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Abstract

In recent years, anterior cruciate ligament (ACL) reconstruction has generally
yielded favorable outcomes. However, ACL reconstruction has not provided
satisfactory results in terms of the rate of returning to sports and prevention of
osteoarthritis (OA) progression. In this paper, we outline current techniques for
ACL reconstruction such as graft materials, double-bundle or single-bundle
reconstruction, femoral tunnel drilling, all-inside technique, graft fixation, preser-
vation of remnant, anterolateral ligament reconstruction, ACL repair, revision
surgery, treatment for ACL injury with OA and problems, and discuss expected
future trends. To enable many more orthopedic surgeons to achieve excellent
ACL reconstruction outcomes with less invasive surgery, further studies aimed at
improving surgical techniques are warranted. Further development of biological
augmentation and robotic surgery technologies for ACL reconstruction is also
required.

Key Words: Anterior cruciate ligament reconstruction; Surgical techniques; Revision
surgery; Biological augmentation; Computer-aided surgery
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Core Tip: Although anterior cruciate ligament (ACL) reconstruction has offered great
benefits, particularly to athletes and physical laborers, there is a great deal of room for
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improvement through technology development aimed at achieving more excellent
outcomes and restoring performance to a level equal to or higher than before the injury.
The all-inside ACL reconstruction technique is a relatively new, minimally invasive
method in which both femoral and tibial tunnels are drilled from inside the joint, and
its advantages include less postoperative pain and less bleeding. A new computer-aided
ACL reconstruction system with high efficacy needs to be developed.

Citation: Takahashi T, Watanabe S, Ito T. Current and future of anterior cruciate ligament
reconstruction techniques. World J Meta-Anal 2021; 9(5): 411-437

URL: https://www.wjgnet.com/2308-3840/full/v9/i5/411.htm

DOI: https://dx.doi.org/10.13105/wjma.v9.i5.411

INTRODUCTION

The anterior cruciate ligament (ACL), located in the middle of the knee joint, is
significantly associated with the stability of the knee. Numerous studies have
contributed to the advancement of knowledge and treatment of the ACL, as well as
knee surgery. Given the anatomical location and roles of the ACL, the strategies for
treating it, and the approaches to researching it, one could say that “all roads of the
knee lead to the ACL”. This article discusses current and future trends of surgical
treatment for ACL.

Based on the challenges that our predecessors faced, ACL repair is rarely indicated
for ACL injury. Instead, ACL reconstruction is usually performed.

In recent years, ACL reconstruction has generally yielded favorable outcomes. This
procedure is a minimally invasive arthroscopic surgery involving small incisions, and
rarely causes significant complications[1,2]. Therefore, ACL reconstruction has been
actively performed for in more and more patients, including young professional
athletes as well as middle-aged and older amateur athletes[3-5]. Currently, the number
of ACL reconstruction procedures performed in the United States is approximately
200000 per year and is expected to increase further[6,7]. Considering the increasing
level of orthopedic treatment in the world, as well as an increase in the number of
people who desire a high quality of life that permits a high level of activity, there is no
doubt that the number of ACL reconstruction procedures will increase.

Nevertheless, ACL reconstruction requires about 6 mo to return to sport after
surgery. Consequently, high school and college athletes, as well as professional
athletes, often end up stepping down as a player without a complete comeback after
undergoing ACL reconstruction because their time as a player is limited. Even after
returning to play, some athletes who have undergone the surgery cannot perform as
they did previously because a sense of knee instability remains and the muscle
strength does not sufficiently recover. The causes of these unsatisfactory outcomes
include the complication of meniscal injury[8], time from injury to reconstruction
surgery, progression of osteoarthritis (OA), weakness of the quadriceps, joint laxity
such as hyperextended knee, and anatomical characteristics such as excessive posterior
tibial slope together with narrow intercondylar fossa[9].

The common causes of ACL reconstruction failure include new traumatic events
(38%), technical failure (22%), and combined causes (19%)[10]. Anatomical ACL
reconstruction can reduce the risk of post-traumatic OA[11]. Factors associated with
postoperative outcome include drill hole position, method of fixation, mechanical
strength of the tendon graft, drilling method, whether the ACL remnant is preserved,
pediatric patients before epiphyseal closure and treatment of the meniscus[12].

Because ACL reconstruction enables athletes to return to sports and also people of
working age (15-65 years old) to return to work[13], it can contribute to maintaining
and activating industries in their communities. Although ACL reconstruction has
offered great benefits, particularly to athletes and physical laborers, there is a great
deal of room for improvement through technology development aimed at achieving
more excellent outcomes and restoring performance to a level equal to or higher than
before the injury.

In this paper, we outline current techniques for ACL reconstruction, describe their
features and problems, and discuss expected future trends.
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SURGICAL TECHNIQUES

Graft materials

Preparation: Hamstrings: The hamstring tendon is harvested by making a 3-4 cm skin
incision 2 cm distal to the medial tibial articular surface. First, the sartorius tendon is
divided along the length of the tendon. The underlying gracilis tendon is confirmed
and pulled proximally. The semitendinosus tendon is confirmed distally. The distal
branch of the semitendinosus tendon is dissected, bluntly detached with forceps and a
gauze ball, and collected using a tendon stripper. If the semitendinosus tendon is short
or thin, the gracilis tendon is also harvested.

Bone-patellar tendon-bone: The bone-patellar tendon-bone (BTB) graft is harvested
by making a longitudinal skin incision of approximately 5 cm along the medial edge of
the patellar tendon. An incision is made in the central 9-10 mm of the width of the
patellar tendon with a scalpel. Trapezoidal bone fragments with a width of 8-10 mm
and a length of 15 mm are collected from the patella and tibial tuberosity. In a BTB
graft, when the length of the tibial tunnel is short and the patellar tendon is long, the
bone fragment on the tibial side is exposed outside of the tibial bone tunnel. Thus, it is
necessary to prepare a fixture such as a post screw.

