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Abstract
Purpose There is a lack of objective evidence investigating how previous non-augmented ACL suture repair techniques 
and contemporary augmentation techniques in ACL suture repair restrain anterior tibial translation (ATT) across the arc of 
flexion, and after cyclic loading of the knee. The purpose of this work was to test the null hypotheses that there would be no 
statistically significant difference in ATT after non-, static- and dynamic-augmented ACL suture repair, and they will not 
restore ATT to normal values across the arc of flexion of the knee after cyclic loading.
Methods Eleven human cadaveric knees were mounted in a test rig, and knee kinematics from 0° to 90° of flexion were 
recorded by use of an optical tracking system. Measurements were recorded without load and with 89-N tibial anterior 
force. The knees were tested in the following states: ACL-intact, ACL-deficient, non-augmented suture repair, static tape 
augmentation and dynamic augmentation after 10 and 300 loading cycles.
Results Only static tape augmentation and dynamic augmentation restored ATT to values similar to the ACL-intact state 
directly postoperation, and maintained this after cyclic loading. However, contrary to dynamic augmentation, the ATT after 
static tape augmentation failed to remain statistically less than for the ACL-deficient state after cyclic loading. Moreover, 
after cyclic loading, ATT was significantly less with dynamic augmentation when compared to static tape augmentation.
Conclusion In contrast to non-augmented ACL suture repair and static tape augmentation, only dynamic augmentation 
resulted in restoration of ATT values similar to the ACL-intact knee and decreased ATT values when compared to the ACL-
deficient knee immediately post-operation and also after cyclic loading, across the arc of flexion, thus allowing the null 
hypotheses to be rejected. This may assist healing of the ruptured ACL. Therefore, this study would support further clinical 
evaluation of dynamic augmentation of ACL repair.

Keywords Knee · Anterior cruciate ligament · ACL suture repair · Biomechanics of ligament

Introduction

Interest in primary repair of acute ruptures of the ACL has 
reawakened in the last decade as more insights on biology 
and biomechanics of the ruptured ACL have emerged [6, 
16, 29, 36, 37].

Contemporary ACL suture repair has yielded good his-
tological and biomechanical results in porcine and ovine 
animal model studies [18, 31, 38] and promising short- to 
midterm results in prospective clinical series [1, 2, 4, 6, 13, 
22, 23, 30, 33].

In contrast to previous procedures (Fig. 1), contemporary 
ACL suture repairs may be augmented with a suture or tape 
with bony fixation to approximate the ACL remnants, to help 
to maintain length, allow for early range of motion without 
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compromising the repair site and promote healing [8–10, 17, 
34] (Figs. 2 and 3).

However, in ‘static’ augmentation, where the suture or 
tape is fixed to both the tibial and the femoral bone directly, 
anisometric placement and cyclic loading could lead to elon-
gation of the repair and increase of anterior tibial transla-
tion (ATT), and therefore isometric femoral and tibial tunnel 
position is important [10, 17]. Unfortunately, in practice, 
isometric tunnel placement can most likely not be achieved 
(Fig. 2) [17, 20, 40]. ‘Dynamic’ augmentation may address 
the problems associated with anisometric tunnel placement 
and cyclic loading by attaching the suture or tape to an addi-
tional elastic link (a spring-in-screw mechanism) on the 
tibial side [17, 34], to allow length changes to occur during 
knee motion while maintaining reduction of ATT (Fig. 3).

Although augmented suture repairs of the ruptured ACL 
are performed on patients today, there is a lack of objective 
evidence investigating how contemporary augmentation 
techniques in ACL suture repair affect ATT across the arc 
of flexion, and after cyclic loading of the knee (simulat-
ing postoperative rehabilitation), and how they relate to 

previous non-augmented repair techniques [1, 4, 6, 13, 19, 
22, 23, 25, 28, 30, 33, 39].

Therefore, the purpose of this study was to gain insight 
into the biomechanical properties of contemporary static 
and dynamic augmentation techniques in ACL repair, and 
to put them in historical perspective by comparing them 
to a non-augmented ACL suture repair technique that was 
frequently used late in the last century, when suture repair 
of the ruptured ACL was abandoned in favour of ACL 
reconstruction. The aim was to examine the following null 
hypotheses: there would be no statistically significant dif-
ference in ATT after non-augmented sutured, static-aug-
mented and dynamic-augmented ACL repair, and they will 
not restore ATT to normal values in all flexion angles of 
the knee after cyclic loading (simulating postoperative 
rehabilitation).

