when using the optical motion capture system Vicon (see Chapter
4). These methods can be used to measure ATTd. Both methods use the optimal
common shape technique (OCST) for their estimations. The OCST virtually replaces
the actual markers so that the virtual markers of each segment act as a rigid body
[29]. The SCoRE method calculates joint centres and the SARA method calculates
knee rotation axes. Both methods use dynamic calibration frames to calculate these
data. SARA can calculate one rotation axis placed in the rigid body of the tibia and
one in the rigid body of the femur. Those two axes, and the knee centre calculated
with the SCoRE method, can be used to measure ATTd and dynamic tibia rotation
(see Chapter 4 for the calculations). These methods are a great development in the
ability to measure tibiofemoral movements, i.e. ATTd and dynamic external tibia
rotation, during movements. We found that ATTd of 2.3 mm or more and external
tibia rotation of 1.7 degrees or more during jump landing are reliable when taking
into account the marker setup and Vicon position errors (Chapter 4). To compare
this result with the total range of ATTd during jump landing: 2.3 mm is 19.42% of
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the total ATTd range and 1.7 degrees is 13.51% of the total external tibia rotation
range. These results are better than expected as wobbling masses are a great concern
when measuring ATTd [22]. The use of OCST may be able to minimize the errors due
to wobbling masses in such a way that results using the SCoRE and SARA methods
are reliable.

One big disadvantage of the SCoRE and SARA technique is that there is a mo-
tion capture (MoCap) system, like Vicon, needed to perform the tests. This MoCap
system is not (easily) available for everyone, such as for physiotherapists, coaches
and some researchers. Also, optical MoCap systems are not able to measure in real
sports situations on the field, which may be interesting for future research. For future
research it may be interesting to develop devices that can measure tibiofemoral move-
ments (ATTd and external tibia rotation), for example using accelerometers, in field
situations and in ADL situations, outside the lab. This data may be of interest as we
showed that ATTd and ATTp can be very different from each other in one participant.
When excessive ATTd is detected, physiotherapists or coaches may recommend their
patients or athletes to do ACL injury prevention exercises [17, 12] and may be more
careful with those patients or athletes. Clinical assessment tools that help identify
athletes at high risk for ACL injury, helps personalise prevention training and may
reduce ACL injury incidence. When such measurements can be performed, physio-
therapists and coaches are able to monitor their patients or athletes in uncontrolled
situations as well, and be able to identify players who are at risk for second injury
after return to sports.

For now, the technique and application of Ehrig and Boeth et al. [7, 8, 5] is a
great improvement in dynamic knee measurement and can be used to 1) monitor
progression after an ACL injury or reconstruction, 2) compare results after an ACL
reconstruction using different operation techniques, 3) compare results after different
rehabilitation protocols, 4) compare copers and non-copers, 5) and in the future,
using the right protocol, this technique may be able to predict which patients would
be copers and non-copers before return to sports, early in the rehabilitation. There
are many indicators which could predict copers and non-copers.

Graft choice on ATT

Graft choice is an important aspect which could influence functional results after an
ACLR. Using an allograft v.s. autograft and patellar tendon v.s. hamstring tendon
has advantages and disadvantages (see Chapter 2). An important difference between
a hamstring tendon and patellar tendon is that a hamstring tendon becomes longer
during rehabilitation which is not the case with a patellar tendon [13]. This is be-
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cause the hamstring tendon creeps more under static load, the graft is longer and the
fixation is between bone and tendon instead of between bone and bone. This can be
an advantage or a disadvantage. When using a patellar tendon, the tendon will keep
approximately the length as when it was placed during surgery, the hamstring tendon
will lengthen a bit. The slack length, unstrained length, of the ACL graft is very
important. A graft which is placed too tight may result in knee extension deficits.
A graft which is placed too loose may result in large ATT ranges. In Chapter 6
we described that, for copers and non-copers, using a hamstring tendon ATTp and
ATTd of the operated knee were comparable with those values of the contralateral
knee. This suggests that surgeons are able to reconstruct the ACL at a comparable
length of that in the contralateral knee, or that during rehabilitation the length of
the reconstructed ACL adapts to its use.

In Chapter 2 we showed that using an autograft patellar tendon for revision (sec-
ond) ACLR had superior return to sports results at a minimum of two years after
surgery than an allograft patellar tendon (75% v.s. 43.3%). There are several rea-
sons to explain the difference in return to sports rate using an autograft and allograft
tendon. One possible explanation is that, as we reported in Chapter 3 (a systematic
review), an autograft ACLR may give better return to sports results than an allograft
ACLR because ATTp remains larger when using an allograft tendon. Unfortunately,
in Chapter 2, we did not perform clinical tests, such as to assess ATT to confirm this
suggestion. When choosing between allograft and autograft, we recommend using an
autograft tendon as we found better return to sports results using this type of graft.

One major disadvantage of using an autograft patellar tendon is that the har-
vest of the middle 1/3 of the patellar tendon can result in knee extension moment
deficits [1]. The same holds true for using the quadriceps tendon [1]. When us-
ing a hamstring tendon, the harvest of this tendon results in knee flexion moment
deficits [28, 20]. Both can result in a disbalance in the quadriceps-hamstrings force
ratio or quadriceps-hamstrings activation ratio which may not be ideal for the func-
tional results after an ACLR. On the other hand, a disbalance towards hamstring
activation, may protect the ACL. We hypothesize that using the patellar or quadri-
ceps tendon, which reduces the quadriceps strength, will protect the ACL. When the
quadriceps-hamstrings activation ratio is shifted towards the hamstrings, the tibia is
pulled posteriorly relative to the femur [6], which protects the ACL graft. When a
hamstring graft is used, the quadriceps-hamstrings activation ratio shifts more to-
wards the quadriceps, which in theory pulls the tibia anteriorly, which in turn strains
the ACL [6]. Hence, it would be very interesting to do knee ATT tests, passive and dy-
namic, in patients who underwent an ACLR with different types of grafts (i.e. patella
tendon autograft v.s. quadriceps tendon autograft v.s. hamstring tendon autograft).
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This will give information about whether the harvest of the graft (i.e. chancing the
quadriceps-hamstrings activation ratio) influences ATTd after an ACLR. An RCT,
using the measuring methods of Ering and Boeth et al. [7, 8, 5] to measure ATTd
is needed. This study should include EMG signals from the hamstrings and quadri-
ceps to measure the quadriceps-hamstring activation ratio. Comparing patients after
an ACLR using a hamstring tendon, using a patellar tendon and using a quadriceps
tendon would be an opportunity for future research.

Control of ATTd in healthy people, copers and non-copers after an ACL
reconstruction

Another very important factor after an ACLR which could make functional results of
patients favourable is adapting their motor control. As is stated before, it is found
that there is no relation between ATTp and ATTd [14] and our results of Chapter 5
showed that healthy subjects with large ATTp showed low ATTd and vice versa (a
negative correlation between ATTp and ATTd). This implies that people with a large
amount of ATTp are able to compensate their ATTd by using effective motor control
or kinematics which limits ATTd. We found that during one-leg jump landing:

• healthy subjects with more ATTp showed less ATTd;

• copers after an ACLR with more ATTp did not necessarily show less or more
ATTd;

• non-copers after an ACLR with more ATTp showed more ATTd.

Also, we showed that during one-leg jump landing, ATTd is limited by:

• using less knee flexion rather than muscle control in healthy subjects;

• by modulating gastrocnemius activation in copers after an ACLR;

• by amending the knee extension moment in non-copers after an ACLR.

Healthy people without knee problems and with large ATTp may have learned to use
strategies to reduce ATTd. A possible explanation is that those people may have
learned this from strained conditions from their ACL in which sensory feedback is
provided. People with low ATTp may not have learned this as they do not often
receive feedback from a sudden transient load which results in sudden forces on the
native ACL. The ability to reduce ATTd using muscle activation patterns protects the
native ACL and after an ACLR the ACL graft, particularly against transient loads.

When the native ACL is torn, ATT is not limited by the ACL. Patients who are
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not able to compensate for the increased ATT will have problems with stability (i.e.
increased knee laxity). In that case, an ACLR will increase the stability of the knee
(Chapter 2).

After an ACLR, ATTp and ATTd are not correlated in copers, however, they are
positively correlated in non-copers (see Chapter 6). Many copers may have learned
to reduce ATTd with muscle activation, by increasing their gastrocnemius activity
(Chapter 6). A possible explanation is that patients may have received more signals
from the native ACL and have learned to compensate for excessive ATTd before tear-
ing the ACL. This can be concluded from our results presented in Chapter 6: both
the ATTp and ATTd measured in both the operated knee and contralateral knee were
larger in copers than non-copers. Note that this has to be performed in controlled
situations where no external forces are applied to the tibia and femur other than the
ground reaction force and without unpredicted movements. In uncontrolled situa-
tions with external forces to the tibia or femur, or during unpredicted movements,
when forces are too large for the ACL to handle, the ACL tears in 45 ms whereas
muscles are producing force 80 ms after neural activation [10]. The finding that non-
copers showed a positive correlation between ATTp and ATTd where copers did not
show this correlation, supports the suggestion that copers are able to compensate for
ATTd. Moreover, there is no correlation between ATTp and subjective instability of
the knee [16]. Patients with large ATTp do not always experience knee instability,
which may be because those patients limit their ATTd by muscle activation in such a
way that dynamic knee instability is reduced. Indeed, we found that copers increase
their gastrocnemius activity to decrease ATTd when they have a large amount of
ATTp (Chapter 6).

Non-copers, however, limit ATTd by decreasing their knee flexion moment (Chap-
ter 6). By decreasing the knee flexion moment, anterior directed forces on the tibia
decrease. Note that ATTd and ACL strain are not the same, there is more room for
ATTd when the ACL is allowed to be strained more. Patients who control their knee
flexion moment (landing with a less flexed knee) and do not use muscle activation
patterns to limit ATTd, may not be able to return to sports, as muscle control is
much more adaptive.

A clinical implication may be to incorporate exercises during rehabilitation that
strain the ACL in a controlled way to allow patients to find solutions in terms of
muscle activation patterns to limit ATTd.
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Anatomy of the knee

Some aspects of the anatomy of the knee, such as a steep posterior tibia plateau
angle (PTPA), a deep posterior lateral femoral condyle, and a narrow intercondylar
notch, are indicators for graft failure [9, 26]. We have investigated the influence of
the PTPA on in vivo ATTd (Chapter 7), because model studies showed a correlation
between the PTPA and ATT [21, 23, 25]. The PTPA is defined as the angle of the
posterior tibia plateau relative to the plane orthogonal to the longitudinal axis of the
tibia in the sagittal plane (see figure 2 in Chapter 7). We found that patients after
an ACLR with a larger medial PTPA showed less ATTd than patients with a smaller
medial PTPA. Moreover, patients with a larger PTPA showed less knee flexion during
jump landing. This result was not as expected, as previous research showed that a
steeper PTPA results in more ATTp (KT-1000) [24]. However, we measured ATT
during a jump landing task during which motor control and kinematics also influence
the ATT. As also highlighted in the previous subsection about the control of ATTd,
we showed that excessive ATTd is compensated by increasing gastrocnemius activity
and smaller knee flexion moments. We showed that healthy subjects with large ATTp
showed low ATTd (Chapter 5) and that there is no correlation between ATTp and
ATTd in patients after an ACLR (Chapter 6). Therefore, our result of Chapter
7, that a larger PTPA is positively correlated with a decreased ATTd may be due
to compensation strategies. Patients with a larger PTPA use more gastrocnemius
activity or smaller knee flexion angles during jump landing to compensate for their
large PTPA. The results of Chapter 6 showed that smaller knee flexion angles during
jump landings result in less ATTd. Since a more extended leg places the tibia plateau
more perpendicular to the ground force, this might be a strategy to limit the ATTd.
This is in line with our finding that patients with a steeper lateral PTPA showed less
knee flexion during jump landing. However, when there is bad feedforward muscle
activation control at unfavourable foot positions, an ACL (re)injury may occur easier
in patients with a large PTPA and, therefore, a large PTPA may be a risk factor for
(re)injury.

A longitudinal study where the slope of the tibia plateau, ATTd, knee flexion
angles and moment and muscle activation during the rehabilitation will be measured
and used to monitor patients while returning to sports will be an opportunity for
future research. Moreover, developing a dynamic knee computer simulation model
based on in vivo data can give insight in the relationship between muscle activation
patterns, PTPA and ground reaction forces on the one hand, and the dynamics of
the knee joint (ATTd and external tibia rotation) and the strain on the ACL on the
other. Such a model can confirm the results of our research described in this thesis.
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Limitations of the studies presented in this thesis

Some limitations of the studies presented in this thesis should be addressed. In
Chapter 2 a retrospective cohort study is presented in which patients one to two
years after surgery and patients more than two years after surgery are included. A
prospective study could confirm the results presented in this chapter. The papers
included in the review presented in Chapter 3 were assessed and appraised only by
one researcher. The quality of the review may have been increased when two or
more researchers appraised the papers. More risks of bias may have been detected in
that case. For Chapter 3 only one subject was measured. This was sufficient for the
purpose of this study. Such a study with more participants may give more insight
in the reliability of the method. Measuring the reliability of the method used in this
thesis to measure ATTd is of high importance.