Quadriceps: The surface layer of the quadriceps is the rectus femoris tendon. The
middle layer consists of the tendons of the vastus medialis and vastus lateralis
muscles. The deep layer is the vastus intermedius tendon. The width is narrowest
approximately 5 cm proximal to the patellar attachment[14]. To harvest the quadriceps
tendon, a scalpel is used to make a full-thickness incision 5-6 mm from the patellar
attachment to the proximal end of harvested tendon. Next, an incision is extended up
to the patellar attachment along the length of the tendon. The width of adherent
portion is 8-10 mm. Next, a tendon with a thickness of approximately 10 mm is
harvested. A Krackow suture is performed with two sets of No. 2 sutures. The length
of the grafted tendon can be easily adjusted.

On the patellar side, a trapezoidal bone fragment with a length of 15 mm and a
width of 8-10 mm is harvested. Even if the width of the quadriceps tendon is 5-6 mm,
the thickness (approximately 10 mm) is sufficient in combination with the rectus
femoris, vastus medialis, vastus lateralis, and vastus intermedius. The cross-sectional
area of the quadriceps tendon is almost twice that of the BTB graft. The quadriceps
tendon has higher load to failure and stiffness than the BTB graft[15]. The quadriceps
tendons may be easier to use than the BTB graft in patients with anterior knee pain
and pain during kneeling[16]. To fix the grafted ligament, an interference screw or a
cortical button such as the CL-BTB is used as a patellar fragment on the femoral side.
The thread is tied tightly to the cortical button on the tibial side.

Hamstring and BTB is commonly used as autografts[17]. Several studies reported no
significant difference between these materials in postoperative clinical outcome; knee
stability evaluated by KT-1000 (MED metric, San Diego, CA) test, Lachman test,
and/or pivot shift test; International Knee Documentation Committee (IKDC) score;
knee injury and osteoarthritis outcome (KOOS) score; limitation in range of motion; or
the rate of return to sports[18-21]. However, there are some reported that the rate of
graft rupture was slightly higher in patients who used hamstring autograft than in
those who used BTB autograft[22-24] (Table 1).

Characteristics: Hamstrings: Among the hamstrings, the semitendinosus tendon and
gracilis tendon are most commonly used for ACL reconstruction in patients, including
amateur athletes[25]. If possible, it is preferable to harvest only the semitendinosus
tendon, in order to prevent postoperative muscle weakness[26]. For single-bundle
ACL reconstruction, the semitendinosus tendon is folded into four layers to obtain a
diameter = 8 mm. If sufficient length or diameter of autograft cannot be obtained, there
is no choice but to use the gracilis tendon. A possible solution when performing ACL
reconstruction using only the semitendinosus tendon autograft is to fill the socket-like
drill tunnels with graft and use a technique with fewer bungee cord and windshield
wiper effects. Harvesting the hamstring may result in reduced mobility of the knees at
a high flexion position in some cases such as ballet dancer. An advantage of ACL
reconstruction with hamstring autograft is that it makes it easy to perform double-
bundle ACL reconstruction (Table 1).

BTB: ACL reconstruction with BTB autograft has commonly been used around the
world because the patellar tendon provides high mechanical strength and interference
screws provide strong fixation. However, because the autograft is harvested with
bone, this technique causes postoperative tenderness of the anterior knee region where
harvest was performed. This pain can persist for several years. Accordingly, the use of
BTB autograft might be avoided for people in some Asian countries where it is
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Table 1 Characteristics of various autograft materials

Hamstrings

BTB

Quadriceps

Cross-sectional area

Good to excellent

Fair to good

Good to excellent

Mechanical strength Good Good to excellent Excellent
Adjustment of graft length Possible Difficult Easy
All-inside technology Easy Sometimes difficult Easy
Preservation of remnant  Possible Sometimes difficult Sometimes difficult
Double bundle Easy Difficult Possible
Graft fixation
Femoral Cortical button Interference screw Interference screw
(metalic > bioabsorbable) (metalic > bioabsorbable)
Cortical button Cortical button
Tibial Cortical button Interference screw Cortical button
Interference screw (metallic > bioabsorbable) Interference screw
(metalic < bioabsorbable)
Post fixation
Complication Nerve injury Patellar fracture Patellar fracture
(infra-patellar branches of the saphenous nerve)
Decrease of Flexor muscle strength Kneeling pain
Anterior knee pain
Decrease of extensor muscle strength Decrease of extensor muscle strength
Indication
Recommend Amateur athlete Amateur and professional athlete Amateur and professional athlete

(high-intensity sports) (high-intensity sports)

Revision surgery
Ballet dancer

Not recommend Wrestler, Judo, Karate

BTB: Bone-patellar tendon-bone.

common to sit on the Japanese sitting or kneeling and for athletes that requires often
kneeling, such as wrestler judo or karate. Even in these countries, however, BTB
autograft is often considered to be the first choice in male patients who do high-
intensity sports because it can provide better postoperative stability relative to ACL
reconstruction with hamstring autograft[21,27,28] (Table 1).

Quadriceps: Reports on the use of quadriceps tendon autograft with or without a
bone block have increased since 2015, although the method had been used previously
in clinical practice. Some studies reported that the clinical outcomes of ACL
reconstruction with quadriceps tendon autograft were comparable or superior to those
of reconstruction with BTB or hamstring autograft[28-31], whereas other studies
reported that the rate of graft rupture was higher in ACL reconstruction with
quadriceps tendon autograft than in reconstruction with BTB or hamstring autograft
[32]. ACL reconstruction with quadriceps tendon autograft has several advantages: it
causes less pain in the anterior knee region because there is a bone plug on one side
only[29,33], less risk of injury to the infrasaphenous branch and the procedure requires
only a small skin incision[34]. By contrast, ACL reconstruction with BTB autograft
damages the tibial tuberosity. Although several studies reported ACL reconstruction
with quadriceps tendon autograft, most were based on short-term follow-up. Hence,
further studies based on long-term follow-up are needed to explore the possibility of
reduced muscle strength for knee extension associated with the procedure (Table 1).

ACL reconstruction with BTB or quadriceps tendon autograft temporary decreases
muscle strength for knee extension because it damages the knee extensor mechanism.
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In addition, reduced quadriceps strength may be exacerbate knee OA. Therefore,
sufficient training for these muscles is required after surgery.