Fig. 1  Non-augmented suture repair of the ruptured ACL. Looping 
sutures through the tibial stump of the ruptured ACL, led through two 
femoral tunnels (in the posterolateral and anteromedial attachment of 
the ACL) and knotted over the lateral femoral cortex

Fig. 2  Static augmentation of the ruptured ACL. ACL suture repair 
augmented with intraligamentary tape with cortical interference 
screw fixation on the tibial side and variable loop length cortical but-
ton fixation device on the femoral side
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Materials and methods

Specimen preparation, optical tracking, testing protocol and 
data analysis were performed as described extensively by 
Stephen et al. [35].

Specimen preparation

Fourteen fresh-frozen cadaveric knee specimens were 
obtained from a tissue bank. Two specimens were used to 
develop the testing protocol, and the data of one specimen 
were corrupted and could not be analysed. The remaining 
11 knees were included for final data analysis (mean age 49 
(range 28–59), 8 right sided, 3 left sided, 6 male, 5 female). 
The specimens were stored at − 20 °C and thawed for 24 h 
before use. After preparation of the specimens, leaving all 
soft tissues except the skin and subcutaneous layer intact, 
the femur and tibia were cut and cemented to axially aligned 
rods. After preparation, the femoral rod was secured in a 
rig allowing manual passive knee flexion–extension from 
0° to 90° by moving the femur with the unconstrained tibia 

hanging vertically (Fig. 4). Anterior and posterior drawer 
forces without inducing rotational torque or inhibiting natu-
ral coupled tibial rotation, and rotational torques, could be 
imposed on the specimens as shown in Fig. 4. All surgical 
procedures and testing took place on the same day without 
removing the specimen from the test rig.

Optical tracking

Tibiofemoral joint kinematics were measured by use of 
a Polaris optical tracking system (NDI—Northern Digi-
tal Inc.) with passive digitized sets of Brainlab reflective 
markers (Brainlab) mounted securely onto the tibia and 
femur. Kinematic data were processed by use of Visual3D 
(C-Motion Inc.). Zero degree knee flexion was defined when 
the tibial and femoral rods were parallel in the sagittal plane. 
Anterior–posterior translation was calculated as the perpen-
dicular distance from the midpoint of the femoral epicon-
dylar axis to the tibial coronal reference plane [3, 15, 21, 

Fig. 3  Dynamic augmentation of the ruptured ACL. ACL suture 
repair augmented with intraligamentary braid with cortical button fix-
ation on the femoral side and additional elastic link (a spring-in-screw 
mechanism) on the tibial side

Fig. 4  Test rig used for the study. The specimen position was adjusted 
to approximately align knee and rig flexion–extension axes. a Manual 
passive flexion–extension movements were applied to the femur; the 
motion of the hanging tibia (b) was otherwise unconstrained. The 
anterior (c) and posterior forces were applied with weights connected 
to the proximal tibia by cables passed over pulleys, via two semicir-
cular hoops which were mounted on a Steinmann pin drilled medi-
olaterally across the tibia perpendicular to the shaft at the level of the 
tibial tuberosity. Internal and external rotation torques were applied 
with weights (d) connected via a pulley and string system to opposite 
poles of a 200-mm polyethylene disc secured at the end of the tibial 
intramedullary rod (reprinted with permission of Stephen et al. [35])
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35]. The tracking system is known to have a translational 
accuracy of 0.1 mm, and this test method has been used pre-
viously [3, 15, 21, 35]. The intact knee at full extension (0° 
of flexion) was taken to be 0 mm translation and 0° rotation, 
and all measurements were normalized to this. The motions 
described are tibial motion in relation to the femur.

Surgical procedures

All surgical procedures were performed by the surgeon 
author (R. H.), who has considerable experience in ACL 
reconstruction surgery. After mounting the knee in the kin-
ematic test rig, the integrity of the ligaments, menisci and 
joint surfaces was checked by manual testing of laxities, 
and with standard arthroscopy through anteromedial and 
anterolateral portals. Laxity tests were performed with the 
ACL-intact knee. Arthroscopically, the native ACL was tran-
sected close to the femoral attachment with a beaver knife, 
and left in situ. The laxity tests were repeated with the ACL-
deficient knee.

The knee was prepared arthroscopically so three suture 
techniques could be performed.

To replicate in vivo circumstances, the femoral and tibial 
tunnels were created with the transected ACL in situ. Two 
2.4 mm diameter femoral tunnels were created from the fem-
oral ACL attachment to the lateral distal femoral cortex with 
a drill tip guide pin with eyelet, which was placed through 
an accessory anteromedial portal, just superior to the tibial 
plateau and medial meniscus and just anterior to the medial 
femoral condyle, with the knee in 120 degrees of flexion. 
One guide pin was positioned in the “isometric point” [11] 
in the “high” and “deep” part of the femoral anteromedial 
bundle attachment. Since this “isometric point” was not vis-
ible with the ruptured ACL in situ, an offset guide was used 
to replicate in vivo circumstances. The other guide pin was 
positioned in the femoral posterolateral bundle attachment 
freehand. An incision was made to expose the lateral femoral 
cortex in the trajectory of the guide pins, to allow cortical 
fixation of the buttons and sutures. Both guide pins were 
removed and shuttle wires were pulled through the tunnels.

One 2.4 mm diameter tibial tunnel of at least 50 mm 
length was created with a drill tip guide pin using an aiming 
device from the anteromedial aspect of the tibial metaphy-
sis to the “isometric point” in the anterior part of the tibial 
attachment of the remaining ACL stump [11]. A shuttle wire 
was pulled through the tibial tunnel.

Suture repair of the ruptured ACL

Four Ethibond-0 sutures (Ethicon, Somerville, NJ, USA) 
were passed through the distal part of the sectioned ACL, in 
an anterior to posterior direction, starting near the attached 
base and progressing toward the torn end (the Marshall 

technique) [26, 27, 32]. The suture ends were grouped 
together into two groups, keeping the anteriorly and poste-
riorly exiting sutures separate. The posterior suture group 
was pulled through the posterolateral femoral tunnel, and 
the anterior suture group was pulled through the “isometric” 
anteromedial femoral tunnel with shuttle wires. The knee 
was placed in 20 degrees of flexion, with a posterior trans-
lation force of 80-N imposed on the tibia by the kinematics 
test rig [34]. The individual suture ends were pulled tight 
to eliminate any slack, and the two groups of sutures were 
tied down as one unit over the cortical bone surface between 
the two femoral tunnels on the lateral aspect of the distal 
femur (Fig. 1). The laxity tests were repeated, and the ACL 
was resected and the Marshall sutures were removed.

Static tape augmentation of the ruptured ACL

New shuttle wires were placed in the tibial and “isometric” 
anteromedial femoral tunnels. A cortical button suspen-
sion with adjustable loop length (Tightrope™ RT, Arthrex, 
Naples, Florida, USA) was loaded with a double loop tape 
(FiberTape™ 2 mm, Arthrex, Naples, Florida, USA), and 
pulled through the tibial and femoral tunnel with shuttle 
wires, and it was verified that the button was fixed behind 
the lateral femoral cortex [12, 39]. The loop of the sus-
pensory fixation was shortened until the tape was pulled 
approximately 20 mm inside the femoral tunnel. A 3.5-mm 
bone socket was created 10 mm distal to the tibial tunnel in 
the anteromedial aspect of the tibia. The socket was tapped 
to 4.75 mm. The tibial ends of the double loop tape were 
loaded into the eyelet at the tip of a screwdriver (Swive-
Lock™, Arthrex, Naples, Florida, USA). The knee was 
placed in zero degrees of flexion, with a posterior translation 
force of 80 N imposed on the proximal tibia by the kinemat-
ics test rig [25, 34]. While pulling the tape with manual 
tension in the direction of the tibial tunnel, the tip of the 
loaded screwdriver was placed in the opening of the tibial 
socket and the distal ends of the tape were pulled parallel 
to the screwdriver. The tape was marked at the level of the 
depth mark on the screwdriver. With the tip of the screw-
driver repositioned to the level of the marking on the tape, 
the SwiveLock™ was pushed inside the 3.5 mm tibial socket 
manually until the depth mark on the screwdriver lined up 
with the tibial cortex. The tape was then secured in the tibial 
socket with the SwiveLock™ PEEK bone anchor interfer-
ence screw (Fig. 2). The laxity tests were repeated. After the 
laxity tests, if this procedure was not randomized to be the 
last procedure, the tape was removed.