A major limitation of the results presented in Chapters 3 to 6 is that there is
no golden standard to measure ATTd and, therefore, no way to confirm the results.
However, the consistency of the data presented in the figures of ATTd in chapters 4
(figure 4), 5 (figure 2) and 6 (figure 2 and 3) gave us more trust in the method. No
large fluctuations are present in the figures. In most figures, there is a small negative
peak just before IC, however, the duration of this negative peaks is too short to be
caused by wobbling masses. Those negative peaks may be a form of feedforward
control. In addition, previous studies found an absolute range of ATT comparable
to the studies presented in this thesis: using bi-planar fluoroscopy model-based data
during running of +/- 10 mm [2] and +/- 25 mm [15]. Future studies could test the
between-day reliability of the method. The reliability of the results of the measuring
method for ATTd can also be increased by a study where a patient after a total
knee replacement without ATT or a known ATT is measured using this method. A
limitation of Chapter 5 and 6 is the method of normalization of muscle activity. We
normalized muscle activity to the percentage of the mean muscle activity during the
single leg jump for distance. We wanted to normalize the EMG signals to maximal
voluntary contractions and did record this data. When we assessed the maximal
voluntary contractions for the injured and uninjured leg, we saw large differences
between the legs, especially for the hamstrings force. As we did not trust these
results, we chose to normalize to the percentage of the mean muscle activity during
the jumping task, highlighting the differences in activation peaks.
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General conclusion

There are many factors that can influence ATT after an ACLR. For example, in
passive situations, graft choice, intra-articular injuries and whether the injury is
chronic or acute can affect ATTp (Chapter 2). In dynamic situations this is far more
complicated. Graft choice, muscle activation of the gastrocnemius muscles, knee
flexion angle and moment and the slope of the tibia plateau are associated with the
amount of ATTd. In copers after an ACLR, ATTd is controlled by gastrocnemius
activity. In non-copers ATTd is controlled by choosing the knee flexion moment in
such a way that ATTd is limited. A neuromechanical importance of our studies is an
increased insight in the control of laxity in the human knee joints in functional tasks.
A clinical importance of our studies is that we can differentiate between copers and
non-copers in control of that laxity.
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Summary (ENG)

To provide stability of the knee (a decrease of knee laxity, i.e. tibiofemoral transla-
tions), the tibia and femur are connected by ligaments. One of these ligaments, the
anterior cruciate ligament (ACL), prevents both anterior tibia translation relative
to the femur (ATT) and internal tibial rotation. The quadriceps muscle group is
a dynamic antagonist to an intact ACL. The hamstrings muscle group and gracilis
muscle are antagonists to an intact posterior cruciate ligament. Annually around
0.2-4 percent of the athletes injure their ACL. An ACL injury results in increased
ATT at the same anterior force on the tibia. In order to improve stability of the
knee and to reduce the chance of cartilage damage, an ACL reconstruction (ACLR)
is commonly indicated as treatment, especially when aiming at a return to sports.
Despite functional improvements after an ACLR one year after ACLR one-third of
the patients do not manage to return to their pre-injured level of sports and only
44% of the patients return to competitive sports. In our study presented in Chapter
2 we found that percentage of return to the pre-injured type of sports is higher using
an ipsilateral patellar tendon autograft for ACLR compared to a patellar tendon
allograft. This may be due to the fact that knee laxity, or ATT, is greater when using
an allograft tendon compared to an autograft tendon (Chapter 3). Instability due
to an increase in ATT may be an explanation for the lower percentage of return to
sports. In this thesis we aimed to investigate whether copers (patients who return to
sports) are able to develop more effective strategies to compensate for the increased
dynamic ATT (ATTd), (i.e. by using a specific muscle activation pattern) whereas
non-copers (patients who do not return to sports) rely more on the movement
limiting force produced by the ACL. We also investigated whether the anatomy of
the knee plays an important role in controlling the ATTd.