Allograft: ACL reconstruction with allograft is an alternative technique because it
does not damage the patient’s own tissues. Therefore, it has been performed widely in
the United States and Europe, and its outcomes are comparable to those of ACL
reconstruction with autograft. However, after a study reported that the rate of graft
rupture in patients who underwent ACL reconstruction with allograft was higher than
that in those who received autograft[35,36], the use of allograft for primary ACL
reconstruction has gradually decreased, although ACL reconstruction with fresh
frozen and non-irradiated allograft is sometimes performed for revision ACL
reconstruction[37,38] and multiligament reconstruction. The use of allograft is
generally not recommended for primary ACL reconstruction in elite athletes.

Techniques for femoral tunnel drilling

The most common technical error in ACL reconstruction procedure is femoral tunnel
malposition (63%), which causes poor clinical outcome due to residual instability or
graft rupture[39].

Independent drilling technique is a method for drilling femoral and tibial tunnels
separately (Table 2). There are two types of independent drilling: 1) the anteromedial
(transportal) technique, in which a femoral tunnel is drilled from the inside to the
outside; and 2) the outside-in technique, in which a femoral tunnel is drilled from the
outside to the inside on a footprint identified with a dedicated drill guide (Table 1).

Anteromedial technique: The arthroscope is inserted from the anterolateral portal
with the knee bent to 120-130 degrees. The drill guide pin is inserted from the antero-
medial portal. The pin tip is placed in the center of the femoral footprint of the ACL.
After drilling, it penetrates from the lateral cortex to the skin surface. First, a PL
bundle bone tunnel is made, followed by an AM bundle bone tunnel in the same
manner. If the knee flexion angle is 120 degrees or less, blowout of the posterolateral
cortex would occur[40-42], making it impossible to fix the femoral side; this increases
the risk of peroneal nerve palsy.

Outside-in technique: The arthroscope is inserted from the anteromedial portal with
the knee bent to approximately 90 degrees. The femoral drill guide is inserted into the
joint from the anterolateral portal and held firmly in place. Next, the guide pin is
inserted so that it does not shift from the center of the femoral footprint of the ACL.
The drill-guided trocar should be placed on the femur. A skin incision should be made
in the lateral thigh to locate the lateral cortex.

With the anteromedial and outside-in approaches, after creating the femoral bone
tunnel, a tibial drill guide is used to create a tibial bone tunnel from the anterior
surface of the tibia based on the bone tunnel diameter. Both techniques are useful in
that they enable surgeons to accurately create a femoral tunnel on the target footprint.
Although both techniques allow for accurate femoral tunnel positioning, some studies
have reported that the outside-in technique is more effective because it results in a
more oblique tunnel and a longer femoral tunnel relative to the anteromedial
technique[43-45]. Disadvantages of the anteromedial technique include that it is
associated with the risk of short femoral tunnel, posterior-wall blowout, and iatrogenic
damage to the cartilage of the medial femoral condyle by a more horizontal direction
of the femoral tunnel in Three-dimensional (3D) plane[41]. However, the anteromedial
technique can also produce a long femoral tunnel by using a flexible reamer, and the
risk of peroneal nerve paralysis associated with this technique can be avoided using a
specific procedure[46,47]. Disadvantages of the outside-in technique include the need
for small incision in the femur[42]. At present, the anteromedial technique is most
commonly used in the world[48,49].

Transtibial technique: This is a classical drilling method for ACL reconstruction, a
tibial tunnel is initially created using a tibial drill guide. An arthroscope is inserted
from the anterolateral portal. A tibial drill guide is inserted into the joint from the
anteromedial portal. The tip of the guide is applied to the footprint of the tibia and
then a guide pin is inserted through the tibial tunnel to create a femoral tunnel
(Table 1). The position of the femoral tunnel in this technique depends on the
orientation and position of the tibial tunnel. Therefore, this technique is called
dependent drilling. Some studies reported that the anteromedial technique was
associated with less femoral tunnel positioning errors and provided better stability
and clinical outcomes than the transtibial technique[10,50,51], whereas other studies
reported no difference between these techniques in clinical outcomes, patient
satisfaction, or rate of revision reconstruction surgery in recreational athletes[52,53].
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Table 2 Features of independent and dependent techniques

Femoral tunnel position

Complexity of technique

Independent technique Dependent technique
Outside-in T Modified TT =TT with modified devices
Anatomical Somewhat unanatomical ~ Anatomical ~ Anatomical

Relatively simple Somewhat complicated ~ Simple Simple Simple

TT: Transtibial.

Jaishideng®

The independent drilling techniques (anteromedial and outside-in) allow for the
creation of femoral tunnels at more anatomical positions than the transtibial technique
[54]. To decrease the rate of erroneous femoral tunnel positioning with the transtibial
technique, several technologies assist in determining the center of the femoral tunnel,
e.g., the Wire-navigator® device (a guidewire navigation device; Smith & Nephew
Japan Inc., Tokyo, Japan), which is composed of a Navi-tip consisting of tibial and
femoral indicators[55] and a laser-beam guided drill guide[56]. These devices can
indicate the center of femoral tunnel.

In the modified transtibial technique, the patient’s leg is placed in a figure-of-4
position (the knee is in 90° flexion, varus and internal rotation of the tibia, and the hip
is abducted) when the guide pin is inserted[57,58]. This technique is easy to perform
for many surgeons who are accustomed to the transtibial technique[59]. Some studies
reported that this technique resulted in better femoral tunnel positioning than the
transtibial technique, as well as femoral positioning and clinical outcomes comparable
to those of the independent techniques; in addition, the technique is easy to perform
[58,60-62].

In our opinion, it is not ideal to perform the transtibial technique in the classical
manner, relying on the surgeon’s experience or gut feeling, because in some cases it
results in poor femoral tunnel positioning. Therefore, if the transtibial technique is
performed, assistive devices such as a dedicated drill guide should be used, and the
patient’s leg should be placed in a position suitable for this technique. To confirm the
femoral tunnel position, some studies have recommended using arthroscopic views
through the anteromedial portal as well as intraoperative fluoroscopic views[39].

There are knacks and pitfalls in any of the techniques mentioned above. Therefore,
it is important for surgeons to master techniques that they are good at, taking their
learning curve into account.

