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Abstract

Purpose: The aim of the study was to directly measure graft forces of an anterior cruciate ligament reconstruction
(ACLR) and a lateral extra-articular tenodesis (LET) using the modified Lemaire technique in combined anterior cruci-
ate ligament (ACL) deficient and anterolateral rotatory instable knees and to analyse the changes in knee joint motion
resulting from combined ACLR + LET.

Methods: On a knee joint test bench, six fresh-frozen cadaveric specimens were tested at 0°, 30°, 60°, and 90° of
knee flexion in the following states: 1) intact; 2) with resected ACL; 3) with resected ACL combined with anterolateral
rotatory instability; 4) with an isolated ACLR; and 5) with combined ACLR+ LET. The specimens were examined under
various external loads: 1) unloaded; 2) with an anterior tibial translation force (ATF) of 98 N; 3) with an internal tibial
torque (IT) of 5 Nm; and 4) with a combined internal tibial torque of 5 Nm and an anterior tibial translation force of
98 N (IT 4 ATF). The graft forces of the ACLR and LET were recorded by load cells incorporated into custom devices,
which were screwed into the femoral tunnels. Motion of the knee joint was analysed using a 3D camera system.

Results: During IT and IT+ ATF, the addition of a LET reduced the ACLR graft forces up to 61% between 0° and 60°
of flexion (P=0.028). During IT + ATF, the LET graft forces reached 112 N. ACLR alone did not restore native internal
tibial rotation after combined ACL deficiency and anterolateral rotatory instability. Combined ACLR+ LET was able to
restore native internal tibial rotation values for 0°, 60° and 90° of knee flexion with decreased internal tibial rotation at
30° of flexion.

Conclusion: The study demonstrates that the addition of a LET decreases the forces seen by the ACLR graft and
reduces residual rotational laxity after isolated ACLR during internal tibial torque loading. Due to load sharing, a LET
could support the ACLR graft and perhaps be the reason for reduced repeat rupture rates seen in clinical studies. Care
must be taken not to limit the internal tibial rotation when performing a LET.

Keywords: Knee ligament reconstruction, Anterior cruciate ligament, Lateral extra-articular tenodesis, Modified
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Introduction

Injuries to the anterior cruciate ligament (ACL) are often
accompanied by deficiencies in its functional synergetic
structure, the anterolateral complex [1-4]. Although
isolated ACL deficiencies can be successfully treated
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additional anterolateral procedures [7]. This augmen-
tation of the ACLR could be important in patients with
high-grade pivot shift on examination, when treating
young patients participating in pivoting sports, or in
the setting of revision ACLR [8, 9]. Clinical studies have
shown a higher rate of residual rotational laxity after iso-
lated ACLR in comparison with combined ACLR and
anterolateral procedures in anterolateral rotatory instable
knees [10, 11]. They also reported repeat rupture rates
up to 10% higher with isolated ACLR. This may be due
to protection of the ACLR graft by the anterolateral pro-
cedure — e.g., a lateral extra-articular tenodesis (LET) —
during pivoting manoeuvres via load sharing.

However, there is still controversy over which indica-
tions should be used to recommend the addition of a
LET, and whether this procedure lead to non-physiologic
motion changes in the knee joint. Biomechanical stud-
ies have reported controversial results in relation to knee
joint motion after combined ACLR+LET. Lagae et al.
[12] and Smith et al. [13] recently reported physiologi-
cal knee motion with combined ACLR+LET. Contrary
to this, Slette et al. [14] reported reduced tibial internal
rotation in seven out of eight biomechanical studies in
a review article. In addition, the functional interaction
between anatomic ACLR techniques and a LET concern-
ing graft forces and load sharing has not yet been suffi-
ciently examined.

The purpose of the present biomechanical study was
to measure the graft forces of the ACLR and LET under
various external loads after isolated ACLR and com-
bined ACLR+LET. Load sharing mechanisms between
the LET and an anatomic ACLR were therefore directly
quantified for the first time. Knee joint motion after iso-
lated ACLR and combined ACLR+LET was also ana-
lysed. The hypotheses of the study were first, that there
is a reduction in the ACLR graft forces due to the addi-
tion of a LET, in comparison with an isolated ACLR; and
second, that the combined ACLR+ LET reduces residual
rotational laxity that occurs in anterolateral rotatory
instable knees after isolated ACLR.

Materials and methods
Preparation of specimens
Six fresh-frozen human knee joints from donors with a
median age of 86 (range 70-92; 2 male, 4 female) were
used for the biomechanical in vitro study. The bodies
were donated to the local anatomical institute by individ-
uals who had provided informed consent before death to
the use of their bodies for scientific and educational pur-
poses [15].

Quantitative computed tomography scans (LightSpeed
VCT 64; GE Healthcare, Chicago, Illinois, USA) were per-
formed to exclude knee arthritis (Kellgren-Lawrence > 3).
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The specimens were stored at —20 °C and thawed for 24 h
at room temperature before testing. Skin and subcutane-
ous tissue were removed, leaving the knee capsule and
inserting tendons intact. A medial parapatellar arthrot-
omy was performed and closed after ligament integrity
was verified. Only specimens without ligamentous and/
or bony degeneration or a history of knee injury were
included. Under lateral x-ray visualisation, a mediolateral
pin was inserted into the distal femur at the intersection
between the distal femur cortex and the Blumensaat line,
as described by Stannard et al. [16]. This axis approxi-
mates the flexion—extension axis in the knee joint. It was
used for standardised embedding and positioning inside
the test bench [17]. The femur was cut at a distance of
150 mm and the tibia was cut at a distance of 110 mm
from the inserted mediolateral pin. The proximal fibula
was cut at the fibular neck and fixed to the proximal
tibia using two 3.5-mm screws. Reproducible orienta-
tion of the knee joint coordinate system relative to the
embedding moulds was therefore achieved and allowed
knee joint motion analysis via adhesive marker tracking
attached to the embedding moulds.