Dynamic augmentation of the ruptured ACL

A 2.4 mm guide pin was positioned in the 2.4 mm tibial 
tunnel. An outside-in tibial socket 30 mm long and 10 mm 
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diameter was reamed over the guide pin with a cannulated 
drill with depth limitation. A Ligamys™ Monobloc second 
generation fixation device (Mathys, Betlach, Switzerland) 
was screwed inside the tibial bone tunnel over the guide 
pin, until it lined up with the tibial cortex. The guide pin 
was removed and a shuttle wire was led through the tibial 
and “isometric” anteromedial femoral tunnels. A Ligamys™ 
braid was pulled distally through the femoral and tibial tun-
nels with the shuttle wire, and it was verified that the proxi-
mal fixation button abutted the lateral femoral cortex. The 
knee was placed in 0 degrees of flexion [34]. With the ten-
sioner, the braid was tensioned to maximal manual load and 
released, after which it was tensioned again to 80-N (Mathys 
Surgical Instructions) [34]. A clamping cone was fixed into 
the Ligamys™ Monobloc with a torque screwdriver (Fig. 3). 
The laxity tests were repeated.

The clamping cone was removed from the Monobloc to 
release the tension on the Ligamys™ braid, the same ten-
sioning procedure was repeated with 60-N (to match the 
tension used in the other suturing methods) [34] and the 
laxity tests were repeated.

After the laxity tests, if this procedure was not rand-
omized to be the last procedure, the Ligamys™ Monobloc 
was removed, a greased 2.4-mm drill pin was placed in the 
tibial tunnel, the tibial socket was filled with polyester car 
body filler and the drill pin was removed after the filler had 
hardened.

Testing protocol

The 6 degrees of freedom data of the position of the tibia 
with respect to the femur were recorded with no external 
loads applied to the tibia, only the weight of the hanging 
tibia and attached rod, which remained constant through-
out testing. The kinematic data were also recorded with the 
following loads applied in randomized order: 89-N tibial 
anterior drawer force, 89-N tibial posterior drawer force, 
5-Nm tibial internal rotation torque, 5-Nm tibial external 
rotation torque, and a combined 89-N tibial anterior drawer 
force and 5-Nm tibial internal rotation torque to simulate the 
pivot shift laxity [24].

This test protocol of six loading conditions was repeated 
with the knee in ten states: ACL-intact and ACL-sectioned 
state, as well as ACL suture repair, static tape augmentation 
and dynamic augmentation with 80-N and with 60-N preten-
sion state after 10 and 300 cycles of flexion and extension 
between 0° and 90°.

During development of the protocol, testing of the non-
augmented ACL repair led to pull-out of the sutures weaken-
ing the ACL stump. Therefore, after having tested the intact 
state and sectioned state, the repaired state of the ACL with 
the suture technique was tested first, after which the static 
tape augmentation and dynamic augmentation techniques 

were tested in randomized order per specimen. Testing of the 
dynamic augmentation with 80-N pretension always preceded 
testing with 60-N pretension.

During each test, three cycles of knee flexion–extension 
between 0° and 90° were repeated manually to gather the 
data.

The local Institutional Review Board (IRB: Imperial Col-
lege Healthcare Tissue Bank, London, UK; IRB Nr. R17007) 
approved this study.

Statistical analysis

The mean tibial translations and rotations were calculated 
at 10° intervals from 0° to 90° of flexion. The coordinate 
system was defined so that ATT and external rotation were 
taken to be positive. Visual3D motion data were processed 
using custom-written Matlab scripts (The MathWorks Inc.).

A power calculation using G*Power software a priori 
[7], based on prior work that used the same optical track-
ing system [14] determined that a sample size of 11 would 
allow identification of changes of translation and rotation 
of 0.8 mm and 0.9°, respectively, with 80% power and 95% 
confidence. Dependent variables were anterior and poste-
rior translation, internal and external rotation and combined 
anterior translation and internal rotation laxities.