First, presented in Chapter 3, we reviewed the possible factors determining the
passive ATT (ATTp). We found that comparisons of ATTp between studies should
be taken with caution as many different measurement methods are used with different
results. The factors that could affect the ATTp are: graft choice, ACL injury or
reconstruction, intra-articular injuries and whether an ACL injury is chronic or
acute. Other possible factors such as fixation techniques gave inconclusive results.
The main clinical relevance of this study was that using an autograft ACLR may
give better results then using an allograft tendon for ACLR as knee laxity is greater
when using an allograft tendon.

To measure ATTd for the research presented in Chapters 5, 6 and 7 we used the
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symmetrical center of rotation estimation (SCoRE) and the symmetrical axes of
rotation approach (SARA) introduced by Boeth and colleagues. The combination
of these two methods can be used to calculate tibiofemoral movements and is
implemented in the software of the motion capture system Vicon. For this we
first investigated the sensitivity of this method to determine ATTd, as reported in
Chapter 4. Two experiments were performed. In the first experiment we determined
the sensitivity of the calculated tibiofemoral movements for the position of the set
of femoral markers. In the second experiment we determined the sensitivity of the
calculated tibiofemoral movements for the errors in the captured positions of the
reflective markers found in previous research. We found that variations in ATTd less
than 2.32 mm and external tibia rotations less that 1.70 degrees should be taken
with caution. Moreover, a marker set with markers spread over the whole femur
gives better results than when markers are clustered. The reason for this is mutual
cancelation of movements of soft tissue relative to the bone when applying markers
over the whole femur.

In Chapter 5 our research with healthy participants is presented. The aims of this
study were to investigate whether there is a correlation between ATTd and ATTp;
whether quadriceps, hamstrings and gastrocnemius activity are correlated with
ATTd; and whether the knee flexion angle and knee flexion moment are correlated
with ATTd. In contradiction to our hypothesis that there was no significant correla-
tion between ATTd and ATTp, we found a negative correlation between ATTp and
ATTd. This means that participants with large ATTp showed small ATTd, which
provides us information that ATTd is indeed limited. A negative correlation suggests
that there is a contribution of muscle activity or a modification of kinematics or
kinetics to limit ATTd. In this study we found that there was no clear relationship
between muscle activation and ATTd. We did however find a relation between knee
flexion angle and ATTd. Participants with a large ATTp land with less knee flexion
and have less ATTd during jump landing.

In our study with patients after an ACLR, presented in Chapter 6, we investigated
whether there is a relationship between both the ATTp and general joint laxity with
ATTd during jump landing; whether ATTd in ACLR patients can be moderated
by muscle activation patterns; and whether there is a difference in ATTd between
copers and non-copers. Only in non-copers in their operated leg there was a positive
correlation between ATTd and ATTp. This suggests that this group of patients is not
able to limit the ATTd. We showed that copers adapt their gastrocnemius activation
and non-copers adapt their knee flexion moment to limit their ATTd. Adapting

151
9



M.N.J. Keizer

the knee flexion moment may not be the best solution as more non-copers use this
technique than copers

In our last study, Chapter 7, we investigated whether the anatomy of the knee, the
angle of the posterior tibia plateau relative to the plane orthogonal to the longitudinal
axis of the tibia, influences the ATTd during a unilateral landing; whether this angle
influences knee kinematics and kinetics; and whether this angle is associated with
muscle activation. We indeed found that patients with a larger medial posterior
tibia plateau angle showed less ATTd than patients with a small angle. Patients
with a larger lateral posterior tibia plateau angle showed smaller knee flexion angles.
Moreover, a significant association between muscle activation and the lateral tibia
plateau angle just after initial contact was found. This was especially true for the
medial hamstrings activation which proves to have a negative correlation. This
suggests that patients after an ACLR automatically adapt their landing strategy (i.e.
knee flexion angles and medial hamstring activity) to the anatomy of their knee.

In Chapter 8 we discuss the results of the above mentioned studies. To measure
ATTp more consistency should be introduced. The golden standard is the KT1000
arthrometer, however, the Rolimeter may be a better device to measure ATTp. No
golden standard is available to measure ATTd. The method of Ehring et al. (2013)
is easily available relatively and valid to measure ATTd. This method is a great
development in the ability to measure tibiofemoral movements in functional tasks.