The quadriceps and hamstring tendons were armed
with high-strength sutures for active dynamic cyclic
motion. Anterior translational forces were applied to
the proximal tibia using a circular ring connected to a
mediolateral pin placed 65 mm below the knee flexion
line. The femur and tibia were embedded in polymethyl-
methacrylate (PMMA) cement (Technovit 3040, Kulzer
GmbH, Wehrheim, Germany) for fixation inside the test
bench. While the specimen was being mounted into the
test bench, physiological movement of the tibia during
dynamic flexion—extension was verified.

Surgical technique

Insufficiency model

The ACL was resected through the medial arthrotomy,
which was sutured after each procedure and before test-
ing. The simulated anterolateral rotatory instability con-
sisted of three parts. First, a longitudinal incision was
made in the iliotibial band. Second, a cut was created
anterior and parallel to the lateral collateral ligament,
from the lateral epicondyle to the joint line, in order to
cut the anterolateral ligament and capsule, leaving the
meniscus and popliteus tendon intact [18, 19]. Thirdly,
the distal Kaplan fibres of the deep iliotibial band at the
lateral femoral condyle were cut [20, 21].

ACLR

All of the surgical procedures were carried out by the
same experienced orthopaedic surgeon (RM). ACLR was
performed through the medial arthrotomy using bovine
digital extensor tendons [22] folded into a two-stranded
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graft with a diameter of 9 mm. The tibial free ends were
secured with baseball stitches (Ethibond no. 2; Ethi-
con Inc., Raritan, New Jersey, USA). A full 9-mm femo-
ral tunnel was drilled at the centre of the ACL footprint
using an anteromedial drill guide (Arthrex Inc., Naples,
Florida, USA) with an offset of 7 mm. A full 9-mm tib-
ial tunnel was drilled into the tibial ACL stump using a
tibial drill guide set at an angle of 55°. The tunnel length
was 40 mm. The tibial graft end was secured with a
9x 30 mm polyetheretherketone (PEEK) interference
screw (Arthrex Inc.), with additional cortical screw fixa-
tion of the free graft ends at the proximal tibia cortex. At
the femoral side, the graft end was fixed at 30° of flexion
with 80 N [12, 23] to a load cell incorporated into a cus-
tom device, which was screwed into the femoral tunnel at
the distal lateral femur (Fig. 2b).

LET

A modified Lemaire tenodesis [24] was performed in the
study (Fig. 1). A 10 mm wide strip of the central iliotibial
band with the fibres oriented centrally toward Gerdy’s
tubercle was therefore prepared. The graft was secured

Fig. 1 Specimen preparation: 1, lateral extra-articular tenodesis
using the modified Lemaire technique with a 10 mm wide strip of
the iliotibial band shuttled deep to the lateral collateral ligament
and fixed at 60° of flexion with 20 N [23]; 2, cortically fixed part of
the custom graft force measuring device (in line with femoral graft
tunnels); 3, fixture for applying anterior tibial translation forces,
including a tibial ring; 4, embedding mould with optical markers to
evaluate knee joint motion; 5, armed muscle tendons (quadriceps
and hamstring) for active dynamic preconditioning cycling
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Fig. 2 The biomechanical knee joint test bench [17] with a knee
specimen fixed at 30° of flexion. Anterior tibial translation force

(red arrow) is induced by a pulley-and-weight system. A pnemuatic
rotatory cylinder (a) is used to apply internal tibial torque (green
arrow). The tibial weight is compensated in relation to the flexion
angle by another pulley-and-weight system (blue arrow). Graft forces
and tibiofemoral joint motion are measured by custom graft force
measuring devices (incorparating a load cell) (b) and an optical 3D
camera system (c) respectively

with whipstitch sutures (FiberWire #2; Arthrex Inc.). A
full femoral tunnel (7 mm in diameter) was positioned
8 mm proximal and 4 mm posterior to the lateral epicon-
dyle in accordance with the Lemaire technique [24, 25].
The graft was shuttled deep to the lateral collateral liga-
ment and fixed at 60° of flexion with 20 N [23] in neutral
tibial rotation to another load cell incorporated into a
custom device screwed into the LET tunnel at the distal
medial femur.

Testing protocol

The knees were tested in the following states and
sequence: 1) intact (removed skin and subcutaneous
tissue; closed medial parapatellar arthrotomy); 2) with
resected ACL; 3) with resected ACL combined with ante-
rolateral rotatory instability; 4) with isolated ACLR; and
5) with combined ACLR+ LET. Each state was investi-
gated without external loading, during application of an
anterior tibial translation force (ATF) of 98 N (10 kg),
internal tibial torque (IT) of 5 Nm, as well as with a com-
bined internal tibial torque of 5 Nm and anterior tibial
translation force of 98 N (IT + ATF). Force and torque
values were chosen for comparison reasons to relevant
results of recent publications [12, 19, 23, 26]. Investiga-
tion of graft forces and amount of anterior translation or
internal rotation was carried out at 0°, 30°, 60°, and 90° of
flexion.
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Tensioning protocol

The ACLR graft was preconditioned for 10 min under
89 N [27] and fixed at 30° of flexion with 80 N [12, 23].
The LET was fixed at 60° of flexion with 20 N [23]. Before
static testing of each state, the respective grafts were re-
tensioned and the knee was dynamically cycled 10 times
(at 0-75° of flexion) with active muscle forces to allow
initial graft preconditioning and relaxation.