Data were analysed in SPSS (version 22.0; IBM Corp). 
The primary factors investigated were the ten knee states 
and seven flexion angles (0°–10°–20°–30°–40°–60°–90°). A 
mixed-model analysis for repeated measures was performed 
to study both the effect of the different flexion arcs and the 
effect of the different knee states on the dependent vari-
ables. Post hoc SIDAK tests were applied when differences 
between knee states or flexion arcs were found to investigate 
which knee states or flexion arcs differed while controlling 
for multiple comparisons. Furthermore, the interaction effect 
of knee state and flexion arc on the dependent variables was 
studied. The level of significance was set at p < 0.05.

Results

Mean ATT across the arc of flexion for different states of 
the knee is presented in Table 1. Rather than present normal 
laxity data, Table 1 and the following sections display move-
ments away from the free-hanging position of the tibia (neu-
tral loading) when the ACL was intact, which has greater 
clarity regarding residual laxities after different stages of 
the experiment.

Anterior drawer

While applying 89-N of anterior force sectioning of the 
native ACL resulted in a significant increase of ATT 
(p = 0.000; Table 1).
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Directly post-operation (10 cycles), with non-augmented 
suture repair of the ACL and static tape and dynamic aug-
mentation (for both 80 and 60-N pretensioning) the ATT 
was not significantly different than in the intact knee. How-
ever, with non-augmented suture repair of the ACL the ATT 
was not significantly different than the ACL-deficient knee 
either, while with static tape (p = 0.011) and dynamic aug-
mentation (for both 80 and 60-N pretensioning; p = 0.000) 
the ATT was significantly less than the ACL-deficient knee 
(Figs. 5, 6, 7, 8 respectively).

After 300 movement cycles, with non-augmented suture 
repair of the ACL the ATT was significantly greater than 
the intact knee (p = 0.000) and was not significantly dif-
ferent to the ACL-deficient state. With static tape and 
dynamic augmentation, the ATT was not significantly 
greater than the intact knee. However, with static tape 

augmentation, the ATT was not significantly different 
to the ACL-deficient state either, while with dynamic 
augmentation the ATT remained significantly less 
than the ACL-deficient state (p = 0.000; Figs. 5, 6, 7, 8 
respectively).

Although cyclic loading tended to cause the ATT to 
increase, it did not cause a significant increase in laxity for 
any of the repairs as compared to directly postoperation. 
When compared to non-augmented suture repair of the ACL, 
cyclic loading did not lead to greater reduction of ATT with 
static tape augmentation, whereas dynamic augmentation 
did lead to a significant greater reduction of ATT (p = 0.000; 
Fig. 9). Furthermore, when compared to static tape augmen-
tation, cyclic loading did not result in a significant reduction 
of ATT with dynamic augmentation with 60-N pretension-
ing, whereas in contrast, dynamic augmentation with 80-N 

Table 1  Mean anterior tibial translation across the arc of flexion for different states of the knee

Mean anterior tibial translation (mm ± standard deviation) of 11 knee specimens for all 14 states, across the arc of flexion of the knee (per 10° 
from 0 to 90 degrees of flexion)

Flexion angle 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

ACL intact 3.7 (0.9) 4.5 (0.6) 4.8 (1.0) 4.9 (1.2) 5.0 (1.2) 5.1 (1.2) 4.9 (1.3) 4.6 (1.5) 4.0 (1.4) 3.4 (1.1)
ACL deficiënt 7.4 (2.3) 8.1 (1.7) 8.5 (2.0) 8.8 (2.3) 8.8 (2.4) 8.6 (2.5) 8.0 (2.6) 7.2 (2.6) 6.4 (2.4) 5.8 (2.2)
Marshall 10 5.6 (2.4) 6.3 (2.4) 6.6 (2.6) 6.9 (2.6) 7.0 (2.6) 7.0 (2.5) 6.7 (2.53) 6.2 (2.1) 5.5 2(0.0) 4.9 (1.6)
Marshall 300 6.4 (2.3) 7.0 (2.2) 7.3 (2.5) 7.6 (2.6) 7.7 (2.5) 7.6 (2.4) 7.2 (2.4) 6.5 (2.3) 5.9 (2.2) 5.4 (1.9)
InternalBrace™ 10 4.9 (2.2) 5.3 (2.1) 5.4 (2.1) 5.6 (2.0) 5.8 (2.0) 5.8 (2.0) 5.6 (2.1) 5.3 2(0.2) 4.7 (1.9) 4.3 (1.4)
InternalBrace™ 300 6.3 (2.3) 6.4 (2.5) 6.4 (2.4) 6.4 (2.1) 6.4 (1.9) 6.5 (1.8) 6.3 (1.9) 5.9 (2.0) 5.5 (1.9) 5.1 (1.6)
Ligamys™ 80 N 10 3.9 (1.4) 3.9 (1.5) 3.9 (1.5) 3.9 (1.3) 4.0 (1.2) 4.1 (1.2) 4.0 (1.3) 3.6 (1.5) 3.0 (1.6) 2.5 (1.4)
Ligamys™ 80 N 300 4.1 (1.5) 4.2 (1.6) 4.2 (1.8) 4.2 (1.6) 4.4 (1.4) 4.4 (1.3) 4.2 (1.5) 3.9 (1.6) 3.5 (1.6) 2.9 (1.4)
Ligamys™ 60 N 10 4.0 (2.2) 4.3 (2.2) 4.3 (2.2) 4.5 (2.1) 4.7 (1.9) 4.7 (1.9) 4.6 (2.0) 4.1 (2.1) 3.4 (2.1) 3.2 (1.5)
Ligamys™ 60 N 300 4.4 (2.3) 4.4 (2.2) 4.4 (2.1) 4.5 (1.9) 4.6 (1.8) 4.7 (1.9) 4.6 (2.0) 4.1 (2.1) 3.4 (2.1) 3.1 (1.6)

