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Anterior Cruciate Ligament Injury, Reconstruction, and the Optimization

of Outcome

Abstract

Anterior cruciate ligament reconstruction (ACLR) provides an established surgical intervention
to control pathological tibiofemoral translational and rotational movement. ACLR is a safe and
reproducible intervention, but there remains an underlying rate of failure to return to preinjury sporting
activity levels. Postoperative pathological laxity and graft reinjury remain concerns. Previously,
unrecognized meniscal lesions, disruption of the lateral capsule, and extracapsular structures offer
potential avenues to treat and to therefore improve kinematic outcome and functional results, following
reconstruction. Addressing laterally based injuries may also improve the durability of intraarticular
ACLR. Improving the anterior cruciate ligament (ACL) graft replication of the normal ACL attachment
points on the femur and the tibia, using either double bundle or anatomical single bundle techniques,
improves kinematics, which may benefit outcome and functionality, following reconstruction.
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Introduction

The anterior cruciate ligament (ACL) is a
key ligamentous structure guiding rotation
in the normal knee joint. Its disruption
changes the ability of the knee joint
to maintain stability during rotational,
accelerative and decelerative activities,
producing instability of the knee during
these loaded activities, which may result in
mechanical failure and giving way.

At the time of primary injury, there is often
an accompanying impact to the articular
aspect of the lateral femoral condyle against
the lateral and posterolateral tibia, producing
a characteristic distribution of bone edema. In
addition, the menisci are often injured, with
the medial meniscus being more commonly
injured acutely, and the lateral meniscus
becoming increasingly vulnerable to injury in
the chronic setting, as a consequence of chronic
pathological lateral tibiofemoral compartment
rotational and translational movement.

In the USA alone over 200,000 ACL injuries
occur per year, with the overwhelming
majority undergoing surgical reconstruction.

In addition to the common initiator of a
sporting injury causing ACL disruption,
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ligament disruption is a common occurrence
within manual laboring occupations and
road traffic accidents (RTAs), producing
significant incapacity in the working
environment. The etiology underlying ACL
injury varies significantly by country, with
the vast majority being related to sporting
injury in the USA, Western Europe and
Scandanavia' whereas 58% were associated
with a sporting injury, 26% with an RTA,
and 16% were related to other nonsporting
injuries in an Indian cohort.> The mean age
of an individual sustaining an ACL rupture
being 28 years, in a Swedish cohort, with
up to 80 ACL disruptions per year, per
100,000 population,’ with a US population
study identifying an annual incidence of
68.6 per 100,000 person years.’

Activity, Sports, and
Gender-specific Risks of Anterior
Cruciate Ligament Injury

There is significant variability in the
incidence of ACL disruption relating
to participation in differing sports and
occupations. