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Abstract

The influences and mechanisms of the physiology,
rupture and reconstruction of the anterior cruciate
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ligament (ACL) on kinematics and clinical outcomes
have been investigated in many biomechanical and
clinical studies over the last several decades. The knee
is a complex joint with shifting contact points, pressures
and axes that are affected when a ligament is injured.
The ACL, as one of the intra-articular ligaments, has
a strong influence on the resulting kinematics. Often,
other meniscal or ligamentous injuries accompany ACL
ruptures and further deteriorate the resulting kinematics
and clinical outcomes. Knowing the surgical options,
anatomic relations and current evidence to restore ACL
function and considering the influence of concomitant
injuries on resulting kinematics to restore full function
can together help to achieve an optimal outcome.

Key words: Biomechanics; Anterior cruciate ligament;
Joint pressure; Anterior cruciate ligament rupture; Graft
fixation; Anterior cruciate ligament reconstruction
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Core tip: This review of literature summarizes the
influences and mechanisms of the physiology, rupture
and reconstruction of the anterior cruciate ligament on
kinematics and clinical outcomes. The major focuses
are on the resulting joint kinematics after rupture and
reconstruction and on biomechanics of graft fixation.
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INTRODUCTION

Biomechanics is one major key to the function, stability
and aging process of joints. The knee is a major and
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complex joint. Its stability and motion are basically
controlled by ligaments such as the anterior cruciate
ligament (ACL)™.

The ACL is a central ligament of the knee. The main
functional role of the ACL is to provide stability against
anterior tibial translation (ATT) and internal rotation. An
acute ACL rupture is a common orthopedic trauma, with
an estimated incidence of 78 per 100000 persons and
a mean age of 32 years in Sweden and an estimated
incidence of up to 84 per 100000 persons in the United
States™™?.

A common and frequent injury mechanism is non-
contact combined valgus- and internal-rotation trau-
ma>*. Therefore, ACL injuries are often associated with
other ligamentous injuries, such as a (partial) rupture of
the medial collateral ligament (MCL) or the menisci. In
addition, compression of the lateral condyle with a bone
bruise or chondral lesion is often associated with the
injury due to the valgus trauma. Persistent instability of
the knee may be associated with long-term degenerative
lesions. Surgical treatment of the ACL in the context of
other injured structures and reconstruction of the intact
joint kinematics are suggested to be the keys to a good
clinical outcome™*,

ANATOMY

The ACL has its origin at the medial area of the lateral
femoral condyle and inserts into the center of the
eminentia of the tibia plateau next to the anterior horn of
the lateral meniscus. The structure of the ACL has been
described as two functional bundles: The anteromedial
(AM) and the posterolateral (PL) bundle, These two
bundles have been associated with different roles in
anteroposterior and complex-rotational stabilization of
the joint® %, The femoral origin was described as oval
shaped with a longitudinal diameter of 18 mm and a
width of approximately 11 mm™"*?, The AM bundle is
inserted deep in the intercondylar notch directly in front
of the intercondylar line and the edge of the chondral
bone. The femoral insertion of the PL bundle is located
at anterior of the AM bundle, also bordering the edge
of the chondral bone. The tibial insertion of the AM
bundle is located close to the anterior horn of the lateral
meniscus at approximately the first 30% mark of a
virtual sagittal line crossing the tibial plateau, while the
PL bundle inserts slightly posterolateral to the AM bundle
at approximately 44% of the virtual sagittal line®**. The
anatomy of the ACL and functional bundles has been
biomechanically evaluated in many studies®*'¥, and
surgical techniques have evolved as a result. Due to the
oval shape of the femoral condyles, the position of the
joint axis varies during flexion in the sagittal plane™.
The oval/flat structure of the ACL plays an important
role in stabilizing the knee joint under different flexion
angles and, therefore, compensating for shifting knee
flexion axes!'*'*'], The PL bundle has been shown to
have particular stabilizing effects on the anteroposterior
and rotational forces in near-to-extension positions
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of less than 30°, whereas the AM bundle becomes
tensioned and functional at higher flexion anglest®'**®,
Nevertheless, in a recent study, Kondo et at**! found that
the influence and reciprocal relationship of an insulated
AM or PL bundle tear might have been overestimated.
Recently, the existing knowledge of ACL anatomy was
enhanced by a landmark anatomical study. Smigielski
et al"” analyzed the detailed anatomical ACL structure
of 111 human cadaveric knees. They found that femoral
insertion and midsubstance of the ACL were thinner
than previously assumed, and they determined a width
of 11-17 mm and a thickness of only approximately 3
mm (Figure 1). Additionally, the tibial insertion site was
recently anatomically analyzed by Siebold et ai*® and
described as a “C"-shaped structure.