Biomechanical measurements

Testing of the different states was conducted on a cus-
tomised validated test bench with six degrees of free-
dom (Fig. 2) [17]. Moving the tibia allowed knee flexion
to be adjusted to 0°, 30°, 60°, and 90° relative to the fixed
femur. Apart from the fixed flexion, the tibia was free
to move. The weight of the tibial part was compensated
in relation to the flexion angle by dead weights using a
pulley system. ATF was induced using another pulley-
and-weight system connected to the tibial ring, which
could be adjusted to the flexion angle. IT was initiated
by a pneumatic rotatory cylinder (Camozzi Automation
GmbH, Hall in Tirol, Austria). Graft forces of the ACLR
and LET were measured via miniature load cells (Burster
Prizisionsmesstechnik GmbH, Gernsbach, Germany)
(accuracy: < +1%) integrated into the custom devices,
which were screwed into the graft tunnels. Graft forces
are reported as changes (AF) between the unloaded
and loaded (AT/IT/IT + ATF) states. Tibiofemoral joint
motion was tracked using an optical 3D camera system
(ARAMIS SRX, GOM GmbH, Braunschweig, Germany)
(accuracy: <0.1 mm) with adhesive markers attached to
the embedding moulds. Anterior translation and internal
rotation were calculated relative to the unloaded state of
the respective knee condition.

Data analysis

In combination with a PICAS measuring amplifier
(Peekel Instruments GmbH, Bochum, Germany), Lab-
VIEW 11.0 (National Instruments, Austin, Texas, USA)
was used to record graft forces. Motion data were ana-
lysed using ARAMIS Professional 2018 (GOM GmbH,
Braunschweig, Germany). Statistical analyses were con-
ducted in RStudio (RStudio Inc., Boston, Massachusetts,
USA) with R version 4.0.1. The significance level was set
to 0.05. Because of the limited sample size (n=6), a non-
normal distribution was assumed. A related-samples
two-sided Wilcoxon signed rank test was used for every
flexion angle in order to test for significant differences
between graft force data for the isolated ACLR and com-
bined ACLR+ LET. Friedman’s two-way analysis of vari-
ance (ANOVA) by ranks with Conover’s post hoc test and
Holm-Bonferroni correction for multiple comparisons
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[28] was used to compare the results of the knee joint
motion analysis between the five tested states, with the
flexion angle as an independent variable. Median values
are reported in the results. Bootstrapping (»=1000) was
used to calculate 95% confidence intervals.

Results

Graft forces of the ACLR and LET

During ATEF, the ACLR graft forces in combined
ACLR+LET were significantly lower compared to the
isolated ACLR at 0° of flexion (P=0.028). There were no
significant differences between the two states (isolated
ACLR vs. combined ACLR+LET) for any of the other
flexion angle tested (P>0.25) (Fig. 3).

During IT and IT+ATE the ACLR graft forces in
combined ACLR+LET were significantly lower com-
pared to the isolated ACLR at 0°, 30°, and 60° (P=0.028)
(Figs. 4 and 5). With increasing flexion angle, the over-
all ACLR graft forces as well as the absolute differences
between the two states (isolated ACLR vs. combined
ACLR+LET) decreased. For 90° flexion, the ACLR graft
forces were comparable, with no significant differences
(IT: P=0.463, IT+ATF: P=0.116). The average force
reduction over all tested flexion angles was 49% during
IT (0°: 45%; 30°: 61%; 60°: 50%; 90°: 39%), 45% during
IT + ATF (0°: 17%; 30°: 52%; 60°: 60%; 90°: 52%) and 7%
during ATF (0°: 12%; 30°: 4%; 60°: 11%; 90°: 0%).

During ATF, the absolute LET graft forces decreased
with flexion angle. During IT and IT + ATF, the absolute
LET graft forces increased up to 60° (Fig. 6). During ATF,
the LET graft forces were greatest at full extension, with
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Fig. 3 Graft forces in the anterior cruciate ligament reconstruction
(ACLR) during the application of anterior tibial translation force

(ATF) for the isolated ACLR and the ACLR with addition of a lateral
extra-articular tenodesis (ACLR + LET). The forces indicated in

the graph are relative to the unloaded state (A force). Significant
differences between the two procedures are marked with an asterisk
")
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Fig. 4 Graft forces in the anterior cruciate ligament reconstruction
(ACLR) during the application of internal tibial torque (IT) for the
isolated ACLR and the ACLR with addition of a lateral extra-articular
tenodesis (ACLR+LET). The forces indicated in the graph are relative
to the unloaded state (A force). Significant differences between the
two procedures are marked with an asterisk (¥)
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Fig. 5 Graft forces in the anterior cruciate ligament reconstruction
(ACLR) during the application of combined internal tibial torque and
anterior tibial translation force (IT 4+ ATF) for the isolated ACLR and the
ACLR with addition of a lateral extra-articular tenodesis (ACLR + LET).
The forces indicated in the graph are relative to the unloaded state
(A force). Significant differences between the two procedures are

marked with an asterisk (¥)

a median of 32 N (95% CI, 23 to 37 N). During IT and
IT+ ATE, the LET graft forces were greatest at 60° flex-
ion, with a median of 102 N (95% CI, 80 to 106 N) and
112 N (95% CI, 91 to 117 N), respectively.