Fig. 5  The difference in anterior 
tibial translation (mean; mm) 
across the range of knee flexion 
(°) from the neutral position 
of the tibia in the intact knee 
under 89-N anterior translation, 
for the intact knee, after ACL 
transection, and for the ACL 
sutured state after 10 and 300 
movement cycles (n = 11)
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pretensioning did result in significant reduction of ATT 
(p = 0.028) (Fig. 9).

Combined anterior drawer and internal rotation/
posterior drawer/external rotation/internal rotation

The state of the knee had no significant effect on ATT and 
internal rotation laxity under combined 89-N anterior force 
and 5-Nm of internal rotational torque. Similarly, the state of 
the knee had no significant effect on posterior tibial transla-
tion, external or internal rotation laxity after application of 
a 89-N of posterior force and a 5-Nm of external or internal 
rotational torque, respectively.

Discussion

The most important finding of this study is that, across 
the arc of flexion of the knee, only dynamic augmentation 
was able to restore ATT to values similar to the ACL-
intact state and decrease ATT significantly compared to 
the ACL-deficient state directly postoperation, and to 
maintain this after cyclic loading, thus allowing the null 
hypotheses to be rejected.

Several biomechanical studies have shown that pre-
viously used ACL suture repair techniques may lead to 
higher than normal forces in the repair tissue, which could 

Fig. 6  The difference in anterior 
tibial translation (mean; mm) 
across the range of knee flexion 
(°) from the neutral position of 
the tibia in the intact knee under 
89-N anterior translation, for the 
intact knee, after ACL transec-
tion, and for the ACL with static 
tape augmentation after 10 and 
300 movement cycles (n = 11)

Fig. 7  The difference in anterior 
tibial translation (mean; mm) 
across the range of knee flexion 
(°) from the neutral position of 
the tibia in the intact knee under 
89-N anterior translation, for the 
intact knee, after ACL transec-
tion, and for the ACL with the 
dynamic augmentation device 
set to 80-N after 10 and 300 
movement cycles (n = 11)
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lead to repair stretching and failure [5], and did not restore 
normal ATT compared to the ACL-intact state [9, 10, 32], 
which is line with this study.

Contemporary augmentation techniques use strong, 
small diameter, non-resorbable braid. These cause little 
disruption of the ACL attachment and ACL tissue, and 
leave room for formation of hypertrophic scar tissue [10]. 
Contrary to earlier findings [5], more recent biomechani-
cal studies in porcine [10], caprine [8, 9] and human [17, 
34] knee specimens using contemporary repair techniques 
have suggested that static tape and dynamic augmentation 
can restore ATT values to normal directly postoperation.

However, anisometric tunnel placement and cyclic load-
ing may be of concern [10, 17]. In static tape augmenta-
tion, since there is no compensatory mechanism for length 
changes (other than limited elastic stretching/slackening of 
the tape), anisometric tunnel placement is associated with 
increased laxity both directly postoperation [10] and after 
cyclic loading [17], implying that anisometric tunnel place-
ment can lead to elongation of a suture repair (and conse-
quently, the ACL) during early postoperative mobilisation 
[10, 17].