In addition to collagen fibers, nerves and mecha-
noreceptors are integrated within the ACL and play an
important role in the proprioception of the joint™*?%,
Nevertheless, there are more proprioceptive elements
involved around the knee, such as other ligaments,
muscles and the capsule.

KINEMATICS

Anterior tibial translation

In the intact knee, the ACL provides essential support
for ATT and internal rotation. This functional role must
be achieved at the base of the described anatomic
insertion sites of the ACL, the complex oval-like shape
of the condyles, and the tensile characteristics of
the ligament™®. In extension, the ATT is low, with a
maximum 2 mm scope, and provides support while
standing. In flexion angles and when applying an
external anteroposterior load, the ATT may increase up
to 3 mm when walking and up to 5.5 mm under the
anterior tibial load™.,

When the ACL is ruptured or dissected, the ATT
increases by up to 10 to 15 mm at 30° of knee flexion
under 134 N of anterior load!®**?!, Robotic/universal
force-moment sensor (UFS) testing systems have been
able to quantify passive ATT under the anterior tibial load
in cadaveric knees at different flexion angles without
being influenced by active muscle forces. Without these
muscle forces, the highest increase in ATT was found
between 15° and 40° of flexion. Clinically, ATT is often
tested at different flexion angles. Stress radiographs,
KT-1000 or rolimeters can help quantify the clinically
observed ATT. The ischiocrural muscle group induces
flexion by connecting the tuber ischiadicum with the
proximal crus (pes anserinus tibia and fibular head).
These muscle groups show a greater than 70° posterior
force vector at 90° of knee flexion, which actively
stabilizes against ATT (Figure 2). Considering these
ligamentous and muscular kinematics, the ATT may
therefore be clinically evaluated most accurately at near
to extension angles (15° to 30°).

Cutting-edge studies have demonstrated an important
role of the two functional ACL bundles for ATT and pivot
shift at different flexion angles. In cadaveric studies, a

February 18, 2016 | Volume 7 | Issue 2 |



Domnick C et a/. Biomechanics of the anterior cruciate ligament

Figure 1 Smigielski et a™ measuring the thickness (A) and width (B) of
the “ribbon-like” midsubstance of the anterior cruciate ligament.

stabilizing role for the PL bundle in controlling the ATT at
near-to-extension angles was found®®'***!, The AM bundle
seemed to have more influence in controlling higher
flexion angles. Nevertheless, the suggested reciprocal
relation of the two bundles is controversial and is still
being discussed. A recent human cadaveric study by
Kondo et al** showed different result s than prior studies:
They reported that partial tears of the AM or the PL bundle
showed a nonsignificant and less-than-expected increase
of ATT. According to previous studies™®'**®, the tension of
the PL bundle, as indicated by the distances of the bundle’s
insertion sites, was increased at near-to-extension angles.
Nevertheless, unlike others, Kondo et af* found that AM
bundle tensioning did not increase with growing flexion
angles but stayed rather constant between 0° and 120° of
flexion (Figure 3). Therefore, they concluded that when
detecting a clinically unstable ATT in an examination of
the knee, more than a partial (one-bundle) rupture of the
ACL has to be assumed.