The choice of graft for an ACLR is very important for the results after an ACLR.
For example, ATTp remains larger when using an allograft compared to an autograft.
Also, a hamstring tendon creeps more under static load than a patellar tendon and is
fixed between bone and tendon. A graft which is placed too tight may result in knee
extension deficits. A graft which is placed too loose may result in larger ATT ranges.
We found that surgeons are able to repair a hamstrings autograft at a comparable
length of that in the contralateral knee or that during rehabilitation the length of the
reconstructed ACL adapts to its use. When choosing between allograft and autograft
we recommend using an autograft tendon. When choosing between hamstring and
patellar tendon we recommend using a patellar tendon.

Healthy people without knee problems and with large ATTp may have learned
to use strategies from strained conditions form the ACL in which sensory feedback
is provided to reduce ATTd. Copers after an ACLR may use these compensational
techniques to be able to return to sports whereas non-copers fail to do this. In both the
ACL reconstructed and contralateral knee ATTp and ATTd is larger in copers than
non-copers. Therefore, copers may have been more often in situations where ATTd
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should have been compensated. Copers limit their ATTd by using their gastrocnemius
activity whereas non-copers adapt their knee flexion moment. Patients who adapt
their knee flexion moment and do not use muscle activation patterns to limit ATTd,
may not be able to return to sports, as muscle control is much more adaptive. Patients
with a large posterior tibia plateau angle may use more gastrocnemius activity or
smaller knee flexion angles during jump landing to compensate for their large posterior
tibia plateau angle.

For future study, developing a dynamic knee computer simulation model based on
in vivo data can give insight in the relationship between muscle activation patterns,
the posterior tibia plateau angle and ground reaction forces on the one hand, and the
dynamics of the knee joint (i.e. ATTd) and the strain on the ACL on the other.
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Samenvatting (NL)

Om stabiliteit van de knie te bieden (een afname van knielaxiteit, d.w.z. tibiofemorale
translaties), zijn de tibia en het femur verbonden met ligamenten. Eén van deze
ligamenten, de voorste kruisband (VKB), voorkomt zowel de translatie van de tibia
ten opzichte van het femur naar voren (ATT) als de interne rotatie van de tibia.
De quadriceps spiergroep is een dynamische antagonist voor een intacte VKB. De
hamstrings spiergroep en gracilis spier zijn antagonisten voor een intacte achterste
kruisband. Jaarlijks scheurt ongeveer 0,2-4 procent van alle sporters hun VKB. Een
VKB-blessure resulteert in vergrote ATT bij dezelfde kracht op het scheenbeen naar
voren. Om de stabiliteit van de knie te verbeteren en de kans op kraakbeenschade
te verkleinen, is een VKB reconstructie (VKBR) vaak geïndiceerd als behandeling,
vooral als het gaat om terugkeer naar sport. Ondanks functionele verbeteringen
na een VKBR slaagt een jaar na de reconstructie een derde van de patiënten er
niet in om terug te keren naar hun sportniveau van voor de operatie en slechts
44% van de patiënten keert terug naar competitieve sporten. In ons onderzoek
gepresenteerd in Hoofdstuk 2 hebben wij gevonden dat het percentage terugkeer
naar het sporttype van voor de operatie hoger is wanneer er gebruik wordt gemaakt
van een eigen ipsilaterale patellapees in vergelijking met een donor patellapees. Dit
kan te wijten zijn aan het feit dat de knielaxiteit, of ATT, groter is bij het gebruik
van een donorpees in vergelijking met een eigen pees (Hoofdstuk 3). Instabiliteit
door een toename van ATT kan een verklaring zijn voor het lagere percentage
van terugkeer naar de sport. In dit proefschrift hebben wij onderzocht of copers,
patiënten die wel terugkeren naar de sport, in staat zijn om effectievere strategieën te
ontwikkelen om de vergrote dynamische ATT (ATTd) te compenseren (d.w.z. door
een specifiek spieractiveringspatroon te gebruiken), terwijl non-copers, patiënten
die niet terugkeren naar de sport, meer vertrouwen op de bewegingsbeperkende
kracht vanuit de VKB. Ook hebben we onderzocht of de anatomie van de knie een
belangrijke rol speelt bij het begrenzen van de ATTd.