Knee joint motion

Cutting of the ACL significantly increased anterior
translation during ATF for every tested flexion angle
(P<0.001) (Fig. 7). In contrast, this did not significantly
increase the internal rotation during IT (0°: P=0.11,
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Fig. 6 Absolute graft forces in the lateral extra-articular tenodesis
during the application of anterior tibial translation force (ATF), internal
tibial torque (IT), and combined loading (IT + ATF)

Force [N]

30% P=0.32, 60°: P=0.92, 90°: P=0.41) (Fig. 8). Cut-
ting of the ACL significantly increased anterior transla-
tion during I'T 4+ ATF at 0° (P=0.003) and 30° (P=0.01)
of flexion (Fig. 9).

Further sectioning of the anterolateral structures
(combined deficiency) led to a significant increase com-
pared to the isolated ACL deficiency in both anterior
translation during ATF (0°: P=0.003; 30°: P=0.003;
90°: P=0.002) and internal rotation during IT (30"
P=0.02; 60°: P=0.003; 90°: P=0.002). For 60° of flex-
ion there was no significant additional increase in ante-
rior translation during ATF (P=0.08). For 0° of flexion,
internal rotation during IT did not differ significantly
from the isolated ACL deficient state (P=0.72), but
combined with the non-significant increase of the
ACL deficiency did differ significantly from the native
state (P=0.02). The combined deficiency significantly
increased anterior translation during IT 4+ ATF com-
pared to the native state for all tested flexion angles
(0°/30°/90°: P<0.001, 60°: P=0.01).

The isolated ACLR was able to nearly approximate
the native anterior translation during ATF for every
tested flexion angle without significant differences (0°:
P=1.00, 30°: P=1.00, 60°: P=0.28, 90°: P=0.22). The
isolated ACLR was not able to restore native inter-
nal rotation during IT for any tested flexion angle
(P<0.001), except for 0° flexion (P=0.41). A non-sig-
nificant increase in median internal rotation during
IT between the combined deficient and isolated ACLR
state was seen at 30° to 90°. In order to directly measure
graft forces, small soft tissue incisions had to be done
to securely fixate the custom graft force measuring
device, which enhanced the lateral insufficiency. The
isolated ACLR was able to restore the native anterior
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Fig. 7 Anterior translation during the application of anterior tibial translation force (ATF), in comparison between the intact state, state with
resected anterior cruciate ligament (ACL-), state with resected ACL combined with anterolateral rotatory instability (ACL-/AL-), state with ACL
reconstruction (ACLR), and state with ACLR and addition of a lateral extra-articular tenodesis (ACLR + LET) for different angles of knee flexion.
Significant differences from the intact state are marked with an asterisk (*) for each flexion angle
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Fig. 8 Tibial rotation during the application of internal tibial torque (IT), in comparison between the intact state, state with resected anterior
cruciate ligament (ACL-), state with resected ACL combined with anterolateral rotatory instability (ACL-/AL-), state with ACL reconstruction (ACLR),
and state with ACLR and addition of a lateral extra-articular tenodesis (ACLR 4- LET) for different angles of knee flexion. Significant differences from
the intact state are marked with an asterisk (*) for each flexion angle
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Fig. 9 Anterior translation during the application of combined internal tibial torque and anterior tibial translation force (IT 4 ATF), in comparison
between the intact state, state with resected anterior cruciate ligament (ACL-), state with resected ACL combined with anterolateral rotatory
instability (ACL-/AL), state with ACL reconstruction (ACLR), and state with ACLR and addition of a lateral extra-articular tenodesis (ACLR 4 LET) for
different angles of knee flexion. Significant differences from the intact state are marked with an asterisk (*) for each flexion angle
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translation during I'T 4+ ATF at 30° (P=0.07) but not at
0° (P<0.001), 60° (P=0.02), or 90° (P=0.01).

Addition of the LET (combined ACLR+LET) and
re-tensioning of the ACLR graft in between states sig-
nificantly decreased the anterior translation during ATF
in comparison with the isolated ACLR as well as the
native state for all tested flexion angles (£<0.001). The
combined ACLR+LET led to a significant reduction in
internal rotation during IT in comparison with the iso-
lated ACLR, restoring native motion for 0° (P=0.07), 60°
(P=0.92), and 90° (P=0.15). At 30° of flexion, the com-
bined ACLR+LET resulted in significantly decreased
internal rotation in comparison with the native state
(P=0.01). The combined ACLR+LET reduced ante-
rior translation during IT+ ATE, resulting in non-sig-
nificant differences from the native state at 0° (P=0.62)
and 60° (P=0.15). For 30° (P=0.007) and 90° (P=0.02),
combined ACLR+LET significantly differed from the
native state during IT + ATF due to decreased anterior
translation.

Discussion

The most important finding of the present study was,
that the addition of a LET fixed at 60° of flexion with
20 N using the modified Lemaire technique was found
to reduce ACLR graft forces significantly for loadings of
the knee joint that involved IT (retaining the first hypoth-
esis). When an ATF was applied, the addition of a LET
played a minor role and did not have a major influence on
ACLR graft forces. The LET decreased residual rotational
laxity after isolated ACLR, approximating native internal
rotation under the tested conditions (retaining the sec-
ond hypothesis). Unphysiological time-zero limitation of
internal rotation was observed at 30° of flexion.