Rotational instability and pivot shift testing

Considering the anatomy of the ACL, its main structure
has a complex diagonal route through the knee (anter-
oposterior and horizontal mediolateral fibers), which
is almost reciprocal to the posterior cruciate ligament
fibers'??. The role of the mediolateral ACL fibers might
be versatile. In the intact knee, these fibers resist a
complex internal tibial rotational force. Although a
correlation between increased internal tibial rotation
and deficient ACL seems obvious, the internal tibial
rotation increases by less than 4°, from up to 30° of
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Figure 2 Semitendinosus and gracilis muscles with their insertions. At
90° of flexion, the forces of the hamstrings (Ftau) are opposed to the anterior
tibial translation (ATT) forces (Farr).

s
Ml
5 R o00gomogoon

Knee flexion angle (degree)

Figure 3 Distance between the femoral and tibial attachments of the
anteromedial and posterolateral bundles of the anterior cruciate ligament
during knee flexion (mean/SD) from Kondo et ai*, AM: Anteromedial; PL:
Posterolateral.

internal rotation in the intact knee™, when the ACL is
completely ruptured™*?, as other collateral ligaments
are also important stabilizers against internal rotation'*.

Although the resulting effect on isolated internal
rotation stability seems small, the rotational axis of the
knee alters from the center to a medial position near
the pars intermedia of the internal meniscus when the
ACL is ruptured®®. As a consequence, the movement in
the lateral compartment increases (Figure 4).

Kanamori et al*® determined that both medial and
lateral collateral ligaments compensate for in situ forces
against internal rotation when the ACL is ruptured. Based
on the effects of the medialized center of rotation with
a subsequent increase of motion radius of the lateral
compartment after an ACL rupture, the in situ forces of
the posterolateral ligamentous structures increase by up
to 413% at 15° of knee flexion'®.. The influence of an
ACL rupture on near-to-extension pivoting kinematics
can be clinically assessed by the pivot shift test.

The pivot shift test is an established and valid clinical
test for examining the ACL's influence on complex
rotational instability when ACL is ruptured®. It not
only is a dynamic knee instability test with a high speci-
ficity for ACL ruptures but also is influenced by active
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Figure 4 Shift of the center of the rotatory axis from the center/eminentia in an anterior cruciate ligament-intact knee (A) to a medial position (B). Modified

from Amis et af*".

muscle forces and by an inter-observer bias®®”). Near
extension the combined internal rotatory and valgus
loads induces an anterolateral tibial subluxation in the
ACL-deficient knee. With ongoing flexion, the collateral
ligament apparatus and the iliotibial tractus reach
tension at approximately 30° and retract the subluxated
tibia®!. Biomechanically, the pivot shift examination
can be simulated in vitro with a robotic/UFS system
by applying combined internal rotatory (4-5 Nm) and
valgus (10 Nm) loads while measuring the resulting
anterolateral tibial translation®®**>***, Several in vitro
studies have demonstrated a correlation between a
positive pivot shift phenomenon and a deficiency of
horizontal (e.g., PL bundle) fibers, as in the case of a
steep PL-to-High-AM reconstruction®'®®!, Clinically,
the pivot shift phenomenon may be difficult to detect,
especially in a situation of pain from an acute ACL
tear and subsequent contraction of muscles, which
can inhibit the subluxation phenomenon. Additionally,
due to improving technologies, such as navigation and
sensors, new techniques and tools have been developed
to quantify dlinical pivot shift kinematics™*>?. Although
the pivot shift seems more complicated to evaluate
compared to the ATT, studies report its strong correlation
to clinical outcomes®.. In a clinical study of 63 patients
with a follow-up at 5 to 9 years after ACL reconstruction
surgery, Jonsson et a* found a positive correlation of
the pivot shift phenomenon and osteoarthritic changes.
Kocher et al® investigated the relationship between
clinical assessment and different outcome parameter
scores after ACL reconstruction surgery. While there was
no correlation with investigated parameters regarding a
positive ATT, a positive pivot shift was detected to be a
significant predictor of satisfaction, giving way, difficulty
in different types of activity, overall knee function, sports
participation, and inferior Lysholm score.

Joint pressure

After an ACL rupture with a subsequent shift of the
rotatory axis and increased instability, an altered intra-
articular cartilage pressure seems obvious™”". Several
biomechanical in vivo and in vitro studies have found
decreased total joint pressure after an ACL rupture by
pressure-sensitive sensors or electromyography driven
model®®*, As a possible consequence of decreased
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joint pressure, the knee’s flexion movement after an ACL
rupture is also reduced”™?. The complex kinematics of
the knee joint and the altered strain of other ligamentous
or cartilage structures suggest the importance of
distinguishing the joint pressure in terms of its intra-
articular sector, loading or passive condition and respective
flexion angle!*®!. In the ACL-deficient knee, there is a
shift of the rotatory axis to the medial compartment
with slightly increased freedom of motion™?¥, Li et af*”
determined the tibiofemoral contact points during a one-
legged lunge at different flexion angles in an in vivo study
(Figure 5). They found out that there was a significant
shift of the contact points on the tibial surface after an
ACL rupture, most of them at flexion angles close to 15°.
In the medial compartment, the contact points altered
to a more posterior and more lateral position toward the
intercondylar eminentia. In the lateral compartment, a
lateralization of contact points was also observed but
without alteration in the anteroposterior axis. While total
patellofemoral joint pressure and the pressure of the
medial patellofemoral compartment decrease after an
ACL rupture, the lateral patellofemoral joint pressure
increases at higher flexion angles above 60°°%. In a
human cadaveric study, Imhauser et ai*! measured
increased tibiofemoral contact forces in the posterior
medial and lateral compartments under axial load and
simulated Lachman and pivot shift tests after an ACL
rupture (Figure 5).

In situ forces and tensile characteristics

In situ forces of the ACL have been calculated by
Morrisont***¥, For normal walking, in situ forces of 169
N were observed. When descending stairs, increased in
situ forces of 445 N were determined, which Morrison
explained by the complementary effects of knee extensor
muscles. Woo et al** performed tensile testing of
young human cadaveric femur-ACL-tibia complexes and
determined an ultimate load to failure of 2160 (+ 157) N
with a linear stiffness of 242 (£ 28) N/mm.

INFLUENCE OF ACL RUPTURE ON OTHER
STRUCTURES OF THE KNEE

A non-contact combined valgus- and internal-rotation
trauma of the knee is described as one of the most
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Lateral

Figure 5 Lateral shift of femorotibial contact points at various flexion
angles with intact anterior cruciate ligament (blue stars) and deficient
anterior cruciate ligament (red stars) - modified from Li et af*". Increased
contact stress after an anterior cruciate ligament rupture in the posterior lateral
compartment during pivot shifting (green area) and in the posterior medial

compartment during Lachman testing (violet area) - modified from Imhauser et
al*",

frequent mechanisms for an ACL rupture, as it may
occur in pivoting sports such as in soccer or handball®*,
This complex rotational trauma mechanism indicates
that other structures should be examined to determine
whether they were injured when an ACL rupture is
suspected. The incidences of other accompanying
injuries with the trauma mechanism and with altered
kinematics of ACL rupture are detailed below.

McCL

MCL rupture is a frequent possible result of the valgus-
stress component of a typical ACL trauma. The co-
incidence of MCL rupture was reported in every fifth
case when the ACL was ruptured™*?, An overseen and
maintained medial instability after ACL reconstruction
may result in inferior kinematics and persistent giving
way, despite sufficient anteroposterior and pivot-rotational
stability. In a clinical study, Zaffagnini et ai*”? found a
persistent valgus instability after three years post ACL
surgery and conservative treatment of a chronic MCL
grade II rupture, but there was no difference in antero-
posterior stability and in clinical outcome scores after
three years compared to a surgically treated MCL. In
another prospective randomized dlinical study, Halinen et
al*® also found equal stability and clinical outcome scores
after operative or nonoperative treatment of concomitant
MCL grade Il lesions and combined ACL reconstruction
in acute cases. Nevertheless, due to persistent instability,
a higher risk for secondary graft failure after ACL re-
construction and for osteoarthritis is still discussed.
Medial muscles, especially vastus medialis muscle, are
considered to provide active stabilizing effects on medial
instability. Therefore, alternative tendon grafts, other than
the medial-inserting m. semitendinosus tendon, can be
considered for ACL reconstruction, but the exact influence
of the hamstring muscles has not yet been investigated.

Medial meniscus

Medial meniscus concomitant injuries are reported in
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18%-54% of cases!******* and have a comorbidity to
acute and chronic ACL tears of up to 90%"™". A possible
cause for this correlation in acute valgus- and internal-
rotational trauma could be the mechanism of sudden
medial instability with subsequent anteroposterior and
rotational shear forces when the ACL ruptures. This shear
trauma might even be enhanced by an accompanying
MCL rupture™, With persistent ACL instability, a shifted
rotatory axis® and contact points*” result in an
altered flexion path of the medial femoral condyle and
increase the risk for secondary injuries of the medial
meniscus™"*?, Shear forces deriving from anteroposterior
instability of the tibia will either extend the anterior
displacement of the medial meniscus by up to 15 mm
or result in compression forces on the meniscus!'®***4,
Decreased passive joint pressure within the medial
compartment™*®! and combined instability seem to
result in increased impact forces*!! under stress, e.g.,
walking. Allen et a** determined an increased peak yield
of 50 N at 60° of flexion. The correlation of biomechanical
influences between the ACL and the medial meniscus
has been investigated in biomechanical human cadaveric
studies. After dissection of the ACL and the medial
meniscus, an increased ATT in contrast to a dissected
ACL with an intact medial meniscus was found™>".

Lateral meniscus

Lateral meniscus injuries are reported with concomitant
rates of 17%-51%"*****° which is slightly less frequent
than medial meniscus tears in cases of acute ACL
rupture but also often caused by the typical valgus-
internal-rotation trauma mechanism. The risk for a
lateral meniscus injury seems to correlate with a coexis-
ting lateral bone bruise, which is indicated on an MRI™,
Additionally, like the medial meniscus, the lateral
meniscus provides significant stability. A deficient lateral
meniscal root evokes pivot-rotational instability of the
knee in cadaveric studies®™**?.,

Lateral collateral ligament

Lateral collateral ligament (LCL) concomitant injuries
are rare and may be caused by anterolateral knee
luxation injuries™*!, Nevertheless, the LCL is an impor-
tant stabilizer for the joint. Zantop et ai*® have shown
in @ biomechanical study that a standalone ACL recon-
struction cannot restore intact knee kinematics if the LCL
is also deficient. Increased pivot-rotational anterolateral
instability after an ACL rupture has promoted anatomical
investigations of the anterolateral corner™. Parsons et
al®® found that the anterolateral ligament (ALL) provides
stability against internal rotation at flexion angles
greater than 35°. It has been proposed that a deficient
ALL may correlate with a positive pivot shift sign. In
addition, other structures of the anterolateral corner,
such as the iliotibial tractus with its connecting Kaplan
fibers, the lateral retinaculum and the lateral capsule,
are suggested to influence pivot-rotational stability™”.
Additionally, it is currently being discussed whether the
ALL becomes insufficient over time in cases of chronic
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Table 1 Biomechanical properties of tendons, grafts and
fixation techniques

Subject Maximum load  Stiffness Ref.
to failure (N)  (N/mm)
Intact ACL (with femur and tibia) 2160 (+ 157) 242 (£28) [45]
Two gracilis strands 1550 (+ 369) 370 (£108) [69]
Two semitendinosus strands 2640 (+ 320) 534 (£76) [69]
Four combined hamstring strands 4090 (+ 295) 276 (+204) [69]
7 mm BPTB 2238 (+ 316) 327 (+58) [67]
10 mm BPTB 2977 (£ 516) 424/455  [67]
(£57/67)
15 mm BPTB 4389 (+708) 556 (+67) [67]
10 mm QTB 2353 (£495) 621 (+122) [70]
Interference screw (BPTB) 683-863 76-80 [71]
Interference screw (hamstrings) 534-925 189-315  [68,72]
Endobutton (hamstrings) 520-1364 35-195  [68,73]
Interference screw and 1290-1449 307-341  [68]

endobutton (hamstrings)

ACL: Anterior cruciate ligament; QTB: Quadriceps-tendon-bone; BPTB:
Bone-patellar-tendon-bone.