All-inside technique

The all-inside ACL reconstruction technique (Figure 1) is a relatively new, minimally
invasive method in which both femoral and tibial tunnels are drilled from inside the
joint[63-65]. It has recently become more common in clinical practice, and the number
of its case studies has been increasing[66]. The all-inside technique may be a
reasonable option. When drilling femoral and tibial tunnels using this technique,
special care should be taken not to damage the trabecular bone structure adjacent to
the graft and the sutures used to pull the graft. This technique can alleviate
postoperative pain because it causes less damage to the tibial bone and the periosteum
[67-69]. Moreover, it allows for creation of an autograft using only the semitendinosus
tendon by the hamstrings tendons. All-inside ACL reconstruction with a
semitendinosus tendon autograft has achieved good postoperative stability of the knee
relative to ACL reconstruction with an autograft using both the semitendinosus
tendon and the gracilis tendon[70] and ACL reconstruction with BTB[71].

For the all-inside technique, independent drilling with a retrograde drill is
commonly performed, and devices that have been modified for this technique are
available[68,72,73]. In our hospital, we assemble a dedicated guide pin and reamer in
the joint, fix them, and drill the tunnels from inside the joint using the dependent
technique[74]. We have achieved good postoperative outcomes in transtibial ACL
reconstruction procedures, in which the center of the femoral footprint is irradiated
with a laser beam to determine the tunnel position[75]. To date, we also have achieved
good postoperative stability in patients who underwent transfemoral all-inside ACL
reconstruction.

The advantages of the all-inside technique include less postoperative pain[68] and
less bleeding, which may decrease the risk of postoperative infection. If this technique
becomes less complicated, more surgeons may choose it (Table 3).
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Table 3 Features of the conventional technique and all-inside technique

Conventional technique All-inside technique
Invasiveness in the tibial tunnel
Bone damage Moderate Minor
Bleeding Moderate Minor
Invasiveness during autograft harvesting Minor or moderate Minor
Postoperative pain Moderate Minor
Complexity of surgery Minor Moderate

Conventional technique

All-inside technique

Grafted ligament

Bone defect

Less invasive, less bone loss

Figure 1 Schema of bone tunnel creation of anterior cruciate ligament reconstruction. Left: Conventional technique; Right: All-inside technique.

Jaishideng®

In most all-inside ACL reconstruction procedures in which both ends of an
autograft are fixed with cortical buttons, only the semitendinosus tendon is used to
create the autograft. In such cases, it is possible to create a large-diameter autograft
and to obtain a better knee flexion strength in comparison with ACL reconstruction
using both the semitendinosus tendon and gracilis tendon[76]. Several studies
reported that all-inside ACL reconstruction using adjustable-length loop cortical
button fixation resulted in less tibial tunnel widening than ACL reconstruction using
bioabsorbable interference screw fixation[77,78], suggesting this approach may avoid
two stage revision in revision ACL reconstruction surgery. However, there is no
difference between these techniques in postoperative knee stability, clinical outcome,
or rate of graft rupture[79]. It is expected that discussion of the benefits and reliability
of the all-inside technique will become more active, as at present there have been few
reports describing its long-term outcomes (> 5 years).

Double-bundle or single-bundle ACL reconstruction
Since the double-bundle ACL reconstruction technique was reported by Muneta et al
[80] in 1999, it has been used around the world.

A double bundle consists of two routes: AM and PL bundles. Two bone tunnels are
created for the femur and tibia, respectively. The graft material consists of hamstring
autograft or allograft. In most cases, a hamstring autograft is used. The anteromedial
approach is often used to create bone tunnels, but the transtibial or outside-in
approach may be used.

An arthroscopic ruler can be used to measure the insertion site of the patient’s
native ACL. This measurement can help decide whether to perform double- or single-
bundle reconstruction[81]. When a patient has femoral and tibial insertion sites that
are larger than 14 mm, double-bundle reconstruction is indicated. When a patient has
a notch width of less than 12 mm, double-bundle reconstruction often cannot be
performed because the AM guide pin cannot be placed in the native femoral insertion
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site.

Comparing with single-bundle ACL reconstruction, double-bundle ACL
reconstruction can better reproduce the natural anatomical structure of the ACL and
provide better ACL function. In addition, several studies reported that double-bundle
ACL reconstruction had a lower positive rate in the pivot shift test than that of one-
bundle ACL reconstruction[82-84]. Moreover, double-bundle ACL reconstruction is
more effective for improving rotatory instability. The rate of revision ACL
reconstruction was lower in patients who received double-bundle ACL reconstruction
in their primary surgery[85]. In addition, patients who received double-bundle ACL
reconstruction exhibited less widening of the bone tunnel diameter, which leads to
joint instability of the knee, than those who received single-bundle ACL reconstruction
[86].

However, there was no difference between these techniques in the incidence of side-
to-side difference evaluated by KT-1000 testing, Lysholm score, KOOS score, or in the
rate of graft rupture[87,83]. Specifically, there was no difference in 5-year or longer
outcomes between them.

Although the double-bundle ACL reconstruction technique is commonly used in
Japan, the single-bundle ACL reconstruction technique is very common in other
countries, including the United States. This may be because single route by BTB
autograft is performed in many cases in those countries.

The advantages of single-bundle ACL reconstruction with hamstrings autograft
include low costs of material fixation: because the autograft is fixed only at two
positions, the number of devices required for fixation is half of that required for the
double-bundle technique. In addition, surgical time is shorter because fewer bone
tunnels need to be created. There is ongoing discussion regarding which technique is
better. Therefore, further studies may be necessary to compare the progression of OA,
the rate of graft rupture, and knee stability between single- and double-bundle
techniques based on long-term follow-up.

ACL graft fixation techniques

Ten to sixteen percent of patients who undergo ACL reconstruction need revision ACL
reconstruction due to new traumatic events or poor postoperative outcomes[89].
Therefore, the fixation technique for the primary ACL reconstruction should be
selected to avoid challenging or highly-invasive procedures in possible revision ACL
reconstruction surgery.