Graft forces of the ACLR and LET
The present study has directly measured forces in the
LET (modified Lemaire technique) and ACLR grafts dur-
ing different loading conditions. During loadings involv-
ing IT, measured LET graft forces reached high values of
up to 112 N and ACLR graft forces were decreased from
0° to 60° of knee flexion when comparing the isolated
ACLR to the combined ACLR+LET. This effect of the
LET on the ACLR graft could support the ACLR due to
load sharing and was directly quantified for the first time.
Engebretsen et al. [29] reported on ACLR graft force
reduction due to the addition of an anterolateral proce-
dure as early as 1990. In contrast to the present study,
addition of the anterolateral procedure significantly
reduced ACLR graft forces by a mean of 43% during ATF
(90 N). The authors used an over-the-top femoral ACLR,
and the anterolateral graft was fixed at 30° of flexion. The
data are therefore not directly comparable with those
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presented in the present study, and this might explain the
differences.

Noyes et al. [30] also directly measured the forces of an
ACLR graft in combination with anterolateral ligament
reconstruction (ALLR). The ALLR was able to signifi-
cantly reduce ACLR graft forces under 5 Nm of internal
torque for all knee flexion angles tested, up to 76% (mean
of 67%). As in the results of the present study, the ACLR
graft forces decreased with increasing flexion angles dur-
ing internal torque.

Another way of determining graft forces is to use a
robotic system and the principle of superposition com-
bined with serial sectioning [31], as described by various
research groups. Using this technique, Novaretti et al.
[32] and Marom et al. [26] recently investigated ACL
forces in the context of anterolateral procedures. In con-
trast to the present results, both studies observed a signif-
icant reduction of ACLR (respectively ACL) forces when
combined with an anterolateral procedure for flexion
angles over 60° in response to an ATF (mean of 54%). For
angles under 60°, no significant differences were evident.
The discrepancy may be explained by methodological dif-
ferences. The graft was pre-tensioned at 44 N (in compar-
ison with 20 N) in the study by Marom et al. [26], and the
ATF was 134 N (in comparison with 98 N) in the study of
Novaretti et al. [32]. Both of these factors might increase
the influence of the anterolateral procedure, since it was
either higher tensioned per se or the ACL had to resist
a greater external load. In addition, Novaretti et al. [32]
used an ALLR fixed at 30° of flexion and left the ACL
intact. In the present study, an ATF of 98 N was chosen
in order to allow comparison with biomechanical studies
investigating ACLR and LET using the modified Lemaire
technique [12, 19, 26, 33]. Fixing the LET at 60° of flex-
ion with a preload of 20 N in neutral tibial rotation was
reported to approximate physiological knee joint motion
with nearly isometric graft behaviour using the modified
Lemaire technique [23, 25]. Furthermore, this tensioning
protocol is used in our clinical practice. It must be men-
tioned that results from biomechanical studies may differ
with different tensioning parameters.

The study by Marom et al. [26] is the only biomechani-
cal study investigating graft forces that has also examined
combined ACLR + LET using the modified Lemaire tech-
nique. The authors’ results are largely consistent with the
present ones. Particularly for loading with IT, the LET
was able to reduce ACLR graft forces significantly. At
increasing flexion angles, they also reported an increase
in LET graft forces and a decrease in ACLR graft forces.
As in the present study, the ACLR mainly counteracted
anterior tibial translation forces, and the LET played an
inferior role. In contrast, the ACLR was only of second-
ary importance restricting internal tibial rotation. All
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of the mentioned studies investigating internal tibial
rotation concluded that the addition of an anterolateral
procedure is able to reduce ACLR graft forces during IT
loadings due to load sharing [26, 30, 32]. This is consist-
ent with the present data and could be the reason for
reduced repeat rupture rates seen in clinical studies as
the LET might possibly protect the ACLR graft in special
cases like young patients participating in pivoting sports
[34] or in the setting of revision ACLR [35].

Knee joint motion
The isolated ACLR was able to restore native knee joint
motion during application of an ATF, but left a residual
rotational laxity in combined ACL deficient and antero-
lateral rotatory instable knees. This finding is consistent
with biomechanical and clinical studies reporting that
isolated ACLR is not able to restore native knee joint
motion in all cases [10, 19, 36, 37]. Fixation of the graft
force measuring device slightly enhanced the lateral
insufficiency, possibly underestimating the effect of the
isolated ACLR during IT. Due to the test setup, this limi-
tation could not be eliminated but tried to keep as small
as possible to not significantly influence the results. Addi-
tion of a LET (combined ACLR+LET) fixed with 20 N
of tension at 60° of flexion appears to provide an internal
tibial rotation comparable with those of the native knee at
most knee flexion angles. In the present study, decreased
internal tibial rotation was only observed at 30° of flex-
ion. Various other studies have also investigated reduced
knee joint motion after the addition of an anterolateral
procedure [26, 33, 37, 38]. The results of the present
study might lead to the conclusion that even lower pre-
tensioning of the LET might be reasonable in the future.
However, the long-term effects of reduced tibial rotation
on tibiofemoral or meniscal loading are as yet unknown.
In the present study, combined ACLR+ LET showed
anterior tibial translation below native values during
ATF and IT 4 ATF. This might be mainly because of the
re-tensioning protocol used for the ACLR graft. Pre-
conditioning and tensioning values for the grafts were
selected to be as close as possible to clinical practice,
in order to increase the validity of the in vitro testing.
Due to irreversible viscoelastic effects in vitro (stress
relaxation and slack increase), as well as the stress his-
tory dependency of biological tissue, the temporally
separate graft force measurements in the two states
(isolated ACLR and combined ACLR+LET) are not
directly comparable [39-42]. It was therefore decided
to re-tension the ACLR before investigating the com-
bined treatment (ACLR + LET), in order to avoid inher-
ent overestimation of the effect of an LET addition on
ACLR graft forces and evaluate the change between
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the unloaded and loaded states (AF) instead of absolute
values. Re-tensioning also affected tibial anterior trans-
lation as the isolated ACLR alone was able to decrease
anterior translation significantly and re-tensioning of
the ACLR graft enhanced the decrease. This was con-
sidered acceptable, as tibial anterior translation was not
the focus of the present study.