[59]

ACL insufficiency’

Secondary osteoarthritis

Secondary osteoarthritis is often observed after an ACL
rupture: A meta-analysis by Ajuied et ai*” calculated
a relative risk of 389 for radiographic osteoarthritic pro-
gression after an ACL rupture. There is good evidence for
long-term degenerative progression and inferior clinical
outcomes after concomitant meniscal and chondral in-
juries®®!, Additionally, persistent pivot-rotational instabi-
lity after an ACL rupture was found to be a predictor for
osteoarthritis and subjective satisfaction®*>*. Neverthe-
less, although a positive effect of ACL reconstruction on
osteoarthritic progression is proposed, to date there is no
evidence for a preventive effect’®*®",

ACL RECONSTRUCTION

ACL reconstruction is currently a topic of intense
research, with more than 1940 hits in the Medline
database for the term “ACL reconstruction” published
within the past 5 years. Nevertheless, the history of
ACL reconstruction goes back to the end of the 19"
century. In 1895, Robson™ directly sewed the ACL
in place via open medial arthrotomy. In 1903, Lange
proposed an alloplastic ACL reconstruction with a silk
graft”®. Grekow described in 1914 the first autologous
transplant with a free iliotibial tractus stripe™. From that
moment, different autologous grafts have been used for
transplantation. Briickner used a free patellar tendon
graft for an arthroscopically assisted transplantation
in 1966, Because of the high harvesting morbidity
of the graft, the primary suture regained favor in
the 1970s**%*), Additionally, new synthetic materials
(e.g., Goretex, Carbonates) were used, but, due
to complications, these alloplastic grafts, as well as
the primary suture, were considered obsolete in the
1990s®, Since then, arthroscopically assisted ACL
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reconstruction with autologous or allogeneic tendon graft
has evolved to worldwide acceptance.

Graft choice and graft fixation

Currently, hamstring-tendons (semitendinosus and
gracilis), bone-patellar-tendon-bone (BPTB) complexes
and quadriceps tendon-bone complexes are frequently
used grafts. Tensile characteristics of these grafts are
shown to be superior (maximum loads 2977 N, 4140 N
and 2353 N) to the native femur-ACL-tibia complex (2160
N)™ with similar stiffness (Table 1)"*>*7?., Nevertheless,
the weakest point of primary graft failure has turned
out to be the graft fixation (Table 1). There are many
biomechanical studies that evaluate the biomechanical
properties of graft fixation. Due to the scarcity of young
human donors, animal or old human specimens have
often been used, leading to results that may vary from
those of typical young ACL reconstruction patients.
Still, the dimensions of biomechanical properties range
between the calculated in situ forces of the ACLI**** and
its ultimate failure load™. In addition to sufficient failure
loads of fixation techniques, fixation of the graft close to
the insertion site is suggested to decrease longitudinal
(“bungee”) and sagittal (*windshield wiper”) graft
movements® . Furthermore, Oh et a*® have found
significantly increased stiffness when an interference
screw was added to an extracortical endobutton fixation
(307 N/mm vs 195 N/mm).

Beyond biomechanics, clinical studies have shown
good and comparable results with semitendinosus,
quadriceps and bone-patellar-tendon-bone grafts for
ACL reconstructions” 7., Thus, it is feasible to make
an individual graft choice - for instance, to avoid BPTB
grafts when anterior knee pain is at risk (floor tiler)
or to avoid semitendinosus grafts when concomitant
medial collateral ligament injury exists. Novel minimally
invasive surgical harvesting techniques for quadriceps
tendons promise less cosmetic burden and more clinical
acceptance””. In a systematic review of overlapping
meta-analyses, Mascarenhas et al’”® concluded that
allografts were equal to autografts in terms of rerupture
rates and clinical outcomes.

Tunnel positioning and effects on biomechanics

Until the beginning of the 21* century, ACL recon-
struction with transtibial drilling of the femoral tunnel
was the common surgical technique®. As femoral
tunnel placement depended on the tibial tunnel place-
ment, it was difficult to aim for the anatomic ACL
footprint of the lateral femur condyles through a tibial
tunnel. The over-the-top position, with tunnel placement
near the deep cartilage margin and the intercondylar
roof, was preferred to achieve a good near-to-anatomic
reconstruction®. From an anatomical point of view, this
position corresponds best to a near AM-bundle position.
In 2002, Loh et al”®! were possibly the first to transform
the known reciprocal relation of ACL bundles in situ
forces into a cadaveric ACL reconstruction study. By
drilling the femur in the 10 o’clock position, Loh intended
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Figure 6 Anterior tibial translation under a simulated pivot shift test (combined 10 Nm valgus and 4 Nm internal rotational load, mean/SD, °P < 0.05) as
influenced by anterior cruciate ligament mismatch reconstruction of posterolateral and anteromedial bundles in a human cadaveric study by Herbort et

al™, AM: Anteromedial; PL: Posterolateral; ACL: Anterior cruciate ligament.

to address PL-bundle fibers and evaluated the results
against the conventional 11 o’clock over-the-top position.
After evaluating resulting kinematics with a UFS/robotic
testing system, the 10 o’clock reconstruction resulted
in superior stability under combined rotatory loads.
Consideration of anatomical ACL insertion sites continues
to be a focus of biomechanical investigations. Mismatch
reconstruction studies using robotic/UFS testing systems
have demonstrated superior kinematics for combined
rotatory loads and near-to-extension ATT when fibers of
both the PL and AM bundles are reconstructed (Figure
6)[8'16'21'80].

Most authors have concluded that the more hori-
zontal fibers of the reconstructed PL bundle in particular
were responsible for stabilizing the joint at near-to-
extension angles.

With the “dependent” transtibial drilling technique,
accurately and reliably addressing the femoral ACL
footprint was very difficult®®¥, although recently a
novel modified transtibial technique was introduced
that promises better aiming for the native footprint®.
Nevertheless, the introduction of the anteromedial portal
technique allowed “independent” drilling of femoral ACL
tunnels and, thus, a method to reliably and visually
address the native tibial and femoral ACL footprints®®*®,
Hence, novel anteromedial portal “anatomical” single-
and double-bundle ACL reconstruction techniques
have been clinically introduced and biomechanically
evaluated™®**%,

Correlating to the results of the biomechanical
mismatch studies®®®!, both anatomic double-bundle
and anatomic single-bundle ACL reconstruction techni-
ques resulted in superior kinematics compared to
transtibial (“high-AM") femoral tunnel drilling for ACL
reconstruction®***%, In a human cadaveric study, Bedi
et al® determined that even an increased graft sized
of a “high-AM” misplaced femoral ACL single bundle
could not compensate for prime stability in contrast to
a centrally placed smaller single bundle. However, in
biomechanical studies, no superior kinematics could
be found between anatomic double-bundle ACL recon-
struction with drilling of an AM and a PL bundle tunnel in
contrast to one centrally placed “anatomic” single-bundle
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ACL reconstruction®®?**°!, Regardless, biomechanical

advantages of “anatomic” double-bundle reconstruction
may exist in larger knees: Siebold® calculated better
coverage of femoral ACL insertion sites larger than
16 mm with the double-bundle technique and good
coverage of the femoral ACL footprint for sites smaller
than 13 mm with the single-bundle technique.

From a clinical perspective, Chhabra et al”** and
Griffith et a/** reported less tunnel expansion, decreased
instability and fewer incidences of revision surgery
after ACL reconstruction using the anteromedial portal
technique compared to the transtibial technique. There
have been many prospective randomized dlinical studies
comparing anatomic single- and double-bundle ACL
reconstruction®®®!, Several of the clinical studies have
shown minor but significant advantages for the anatomic
double-bundle technique. In their meta-analysis, Desai et
al®® included 15 prospective clinical trials and found that
3 of those indicated significant superior anteroposterior
stability of the anatomic double-bundle group in contrast
to the anatomic single-bundle group. Furthermore, 2 of
the included clinical studies resulted in superior pivot-
rotational stability'®. Regarding clinical outcome scores,
van Eck et al® reported in their meta-analysis of 12
prospective clinical studies that no significantly different
parameters of IKDC score, Lysholm score, range of
motion and complication rate between anatomic double-
bundle and anatomic single-bundle were detected.
Despite these good biomechanical and clinical results,
the anatomic double-bundle ACL reconstruction is
controversial. In contrast to anatomic single-bundle
reconstruction, its upfront costs are more expensive'®”,
and the surgical technique and tunnel revision surgery
are considered to be more sophisticated®®.