Ten eerste, gepresenteerd in Hoofdstuk 3, hebben wij de mogelijke factoren bespro-
ken die de passieve ATT (ATTp) bepalen. We hebben gevonden dat vergelijkingen
van ATTp tussen onderzoeken met de nodige voorzichtigheid moeten worden
geïnterpreteerd, aangezien er een groot aantal verschillende meetmethoden wordt
gebruikt met verschillende resultaten. De factoren die de ATTp kunnen beïnvloeden
zijn: transplantaatkeuze, VKB-letsel, VKB reconstructie, intra-articulaire letsel
en of een VKB-letsel chronisch of acuut is. Over andere mogelijke factoren, zoals
fixatietechnieken, waren de resultaten verdeeld. De belangrijkste klinische relevantie
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van deze studie was dat het gebruik van een eigen pees als VKB transplantaat betere
resultaten geeft dan het gebruik van een donorpees, aangezien de knielaxiteit groter
is bij gebruik van een donorpees.

Om ATTd te kunnen meten voor het onderzoek dat in Hoofdstukken 5 t/m 7
wordt gepresenteerd, hebben we de ‘symmetrical center of rotation estimation’
(SCoRE) en de ‘symmetrical axes of rotation approach’ (SARA) gebruikt die zijn
geïntroduceerd door Boeth en collega’s. De combinatie van deze twee methoden kan
worden gebruikt om tibiofemorale bewegingen te bepalen en is geïmplementeerd in
de software van Vicon. Hiervoor hebben we eerst, zoals gerapporteerd in Hoofdstuk
4, de gevoeligheid van deze methode om ATTd te bepalen, onderzocht. Hiervoor
hebben wij twee experimenten gedaan. In het eerste experiment bepaalden wij
de gevoeligheid van de berekende tibiofemorale bewegingen voor de keuze van
plaatsing van de set femorale markers. In het tweede experiment bepaalden we
de gevoeligheid van de berekende tibiofemorale bewegingen voor de fouten in de
vastgelegde posities van de Vicon-markers gevonden in eerder onderzoek. Variaties
in ATTd van minder dan 2,32 mm en externe tibia rotaties van minder dan 1,70
graden moeten met voorzichtigheid worden geïnterpreteerd. Bovendien geeft een
markerset met markers verspreid over de hele femur betere resultaten dan wanneer
markers worden geclusterd. De reden hiervoor is dat bij het aanbrengen van markers
over het hele femur ongelijke bewegingen van zacht weefsel ten opzichte van het bot
onderling wordt gecompenseerd.

In Hoofdstuk 5 wordt ons onderzoek met gezonde deelnemers gepresenteerd. Het
doel van deze studie was om te onderzoeken of er een verband bestaat tussen ATTd
en ATTp; of quadriceps, hamstrings en gastrocnemius activiteit gecorreleerd zijn
met ATTd; en of de knie flexie hoek en het knie flexie moment gecorreleerd zijn
met ATTd. In tegenstelling tot onze hypothese dat er geen significante correlatie
zou zijn tussen ATTd en ATTp, vonden wij een negatieve correlatie tussen ATTp en
ATTd. Dit betekent dat onder andere deelnemers met een grote ATTp een kleine
ATTd lieten zien, wat betekent dat ATTd inderdaad wordt beperkt. De negatieve
correlatie suggereert dat er een bijdrage is van spieractiviteit, kinematica of kinetica
om ATTd te beperken. In deze studie vonden wij dat er geen duidelijke relatie was
tussen spieractivatie en ATTd. Wel vonden wij een verband tussen de knie flexie
hoek en ATTd. Deelnemers met een grote ATTp landen met minder knie flexie en
hebben minder ATTd tijdens de landing.

In onze studie met patiënten na een VKBR, gepresenteerd in Hoofdstuk 6, hebben
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wij onderzocht of er een verband bestaat tussen zowel de ATTp als de algemene
gewrichtslaxiteit en ATTd tijdens een landing; of ATTd bij VKBR-patiënten kan
worden begrensd door spieractiveringspatronen; en of er een verschil is in ATTd
tussen copers en non-copers. Alleen van het geopereerde been van non-copers was
er een positieve correlatie te zien tussen ATTd en ATTp. Dit suggereert dat deze
groep patiënten de ATTd niet goed kan beperken; de passieve translatie is gelijk
aan de dynamische translatie. Copers verminderen hun gastrocnemius-activering
en non-copers verkleinen hun knie flexie moment om de ATTd te beperken. Het
aanpassen van het knie flexie moment is misschien niet de beste oplossing, aangezien
meer non-copers deze techniek gebruiken dan copers.