Currently available fixation techniques for ACL reconstruction include one method
in which the ligament substance and bone parts are fixed with interference screws, and
another method in which an ACL graft with a suture or artificial ligament is fixed with
cortical buttons, post screws, or staples and so on.

A literature review study comparing suspensory fixation with interference screw
fixation reported that suspensory fixation resulted in less side-to-side difference in KT-
1000 measurements, whereas the interference screw exhibited a higher incidence of
ligament rupture; however, there was no difference in IKDC scores between the two
approaches[72,90].

Suspensory cortical button: The EndoButton is most commonly used for femoral
fixation because it allows for easy and strong fixation and achieves favorable long-
term outcomes[25,91]. The CL-EndoButton and CL-BTB EndoButton are available as
fixed-loop devices. Recently, adjustable-loop devices have been increasingly used in
clinical practice. Such devices are believed to be useful for filling gaps in bone tunnels.
Some studies that performed comparisons of mechanical strength between fixed-loop
and adjustable-loop devices reported that fixed-type loop devices have higher
maximum tensile strength with less displacement[77,92-96], whereas other studies
reported no difference between them[97-99]. In a clinical study, no difference in KT-
1000 arthrometer measurements was observed between the two types of devices[100].
A modified suspension device with higher tensile strength and stiffness that was
recently developed makes graft fixation easier under tension[101], and is expected to
be used in clinical practice.

Interference screw: Interference screw fixation is most commonly used in ACL
reconstruction with BTB because it provides strong fixation[102]. Although many
interference screws are made of titanium, which has high biocompatibility,
bioabsorbable interference screws are also used in clinical practice. It should be noted
that, in some cases, titanium screws implanted into bones may be difficult to remove
in revision ACL reconstruction. Interference screw fixation is commonly used for
metallic one in femoral side, for absorbable one in tibial side.
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Staple: Staples are commonly used to fix an artificial ligament to the bone when both
ends of the graft (i.e., the fixation parts inside the bone tunnels) are reinforced with an
artificial ligament. Although they provide strong fixation, care should be taken to
prevent bone damage that may occur if the cortex of the tibia is vulnerable.

Post-screw: The ACL graft is anchored to the tibia by inserting a post screw with a
washer at the distal part of the tibial tunnel. This technique is easy to perform.

Cross-pin: Fixation of an ACL graft with a cross-pin on the femoral side is associated
with lower rate of graft rupture[103]. This technique has been used mainly in Europe
and the United States, but its frequency has been decreasing.

Double spike plate: The plate is fixed to the tibia by hammering its spikes into the

bone under the index tension. Finally, the fixation is completed by inserting a screw
[104].

Preservation of ACL remnant

There are two options for preserving the ACL remnant: (1) Selective augmentation of
the anteromedial or posterolateral bundle that is partially damaged[105]; and (2)
Double-bundle ACL reconstruction while preserving the ACL remnant[106,107].

One advantage of ACL remnant preservation is that mechanoreceptors preserved in
ACL remnant and promote angiogenesis. In addition, this approach is associated with
less anterior tibial translation and a lower rate of positive pivot-shift test. Despite these
advantages, this technique may cause cyclops lesion. However, one study reported no
difference in Lachman test, pivot shift test and IKDC score between ACL
reconstruction techniques with or without remnant preservation[108]. In general,
small scarred bundles of the anteromedial or posterolateral bundle are augmented in
ACL reconstruction with remnant preservation. If preservation of the ACL remnant
makes it difficult to create bone tunnels at appropriate positions, it is important to
remove the remnant.

Anterolateral ligament reconstruction

Claes et al[109] named the ligament-like tissue on the lateral margin of the tibial
plateau the anterolateral ligament (ALL). ALL reconstruction is an extra-articular
procedure that has recently been performed in combination with standard ACL
reconstruction[110]. This combination technique achieves favorable outcomes with a
low rate of graft failure[111]. The anterolateral complex of the knee contributes to
anterolateral rotatory stability as a secondary stabilizer to the ACL[112], although
surgical reconstruction of the anterolateral complex may cause constraint of internal
rotation of the tibia[113]. Combined ACL and ALL reconstruction are performed
mainly in Europe, but its indication is limited to patients who have severe knee
instability due to injury of ACL and other combined ligaments, or who have severe
knee instability after ACL reconstruction because it is a highly invasive procedure.

A study on the addition of a lateral extra-articular tenodesis (LET) to ACL
reconstruction with BTB graft reported no significant differences in long-term
outcomes after ACL reconstruction with or without an LET, but LET may increase the
risk of lateral compartment OA[114]. Another study reported that ACL reconstruction
in combination with LET was associated with a higher risk of tunnel convergence[115].

Current graft options for ALL reconstruction include iliotibial band, gracilis tendon
autograft or allograft, and semitendinosus tendon autograft or allograft; fixation angle
varies from 0° to 90°[116]. Further prospective studies, such as a randomized control
trial, are needed to compare clinical outcomes, indications and fixation techniques
between ACL reconstruction with and without ALL reconstruction[116].

ACL repair

ACL repair with suture anchor for patients with avulsion ACL tears[117], as well as
ACL repair combined with biologic healing augmentation for patients with incomplete
tears[118], achieves successful outcomes.

An ACL repair technique with additional internal bracing was introduced in a
recent study[119-122]. A study of this technique based on a short-term follow-up with
small sample size reported that its outcomes were comparable to those of ACL
reconstruction[123]. ACL repair may be a good treatment option for partial proximal
ACL tears and pediatric ACL tears[124,125]. Although a systematic review of contem-
porary studies revealed no differences between ACL repair and reconstruction with
respect to knee stability and the rate of graft rupture, further studies are needed
because these studies were based on short-term follow-up with small sample size[123].
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Complication

Infection and its prevention: The incidence of knee joint infection after ACL
reconstruction is low because it is performed arthroscopically with saline irrigation
[126]. However, infection has been reported to occur in 0.14% to 2.6 % of patients who
undergo ACL reconstruction[7,127,128]. The most common pathogen of infection after
ACL reconstruction is Staphylococcus aureus. Acute infection can be caused by
pathogen contamination of the tibial tunnel or the skin incisions made for arthroscopy
[126]. Pre-soaking hamstring autografts in gentamicin reduce intra-articular infection
rates[129]. Bleeding and subcutaneous hematoma of these sites after surgery can also
be a cause of infection. Therefore, it is important to decrease the amount of bleeding by
icing and to treat wounds carefully. On the other hand, chronic infection can be caused
by screws and tendon suture materials[126]. Special care should be taken for patients
with atopic dermatitis, as these patients have a higher infection risk.