Limitations

As this was an in vitro biomechanical study, only the
time-zero condition of the postoperative state — with-
out healing, graft integration, or any other in vivo pro-
cesses — could be investigated. Furthermore, only the
knee joint itself, without the foot and ankle or skin and
subcutaneous tissue, was examined. There was no mus-
cle induced stabilisation or iliotibial band loading dur-
ing the static investigations which resulted in high tibial
translational and rotational values. As ligament-based
stability strongly relates to muscle loaded stability and
is a reliable predictor for functional stability [43], it was
chosen to not load any muscle in order to limit influ-
encing factors and analyse the true ligamentous behav-
iour. In addition, care needs to be taken in transferring
the results to all anterolateral procedures, as they vary
in the position of the femoral graft or take a different
treatment approach in the case of an ALLR. Moreo-
ver, the anterolateral rotatory instability model with
complete disruption of the iliotibial band used in the
present study represents a profound injury to the ante-
rolateral complex and could lead to higher rotational
laxity as typically seen clinically. Results are therefore
particularly important in special cases when patients
with high-grade pivot shift laxities on examination are
treated. Fixation of the custom graft force measuring
device had the tendency to enhance the lateral insuf-
ficiency of the anterolateral rotatory instability model.
The small sample size is also a limitation of the study.
In the present study, bovine tendons were used because
they have mechanical properties comparable to human
hamstring tendons not influencing the biomechanical
measurements [22]. They were also easily accessible and
provided more homogeneous graft sizes [44]. Another
limitation is the donor age for the specimens tested, as
the donors do not represent the typical patient receiv-
ing an anterolateral procedure. However, a quantitative
computed tomography scan of possible specimens was
conducted, and arthritic specimens were not selected.
Pure anterior translation of the tibia is likely different
from the conducted anterior translation of the lateral
plateau. Re-tensioning the ACLR graft had an influence
on the graft forces as well as joint motion, as discussed
above.
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Conclusions

The addition of a LET using the modified Lemaire tech-
nique was found to provide a significant reduction in
ACLR graft forces in comparison with the isolated ACLR
for internal tibial torque loading. With anterolateral rota-
tory instability, isolated ACLR did not restore internal
tibial rotation. After combined ACLR+ LET, internal tibial
rotation was comparable to that of the native knee, with
decreased internal rotation at 30° of flexion. LET treatment
in combination with an ACLR could therefore be helpful
in postoperative protection of the ACLR during rotational
loadings.

Abbreviations

ACL: Anterior cruciate ligament; ACLR: Anterior cruciate ligament reconstruc-
tion; ALLR: Anterolateral ligament reconstruction; ATF: Anterior tibial transla-
tion force; IT: Internal tibial torque; LET: Lateral extra-articular tenodesis.

Acknowledgements

MS is recipient of a DOC Fellowship of the Austrian Academy of Sciences at
the Medical University of Innsbruck within the Department for Orthopaedics
and Traumatology.

Authors’ contributions

Study design: RM, MS, WS. Test execution: RM, MS, RH, Al. Data analysis: MS, CC.
Manuscript writing: MS, RM. Critically revising, proofreading and commenting:
CC, RH, Al, WS. Supervision: WS, RM. All authors read and approved the final
manuscript. RM and MS contributed equally to the study.

Funding
This study was supported by a research grant of the Society for Orthopaedic
Traumatologic Sports Medicine (GOTS) received by RM.

Availability of data and materials
Data are available upon reasonable request.

Declarations

Ethics approval and consent to participate

Cadaveric knees were provided by the Department of Anatomy, Histology
and Embryology of the Medical University of Innsbruck. During lifetime, the
donors signed a declaration of informed consent for the use of their body
for educational and research purposes. Specimen data is anonymised by
the Department of Anatomy, Histology and Embryology. According to the
local law, the use of anonymised human tissue obtained from donors with
informed consent does not require an ethical approval.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no financial and non-financial competing
interests.

Author details

'Department for Orthopaedics and Traumatology, Medical University of Inns-
bruck, Anichstrale 35, 6020 Innsbruck, Austria. 2Institute for Clinical and Func-
tional Anatomy, Medical University of Innsbruck, Innsbruck, Austria.

Received: 9 March 2022 Accepted: 6 May 2022
Published online: 18 May 2022

Page 9 of 10

References

1. Claes S, Bartholomeeusen S, Bellemans J (2014) High prevalence of
anterolateral ligament abnormalities in magnetic resonance images of
anterior cruciate ligament-injured knees. Acta Orthop Belg 80:1-2014

2. MusahlV, Rahnemai-Azar AA, Costello J, Arner JW, Fu FH, Hoshino Y
et al (2016) The influence of meniscal and anterolateral capsular injury
on knee laxity in patients with anterior cruciate ligament injuries. Am J
Sports Med 44:3126-3131

3. Van Dyck P, Clockaerts S, Vanhoenacker FM, Lambrecht V, Wouters K,
De Smet E et al (2016) Anterolateral ligament abnormalities in patients
with acute anterior cruciate ligament rupture are associated with lateral
meniscal and osseous injuries. Eur Radiol 26:3383-3391

4. Yoshida M, Herbst E, Albers M, Musahl V, Fu FH, Onishi K (2017) The
anterolateral complex in anterior cruciate ligament deficient knees dem-
onstrate sonographic abnormalities on high-resolution sonography. Knee
Surg Sports Traumatol Arthrosc 25:1024-1029