[93]

New trends and concepts in ACL reconstruction surgery
Trying to simulate anatomic ACL insertion sites has
resulted in good biomechanical and clinical parameters
over the last decade. To mimic the effect of the anatomic
double-bundle technique to effectively address both the
PL and the AM bundle for femoral tunnel drilling, Herbort
et al*” introduced a rectangular tunnel technique, which
is supposed to show better coverage of both bundle
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Gracilis
tripled ST}
ACL graft

Figure 7 Novel anterior cruciate ligament repair techniques. A: Anterior
cruciate ligament (ACL) suture and dynamic augmentation (Ligamys™, copyright
Mathys Ltd., Bettlach, Switzerland); B: Ligament bracing (from Heitmann et af**%);
C: ACL reconstruction with anterolateral ligament (ALL) augmentation (from
Sonnery-Cottet et af*¥). ST: Semitendinosus, LCL: Lateral collateral ligament.

insertions with one single, regular-sized transplant.
Their biomechanical human cadaveric study resulted
in superior ATT stability in contrast to a conventional
round-tunnel, single-bundle reconstruction at 0° and
15° of flexion®, Sonnery-Cottet et al®® and Kittl et
al*"! reported a combined ACL and ALL reconstruction
technique (with tenodesis) to improve the stability of
the anterolateral corner in cases of acute or chronic ACL
rupture with increased anterolateral rotational instability
(Figure 7C) An initial case study of 92 patients resulted
in significantly improved pivot-rotational stability after
2 years®™, However, prospective randomized clinical
studies to distinguish the pivot-rotational stabilizing
effects between a conventional ACL reconstruction and
a combined ACL/ALL reconstruction are still lacking.
Primary suture with or without alloplastic augmentation
of the ruptured ACL has resulted in inferior clinical
outcomes in prospective and retrospective studies®®*°”,
The majority of these alloplastic augmentations have
been stiff constructs in a nonanatomical position (over-
the-top position or extra-articular)!®®*°?, However,
with the aim to restore proprioceptive properties of
the ligament and to avoid the harvesting morbidity of
tendon grafts, Eggli et ai*®, and Kohl et al'**® have
introduced a new method of primary suturing of a
traumatic ACL rupture with combined dynamic alloplastic
intraligamentous stabilization (Figure 7A). To avoid
mechanical fatigue of the augmentation and to adapt to
the complex flexion axis of the knee!*®, the augmen-
tation cord is placed near-anatomical within or slightly
behind the ACL and dynamically suspended by an
intraosseous spring mechanism. Initial small-sample
clinical studies after suturing with dynamic alloplastic
intraligamentous stabilization have shown promising
results for primary ACL ruptures and for combined
suturing and augmentation of other structures for
complex knee dislocation injuriest*®*%%,

Heitmann et a/**" described a similar technique
with suturing and anatomically placed intraligamentous
alloplastic augmentation of torn cruciate ligaments
in cases of acute knee dislocation injury (Figure 7B).
The authors exclusively recommend the technique for
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acute knee dislocations injuries of Schenck I and IV
types that do not involve a dynamic suspension of the
augmentation. An initial clinical study of 20 patients
showed satisfying results one year after surgery!*".

The perspective of suturing for preserving autolo-
gous graft material and the native ACL has often
been considered to reduce morbidity in the past, but
the results were not promising® ', For complex
ligamentous knee dislocation injuries, there seems to be
a good potential for reduced harvesting morbidity and OR
time. Additionally, it remains unclear whether a dynamic
or a static augmentation suture in a combined cruciate
ligament injury was best either for restoring stability or
not inducing deficits of range-of-motion or misplacing the
physiological axes of the knee. To date, there are no data
from prospective randomized controlled studies.

CONCLUSION

The knee is a complex joint with shifting contact points,
pressures and axes that are affected when a ligament is
injured. The ACL, as one of the intra-articular ligaments,
has a strong influence on the resulting kinematics.
Often, other meniscal or ligamentous injuries accompany
ACL rupture and further deteriorate resulting kinematics
and clinical outcomes. Knowing the surgical options,
anatomic relations and current evidence to restore ACL
function and considering the influence of concomitant
injuries on resulting kinematics to restore full function
together can help to achieve an optimal outcome.
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