Deep vein thrombosis: The incidence of deep vein thrombosis after ACL
reconstruction ranges from 0.3%[130] to 0.4%[131]. The incidence of pulmonary
embolism is 0.18%[130] to 0.046%[130]. The only significant risk factor is age.
Therefore, thromboprophylaxis should be considered in older patients.

Hemarthrosis: Hemarthrosis after ACL reconstruction can delay rehabilitation. The
use of intravenous tranexamic acid in ACL reconstruction results in reduced joint
drain output and hemarthrosis as well as less pain and greater range of motion during
the early postoperative period[132]. Tranexamic acid does not increase the risk of deep
vein thrombosis after surgery[133].

Joint stiffness: The incidence of joint stiffness after ACL reconstruction is overall 3%
[134] to 8.8%[135]. There was no significant difference between BTB graft and
hamstring tendon with respect to the frequency[135] and the interval between trauma
to surgery[134].

Cyclops syndrome after ACL reconstruction is due to a fibrous nodule in the
anterior part of the intercondylar notch. It restricts the full extension of the knee[136].
The incidence of symptomatic cyclops syndrome ranges from 1.9% to 10.9%[136].

Arthrofibrosis is a rare but potentially devastating complication after ACL
reconstruction[7]. Approximately 2% of patients have postoperative stiffness that
requires intervention[137]. However, arthrofibrosis remains poorly defined and there
are no clear treatment guidelines[138].

Nerve injury: Tendon harvesting for ACL reconstruction often injures sensory
branches of the saphenous nerve[139]. Injuries to the sartorial branch of the saphenous
nerve associated with medial incisions for hamstring tendon harvesting are more
common than injuries to the infrapatellar branch associated with midline incisions for
patellar tendon harvesting[139]. Numbness of the skin surface supplied by the infrapa-
tellar branches of the saphenous nerve after ACL reconstruction are less common with
the quadriceps tendon compared with the hamstring tendon[140]. Regarding
hamstring tendon harvesting for ACL reconstruction, vertical incisions increase the
risk of iatrogenic injury to the IPBNS compared with oblique incisions[141-144].

Patellar fracture: The incidence of patellar fracture during BTB harvesting ranges from
0.3%[135] to 1.3%[145]. It is a rare but serious complication[146]. To eliminate the risk
of perioperative patellar fracture, the bone-tendon-autograft technique, which does not
harvest the inferior patellar bone, might be an alternative graft option[147].

The incidence of intraoperative patellar fracture after harvest of a quadriceps
tendon autograft is reported to be 3.5%. It is necessary to use care when harvesting the
bone block from a central position[148] and to limit the depth of bone harvesting to
less than 50% of the depth of the patella with a shorter bone plug length. Longitudinal
cuts can be angled centrally to produce a trapezoidal bone block with shallower bone
removal[148].

Our methods for ACL reconstruction

We usually use only the semitendinosus tendon for primary ACL reconstruction. We
produce the bone tunnel with the all-inside method using a single quadruped
semitendinosus graft. We fix the grafted ligament with a cortical suspension button on
both sides. In the all-inside method, the knee is flexed to approximately 90 degrees, the
lower leg is internally rotated, and varus stress is applied to the knee using the
dependent method.
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We developed a tibial drill guide with a laser beam that can identify the optimal
location for the femoral tunnel during creation of tibial tunnel in a modified transtibial
method. We used it in a clinical application during ACL reconstruction.

The new drill guide system: The structure of the tibial drill guide with a laser beam is
shown in Figure 2. This laser beam-guided technique with a special tibial drill guide
produces both tibial and femoral tunnels. The laser pointer was visible light semicon-
ductor laser, maximum output energy of ImW. The guide contains a metal tube for
passage of laser beam (Figure 3), which can be filled with saline for irrigation. The
reflected beam indicates appropriate position on the extension of the pin (Figure 4).
Figure 5 shows an arthroscopic photography with the laser beam.

Transtibial guide pin placement and tunnel placement: The special drill guide is
inserted through the anteromedial portal, and placed at the anatomical tibial foot
print. A laser beam is reflected by reflecting plate of tip of the guide. The laser pointer
illuminates the tunnel which is where femoral bundle should be made appropriately
(Figure 4). A transtibial guide pin of 2.4 mm in diameter is inserted into the intra-
articular portion of proximal tibia. The diameter of tibial tunnel is similar to that of
grafted tendon. The guide pin is set at appropriate location of femoral tunnel. Method
of making femoral tunnel and graft fixation was performed according to our
previously described[56,75]. Our method is a useful way to select an appropriate
anatomical site for the bone tunnels accurately and obtain excellent clinical results
with ACL reconstruction.

Recently, we have produced and used a drill guide for the all-inside transfemoral
method. The grafted ligaments are fixed with a CL-BTB endobutton on the femoral
side and a cortical button on the tibial side with knee flexion of approximately 20
degrees. We often use a BTB graft to obtain strong fixation for young men who are
active athletes needing to withstand strong collisions, such as in rugby and football.
However, the quadriceps tendon is also useful. Residual ligaments are often preserved
if they are thin but relatively tense. At this time, double-bundle reconstruction with
residual ligaments is not performed because it is difficult to make two bone tunnels at
appropriate positions. We reconstruct the AM or PL bundle based on preoperative
MRI evaluation and intraoperative arthroscopic findings. ACL reinforcement is often
performed to reconstruct the PL bundle, which can lead to definite symptoms of
rotatory instability.