In onze laatste studie, Hoofdstuk 7, hebben wij onderzocht of de anatomie van de
knie en de hoek van het tibia plateau aan de achterkant ten opzichte van het vlak
orthogonaal op de lengte-as van de tibia, de ATTd beïnvloeden bij het landen na een
eenbenige sprong; of deze hoek de kinematica en kinetica van de knie beïnvloedt; en
of deze hoek verband houdt met spieractivaties. Wij vonden inderdaad dat patiënten
met een grotere mediale tibia plateau hoek minder ATTd vertoonden dan patiënten
met een kleine hoek. Patiënten met een grotere laterale tibia plateau hoek vertoonden
kleinere knie flexie hoeken. Bovendien hebben wij een significant verband gevonden
tussen spieractivatie (vooral een negatieve correlatie van de mediale hamstrings)
en de laterale tibia plateau hoek net na het eerste contact met de grond. Dit sug-
gereert dat patiënten na een VKBR hun landingsstrategie (d.w.z. knie flexie hoeken
en mediale hamstringactiviteit) automatisch aanpassen aan de anatomie van hun knie.

In Hoofdstuk 8 bediscussiëren we de resultaten van de bovengenoemde onderzoeken.
Er moet meer consistentie worden geïntroduceerd om ATTp te meten. De gouden
standaard is de KT1000-artrometer, maar de Rolimeter is mogelijk een beter appa-
raat om ATTp te meten. Er is geen gouden standaard beschikbaar om ATTd te
meten. De methode van Ehring et al. (2013) is relatief gemakkelijk beschikbaar en
valide om ATTd te meten. Deze methode is een goede ontwikkeling in het meten van
tibiofemorale bewegingen tijdens functionele taken.

De keuze van het transplantaat voor een ACLR is erg belangrijk voor de resul-
taten na een ACLR. ATTp blijft bijvoorbeeld groter bij gebruik van een allograft in
vergelijking met een autograft. Ook rekt een hamstringpees meer uit onder statische
belasting dan een patellapees en zit hij vast tussen bot en pees. Een te strak geplaatst
transplantaat kan leiden tot moeilijkheden met het strekken van de knie. Een te los
geplaatst transplantaat kan resulteren in grotere ATT uitslagen. Uit ons onderzoek
blijkt dat chirurgen in staat zijn om een autograft van een hamstringpees te plaatsen
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op een vergelijkbare lengte als die in de contralaterale knie of dat tijdens revalidatie
de lengte van de gereconstrueerde ACL zich aanpast aan het gebruik ervan. Bij de
keuze tussen allograft en autograft raden we het gebruik van een autograft aan. Bij
het kiezen tussen hamstring en patellapees raden we het gebruik van een patellapees
aan.

Gezonde mensen zonder knieproblemen en met een grote ATTp hebben mogelijk
geleerd strategieën te gebruiken op basis van sensorische feedback van de ACL in
situaties waarin de ACL op spanning staat om zo ATTd te verminderen. Copers na
een ACLR kunnen deze compensatietechnieken gebruiken om terug te kunnen keren
naar sport, terwijl non-copers dit niet doen. In zowel de ACL gereconstrueerde als
de contralaterale knie zijn ATTp en ATTd groter in copers dan non-copers. Copers
zijn mogelijk vaker in situaties geweest waarin zij ATTd hebben moeten compenseren.
Copers beperken hun ATTd door hun gastrocnemiusactiviteit te veranderen, terwijl
non-copers hun knie flexie moment aanpassen. Patiënten die hun knie flexie moment
aanpassen en geen spieractiveringspatronen gebruiken om ATTd te beperken, kunnen
mogelijk niet terugkeren naar sport, omdat spiercontrole veel adaptiever is. Patiën-
ten met een grote plateau hoek van de tibia gebruiken tijdens de spronglanding meer
gastrocnemiusactiviteit of een kleinere knie flexie hoek om de grote plateau hoek te
compenseren.

Voor toekomstig onderzoek kan de ontwikkeling van een dynamisch knie-
computersimulatiemodel op basis van in-vivo-gegevens inzicht geven in de relatie
tussen spieractiveringspatronen, de tibia plateau hoek en grondreactiekrachten en-
erzijds, en de dynamiek van het kniegewricht (d.w.z. ATTd) en de spanning op de
ACL anderzijds.
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