Dynamic augmentation addresses the concern about ani-
sometric tunnel placement and cyclic loading in augmented 

Fig. 8  The difference in anterior 
tibial translation (mean; mm) 
across the range of knee flexion 
(°) from the neutral position of 
the tibia in the intact knee under 
89-N anterior translation, for the 
intact knee, after ACL transec-
tion, and for the ACL with the 
dynamic augmentation device 
set to 60-N after 10 and 300 
movement cycles (n = 11)

Fig. 9  The difference in anterior 
tibial translation (mean; mm) 
across the range of knee flexion 
(°) from the neutral position 
of the tibia in the intact knee 
under 89-N anterior transla-
tion, for the intact knee, after 
ACL transection, and for the 
ACL sutured state, the ACL 
with static tape augmentation 
and the ACL with the dynamic 
augmentation device set to 80-N 
and 60-N after 300 movement 
cycles (n = 11)
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ACL suture repair [17, 34]. It has been reported that dynamic 
augmentation with 85-N pretensioning restored laxity to 
normal directly postoperation and after cyclic loading, when 
tested in one flexion angle [17]. A comparison of dynamic 
stabilisation with 80-N versus 60-N pretensioning reported 
that 80-N pretensioning could restore ATT to normal across 
the arc of flexion directly postoperation [34].

This study supports these findings and found that dynamic 
augmentation restored ATT to normal values compared to 
the ACL-intact state, and decreased ATT significantly com-
pared to the ACL-deficient state directly postoperation, and 
maintained that difference after cyclic loading, across the 
arc of flexion.

Although anisometric tunnel placement is addressed by 
dynamic augmentation, it does raise the concern of overcon-
straint or residual laxity depending on the amount of pre-
tensioning. Although no statistical analysis was described, 
one biomechanical study seems to show overconstraint 
of the knee specimens compared to the ACL-intact state 
(mean − 4.6  mm) after 85-N pretensioning [17], while 
another reported normal ATT values with 80-N pretension-
ing and significant residual ATT with 60-N pretensioning 
[34]. Therefore, in this study, after dynamic augmentation, 
ATT was evaluated with 80-N as well as 60-N pretension-
ing. In contrast, this study found that dynamic augmentation 
yielded similar results with 60-N and 80-N pretensioning. 
The differences in findings between studies may partly have 
resulted from the force used during ATT tests: Schliemann 
et al. [34] used 134 N, Kohl et al. [17] used 100 N, and the 
present study used 89 N.

Besides the limitations that are inherent to all ex vivo 
testing some specific limitations apply to this study. The 
mean age of the specimens tested was higher than the typical 
age of the patient with this type of injury, despite efforts to 
source younger specimens. The results are only valid close 
to time zero, and it is not known how biological healing 
affects the repair over time, requiring further in vivo stud-
ies. Biomechanical testing may degrade the biomechanical 
properties of the ACL stump. Therefore, the non-augmented 
ACL suture repair was performed first, and the order of test-
ing was thereafter randomized between static and dynamic 
augmentation.

It should be noted that the non-augmented ACL suture 
repair did reduce ATT so that it was not significantly 
increased compared to the ACL-intact state directly post-
operative, although there was a significant increase in 
ATT after cyclic loading. Therefore, although this was not 
evaluated in this study, adding an ACL suture repair might 
improve the results of static tape augmentation and might 
also benefit a dynamic augmentation by helping to main-
tain apposition of the healing tissue. To establish healing of 
the ruptured ACL in vivo, adding suture repair to static or 
dynamic augmentation seems warranted.

The clinical relevance of this study is that it suggests that 
dynamic augmentation (Ligamys™) with 80-N pretension-
ing can control ATT laxity directly postoperation and can 
maintain this after short-term cyclic loading, which may 
assist healing of the ruptured ACL. Therefore, this study 
would support further clinical evaluation of dynamic aug-
mentation of ACL repair.

Conclusion

The results of this cadaveric study have shown that, in con-
trast to non-augmented ACL suture repair and static tape 
augmentation, dynamic augmentation with 80-N preten-
sioning resulted in restoration of ATT values similar to the 
ACL-intact knee and decreased ATT values when compared 
to the ACL-deficient knee immediately post-operation and 
also after cyclic loading, across the arc of flexion.
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