In revision reconstructive surgery, we use the ipsilateral semitendinosus tendon,
BTB graft, or quadriceps tendon with a patellar fragment, unless the tendon has
already been used. Quadriceps tendon with a patellar fragment has excellent
mechanical strength. Reconstruction can be performed with the all-inside method,
which reduces trabecular damage in the bone tunnel. Thus, we plan to increase its use
in the future. At this time, the grafted ligament is fixed with a patellar fragment on the
femoral side using an interference screw. On the tibial side, the grafted ligament is
fixed with a cortical button, which is sutured using the Krackow method with two sets
of no. 2 sutures.

REVISION ACL RECONSTRUCTION

Some patients may need to receive revision ACL reconstruction due to graft rupture or
residual knee instability.

One-stage or two-stage revision ACL reconstruction

When an ACL graft cannot be fixed at an appropriate position because the bone is
severely damaged, bone tunnel grafting with an Iliac bone autograft is performed in
two-stage revision ACL reconstruction[149]. In most cases, however, one-stage
revision ACL reconstruction is selected because the two-stage procedure requires time
for healing after bone grafting.

Techniques for revision ACL reconstruction

Prior to revision ACL reconstruction, computed tomography scanning is performed to
three-dimensionally assess the positions and sizes of bone tunnels created in the
primary surgery and to determine the positions of bone tunnels for revision ACL
reconstruction. During the assessment, it is important to confirm the type of fixture
used in the primary surgery. It should be noted that, if titanium interference screws
were used in the primary surgery, it may become more difficult to remove them over
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Figure 2 Structure of the tibial drill guide equipment with a laser beam. The laser beam pointer (1); The irrigation tube (2).

Figure 3 The tip of the tibial drill guide equipment. Reflecting plate (1); Straight metal tube for passage of laser beam (2).

Figure 4 Reflected beam identifying the proper position on the extension of the pin.

time: due to the high biocompatibility of titanium, the screws become surrounded by
bone on both femoral and tibial sides. Therefore, appropriate screw drivers should be
prepared to remove them. Besides BTB and hamstring grafts, a quadriceps tendon
graft is often used in revision ACL reconstruction because it has advantages in terms
of strength and diameter[150].

(49
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Figure 5 Arthroscopic photography with laser beam. Reflected beam illuminating the foot print of the femoral tunnel.
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Postoperative outcomes of revision ACL reconstruction

Several studies reported that revision ACL reconstruction is inferior to primary
reconstruction in postoperative outcomes and the rate of returning to sport[151,152].
However, the data regarding long-term clinical outcomes from large-scale cohort
studies are limited; accordingly, further studies are needed[150].

TREATMENT FOR ACL INJURY WITH KNEE OA

ACL insufficiency persisting after ACL injury often accelerates age-related OA change,
worsens wear of cartilages of the medial knee joint, and results in varus deformity. In
this case, ACL reconstruction in combination with high tibial osteotomy (HTO) is
indicated for individuals younger than 70 years old who want to engage in a high level
of physical activity such as sports or heavy physical labor and have less OA change in
the patellofemoral joint[153,154]. Slope-reducing tibial osteotomy with this
combination procedure can further improve knee stability in patients with varus
deformity and excessive posterior tibial slope[155,156]. There are surgical techniques
for HTO include opening-wedge[157], closed-wedge[158], and dome-shaped[159,160]
osteotomy. HTO should be performed with one-stage ACL reconstruction simultan-
eously, postoperative rehabilitation after HTO combined with ACL reconstruction can
be performed in the same manner as rehabilitation after HTO alone. Long-term
outcome regarding one-stage HTO and ACL reconstruction suggested that it is an
effective and safe procedure[161]. A systematic review of studies on one-stage HTO
and ACL reconstruction reported that the percentages of patients who received
opening-wedge and closed-wedge HTO were 57.4% and 42.6%, respectively, and the
percentages of patients who received hamstring and BTB autograft for ACL
reconstruction were 85.6% and 12.8%, respectively[162]. Although currently available
data indicates high patient satisfaction and high rate of returning sport after combined
with HTO and ACL reconstruction[163], further studies are needed to compare clinical
outcomes between combined with HTO and ACL reconstruction and HTO alone.

FUTURE ACL RECONSTRUCTION

Biological augmentation of ACL repair and reconstruction

In most studies, ACL repair resulted in failure or unfavorable results. Recently,
however, experimental and clinical studies on biological augmentation of
mesenchymal stem cells, platelet-rich plasma (PRP), or other biologic agents with
scaffold are being conducted to assess the effects of such biotherapies on ACL repair
and reconstruction[164,165].

The four main components of tissue engineering such as cells, growth factors,
scaffolds, and mechanical stimuli, are combined using various methods of bioaug-
mentation. They have been increasingly explored to improve outcomes after surgical
treatment of ACL injury[164,166-169].
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Scaffolds: Stem cell-based tissue regeneration combined with scaffolds represent a
novel treatment for torn ligaments[170-172]. 3D scaffolds seeded with mesenchymal
stem cells yielded excellent results in osteointegration enhancement between the
tendon and bone tunnel in ACL reconstruction with a rabbit model[173]. PRP
combined with a gelatin sponge to prolong PRP bioactivity promotes mesenchymal
stem cell proliferation in vitro[174].

Cell sources: The main cell sources are mesenchymal stem cells and ACL fibroblasts
[175]. Mesenchymal stem cells have higher proliferation and collagen production rates
than ligament fibroblasts[176]. ACL-derived human-induced pluripotent stem cells
might be a promising cell source for ligaments and related tissue engineering applic-
ations[177].

Growth factors: PRP is obtained by plasma separation. PRP contains platelets, blood
proteins such as fibrin, and a mixture of growth factors such as platelet derived
growth factor, insulin-like growth factor, vascular endothelial growth factor, and
transforming growth factor-beta, which are involved in general healing processes.

PRP has been used to treat knee OA and to promote ligament healing. Recently, it
has been used experimentally in ACL reconstruction to promote graft maturation and

osteointegration[178]. However, no clinical efficacy data have been reported yet[179,
180].

Mechanical stimulation: Mechanical stimuli and dynamic loading are necessary for
ligaments to enhance matrix synthesis and maintain their strength[181]. Electro-
spinning has been effective for cell proliferation and extracellular matrix production of
scaffolds for ligament tissue engineering[182]. However, whether any mechanical
stimulation is required to implant tissue-engineered ACL constructs is controversial
[175].