5. Amis AA, Scammell BE (1993) Biomechanics of intra-articular and extra-
articular reconstruction of the anterior cruciate ligament. J Bone Joint
Surg Br 75:812-817

6. Tramer JS, Fidai MS, Kadri O, Jildeh TR, Hooda Z, Makhni EC et al (2018)
Anterolateral ligament reconstruction practice patterns across the United
States. Orthop J Sports Med 6:2325967118811063

7. HerbstE, Arilla FV, Guenther D, Yacuzzi C, Rahnemai-Azar AA, Fu FH

et al (2018) Lateral extra-articular tenodesis has no effect in knees with

isolated anterior cruciate ligament injury. Arthroscopy 34:251-260

Getgood AM, Brown C, Lording T, Amis A, Claes S, Geeslin A et al (2019)

The anterolateral complex of the knee: results from the International

ALC Consensus Group Meeting. Knee Surg Sports Traumatol Arthrosc

27:166-176

9. Herbst E, Kittl C, Forkel P, Imhoff AB (2018) Anterolaterale Rotation-
sinstabilitdten-Wann und wie adressieren? Sports Orthop Traumatol
34:121-124

10. Getgood AM, Bryant DM, Litchfield R, Heard M, McCormack RG, Rezansoff
A et al (2020) Lateral extra-articular tenodesis reduces failure of hamstring
tendon autograft anterior cruciate ligament reconstruction: 2-year
outcomes from the STABILITY study randomized clinical trial. Am J Sports
Med 48:285-297

11. Sonnery-Cottet B, Saithna A, Cavalier M, Kajetanek C, Temponi EF, Daggett
M et al (2017) Anterolateral ligament reconstruction is associated with
significantly reduced ACL graft rupture rates at a minimum follow-up of
2 years: a prospective comparative study of 502 patients from the SANTI
study group. Am J Sports Med 45:1547-1557

12. Lagae KC, Robberecht J, Athwal KK, Verdonk PC, Amis AA (2020) ACL
reconstruction combined with lateral monoloop tenodesis can restore
intact knee laxity. Knee Surg Sports Traumatol Arthrosc 28:1159-1168

13. Smith PA, Thomas DM, Pomajzl RJ, Bley JA, Pfeiffer FM, Cook JL (2019) A
biomechanical study of the role of the anterolateral ligament and the
deep iliotibial band for control of a simulated pivot shift with comparison
of minimally invasive extra-articular anterolateral tendon graft recon-
struction versus modified lemaire reconstruction after anterior cruciate
ligament reconstruction. Arthroscopy 35:1473-1483

14. Slette EL, Mikula JD, Schon JM, Marchetti DC, Kheir MM, Turnbull TL et al
(2016) Biomechanical results of lateral extra-articular tenodesis proce-
dures of the knee: a systematic review. Arthroscopy 32:2592-2611

15. Riederer BM, Bolt S, Brenner E, Bueno-Lopez JL, Circulescu AR, Davies D
et al (2012) The legal and ethical framework governing body donation in
Europe: 1st update on current practice. Eur J Anat 16:1-21

16. Stannard JP, Schmidt AH (2016) Surgical Treatment of Orthopaedic
Trauma. Thieme Medical Publishers Inc, New York, USA

17. Heinrichs CH, Knierzinger D, Stofferin H, Schmoelz W (2017) Validation of
a novel biomechanical test bench for the knee joint with six degrees of
freedom. Biomed Eng (NY) 63:709-717

18. Dodds A, Halewood C, Gupte C, Williams A, Amis A (2014) The anterolat-
eral ligament: anatomy, length changes and association with the Segond
fracture. Bone Joint J 96:325-331

19. Inderhaug E, Stephen JM, Williams A, Amis AA (2017) Biomechanical
comparison of anterolateral procedures combined with anterior cruciate
ligament reconstruction. Am J Sports Med 45:347-354

20. Godin JA, Chahla J, Moatshe G, Kruckeberg BM, Muckenhirn KJ, Vap
AR et al (2017) A comprehensive reanalysis of the distal iliotibial band:

o0



Mayr et al. Journal of Experimental Orthopaedics (2022) 9:45

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

quantitative anatomy, radiographic markers, and biomechanical proper-
ties. Am J Sports Med 45:2595-2603

Marom N, Greditzer HG IV, Roux M, Ling D, Boyle C, Pearle AD et al (2020)
The incidence of Kaplan fiber injury associated with acute anterior cruci-
ate ligament tear based on magnetic resonance imaging. Am J Sports
Med 48:3194-3199

Donahue TLH, Gregersen C, Hull M, Howell SM (2001) Comparison of
viscoelastic, structural, and material properties of double-looped anterior
cruciate ligament grafts made from bovine digital extensor and human
hamstring tendons. J Biomech Eng 123:162-169

Inderhaug E, Stephen JM, Williams A, Amis AA (2017) Anterolateral teno-
desis or anterolateral ligament complex reconstruction: effect of flexion
angle at graft fixation when combined with ACL reconstruction. Am J
Sports Med 45:3089-3097

Lemaire M, Combelles F (1980) Plastic repair with fascia lata for old

tears of the anterior cruciate ligament (author’s transl). Rev Chir Orthop
Reparatrice Appar Mot 66:523-525

Kittl C, Halewood C, Stephen JM, Gupte CM, Weiler A, Williams A et al
(2015) Length change patterns in the lateral extra-articular structures of
the knee and related reconstructions. Am J Sports Med 43:354-362
Marom N, Ouanezar H, Jahandar H, Zayyad ZA, Fraychineaud T, Hurwit

D et al (2020) Lateral extra-articular tenodesis reduces anterior cruciate
ligament graft force and anterior tibial translation in response to applied
pivoting and anterior drawer loads. Am J Sports Med 48:3183-3193
Lockwood WC, Marchetti DC, Dahl KD, Mikula JD, Williams BT, Kheir MM
et al (2017) High-load preconditioning of human soft tissue hamstring
grafts: an in vitro biomechanical analysis. Knee Surg Sports Traumatol
Arthrosc 25:138-143

Pohlert T (2014) The Pairwise Multiple Comparison of Mean Ranks Pack-
age (PMCMR). R package http://CRAN.R-project.org/package=PMCMR
Engebretsen L, Lew WD, Lewis JL, Hunter RE (1990) The effect of an ilioti-
bial tenodesis on intraarticular graft forces and knee joint motion. Am J
Sports Med 18:169-176

Noyes FR, Huser LE, Jurgensmeier D, Walsh J, Levy MS (2017) Is an ante-
rolateral ligament reconstruction required in ACL-reconstructed knees
with associated injury to the anterolateral structures? A robotic analysis of
rotational knee stability. Am J Sports Med 45:1018-1027

Fujie H, Livesay GA, Woo SL, Kashiwaguchi S, Blomstrom G (1995) The use
of a universal force-moment sensor to determine in-situ forces in liga-
ments: a new methodology. J Biomech Eng 117:1-7

Novaretti JV, Arner JW, Chan CK, Polamalu S, Harner CD, Debski RE et al
(2020) Does lateral extra-articular tenodesis of the knee affect anterior
cruciate ligament graft in situ forces and tibiofemoral contact pressures?
Arthroscopy 36:1365-1373

Jette C, Gutierrez D, Sastre S, Llusa M, Combalia A (2019) Biomechanical
comparison of anterolateral ligament anatomical reconstruction with a
semi-anatomical lateral extra-articular tenodesis. A cadaveric study. The
Knee 26:1003-1009

Firth AD, Bryant DM, Litchfield R, McCormack RG, Heard M, MacDonald PB
et al (2022) Predictors of graft failure in young active patients undergoing
hamstring autograft anterior cruciate ligament reconstruction with or
without a lateral extra-articular tenodesis: the stability experience. Am J
Sports Med 50:384-395

Mascarenhas R, McConkey MO, Forsythe B, Harner CD (2015) Revision
anterior cruciate ligament reconstruction with bone-patellar tendon-
bone allograft and extra-articular iliotibial band tenodesis. Am J Orthop
(Belle Mead NJ) 44:E89-93

Delaloye J-R, Hartog C, Blatter S, Schldppi M, Mdiller D, Denzler D et al
(2020) Anterolateral ligament reconstruction and modified lemaire lateral
extra-articular tenodesis improve knee stability after anterior cruciate lig-
ament reconstruction: a biomechanical study. Arthroscopy 36:1942-1950
Geeslin AG, Moatshe G, Chahla J, Kruckeberg BM, Muckenhirn KJ, Dornan
GJ et al (2018) Anterolateral knee extra-articular stabilizers: a robotic
study comparing anterolateral ligament reconstruction and modified
Lemaire lateral extra-articular tenodesis. Am J Sports Med 46:607-616
Ahn J, Koh I, McGarry M, Patel N, Lin C, Lee T (2021) Double-bundle

ACL reconstruction with lateral extra-articular tenodesis is effective in
restoring knee stability in a chronic complex ACL-injured knee model: a
cadaveric biomechanical study. Arthroscopy 37:2220-2234

Ebrahimi M, Mohammadi A, Ristaniemi A, Stenroth L, Korhonen RK (2019)
The effect of different preconditioning protocols on repeatability of

Page 10 of 10

bovine ACL stress-relaxation response in tension. J Mech Behav Biomed
Mater 90:493-501

40. Hubbard RP, Chun KJ (1988) Mechanical responses of tendons to
repeated extensions and wait periods. J Biomech Eng 110:11-19

41. Schatzmann L, Brunner P, Staubli H (1998) Effect of cyclic precondition-
ing on the tensile properties of human quadriceps tendons and patellar
ligaments. Knee Surg Sports Traumatol Arthrosc 6:556-561

42. Sverdlik A, LanirY (2002) Time-dependent mechanical behavior of sheep
digital tendons, including the effects of preconditioning. J Biomech Eng
124:78-84

43. Arnout N, Victor J, Chevalier A, Bellemans J, Verstraete MA (2020) Muscle
loaded stability reflects ligament-based stability in TKA: a cadaveric study.
Knee Surg Sports Traumatol Arthrosc 30:612-620

44. Mayr R, Heinrichs CH, Eichinger M, Smekal V, Schmoelz W, Attal R (2016)
Preparation techniques for all-inside ACL cortical button grafts: a biome-
chanical study. Knee Surg Sports Traumatol Arthrosc 24:2983-2989

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://CRAN.R-project.org/package=PMCMR

	Modified Lemaire tenodesis reduces anterior cruciate ligament graft forces during internal tibial torque loading
	Abstract 
	Purpose: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Preparation of specimens
	Surgical technique
	Insufficiency model
	ACLR
	LET

	Testing protocol
	Tensioning protocol
	Biomechanical measurements
	Data analysis

	Results
	Graft forces of the ACLR and LET
	Knee joint motion

	Discussion
	Graft forces of the ACLR and LET
	Knee joint motion
	Limitations

	Conclusions
	Acknowledgements
	References