In recent studies, bioenhanced ACL repair had similar results as ACL recons-
truction. These biotherapies are expected to reduce postsurgical OA and to be
improved in the future.

Computer-aided surgery

In other clinical departments, robotic surgery with the da Vinci™ Surgical System
(Intuitive Surgical, Sunnyvale, CA, United States) has become more widespread,
mainly in large-scale hospitals. In orthopedic surgery, computer-assisted navigation
has come to be used for spine surgery[183-186], total hip arthroplasty, and total knee
arthroplasty[187,188].

There are four main types of applications for navigation systems in ACL
reconstruction[189,190]: (1) Technical assistance of tunnel placement for tibial or
femoral tunnel drilling; (2) Kinematic evaluation to analyze the biomechanical
behavior of the ACL and surrounding structures during reconstructive surgery[191];
(3) Comparison of the effectiveness of different surgical techniques for making laxity
measurements[192]; and (4) Navigation to improve clinical outcomes and cost-effect-
iveness of ACL reconstruction.

3D fluoroscopy-based navigation system: It is essential to perform preoperative
planning using 3D computed tomography (CT) images before operation. A reference
frame is rigidly attached to the femur with two half-pins at the beginning of surgery.
An intraoperative 3D image of the distal femur is obtained with the C-arm of the
image intensifier, which is equipped with a wireless tracker. The image is
reconstructed into a 3D image on the computer screen. A navigation computer helps
the surgeon visualize the entire area for bone tunnel creation. However, this system
requires fixation with two half-pins in the lateral femur, which necessitates an
additional skin incision and more drill holes[193,194].

CT-based navigation without intraoperative fluoroscopy: This system uses a
preoperatively generated 3D model from CT images or intraoperative 3D bone
morphing with an optical tracking system. The optical tracking system captures
reference markers that are rigidly attached to the patient and surgical tools. After
fixing the tracking markers, approximately 20 Landmark points are collected on the
surface of the bone with probes[195-197].

Anatomical reconstruction using the anteromedial technique is associated with
more risks including: (1) A short femoral tunnel; (2) Posterior wall blowout; and (3)
Iatrogenic damage to the cartilage of the medial femoral condyle due to the more
horizontal direction of the femoral tunnel in the 3D plane[41]. Navigation systems
with enhanced registration accuracy can reduce surgical failures such as short femoral
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tunnels and posterior wall breakage of the distal femur[195,198].

Image free navigation system: This method does not require preoperative CT or
intraoperative fluoroscopy. The transmitters for the femur and tibia are fixed with pins
to register intra- and extra-articular landmarks intraoperatively. Next, the transmitter
is attached to the tibial drill guide to determine the location of the tibial bone tunnel.
The same maneuver is used for the femoral bone tunnel[199].

There is considerable variability in intra-articular landmark identification with
image- free navigation. There is a potential risk of miscalculating tunnel positions[200].

Guided drilling of the tunnel leads to errors as small as 2.5 mm in the footprint and
in the orientation of the intra-operative video for guiding the drilling of the tunnel
with a set of contours which is reconstructed by touching the bone surface with an
instrumented tool[201].

There are some studies on the use of computer-assisted navigation for bone tunnel
positioning and evaluating joint instability in ACL reconstruction[202-204]. Clinical,
radiological, and functional comparisons between computer-assisted and conventional
ACL reconstruction have found increased accuracy in femoral tunnel placement with
the use of navigation systems compared with traditional techniques alone[196,204-
207]. Some studies reported that computer-assisted navigation improved the accuracy
of tunnel positioning[208-210]. For inexperienced surgeons, navigation systems could
be useful in ACL surgery to avoid malpositioning of bone tunnels[211,212]. However,
another study showed that experienced surgeons could achieve more accurate tunnel
positioning than computer-assisted positioning[211]. Consequently, computer-assisted
navigation has not become common in clinical practice.

Although currently available navigation systems can enable more accurate femoral
tunnel positioning and assist less experienced surgeons[201], they are not cost-efficient
and require extra time for registration of operative positioning data[190,213].
Moreover, there is no difference in clinical outcomes between ACL reconstruction with
and without computer-assisted navigation[214]. Therefore, a completely new system
with high efficacy needs to be developed.

3D fluoroscopy-based navigation systems might be useful for confirming the native
ACL footprint in remnant-preserving ACL reconstruction[215,216]. Several studies
have described the use of navigation-assisted surgery to increase the possibility of
achieving adequate tunnel position in revision ACL reconstruction[194,217].

Kinematic assessment of knee laxity among different ACL surgical procedures have
been evaluated[218,219].

With the advancement of robotic surgery, remote surgical assistance will be
available. At present, most ACL reconstructions are performed in urban hospitals by
arthroscopic surgery specialists. It is not recommended that ACL reconstruction would
be performed by a surgical team with no training in the procedure. However, if remote
surgery assistance becomes available, and ACL reconstruction can be performed in
rural areas where advanced medical care is unavailable, it will be helpful for residents
in these areas. The da Vinci™ Surgical System has already been used for remote
surgery assistance in some hospitals. In laparoscopic surgery assisted by the da
Vinci™ Surgical System, the robot arms in a local hospital are remotely controlled by
an advising surgeon in an operating room of an advanced medical facility. Such
remote assistance enhances the skills of surgeons in local hospitals. In the future,
robot-assisted ACL reconstruction surgery could also be achieved by remote
instruction or remote control of robot by an arthroscopic surgery specialist. We hope
that these technologies make advanced ACL surgery available to people living in
countries and regions where advanced ACL treatment is unavailable.

CONCLUSION

There is no question that ACL reconstruction is necessary in order for patients with
ACL injury to maintain a high level of activities, including sports, and that the number
of patients receiving ACL reconstruction will increase around the world. However,
ACL reconstruction has not provided satisfactory results in terms of the rate of
returning to sports and prevention of OA progression. To enable many more
orthopedic surgeons to achieve excellent ACL reconstruction outcomes with less
invasive surgery, further studies aimed at improving surgical techniques are
warranted. Further development of robotic surgery technologies for ACL reconstruc-
tion is also required.
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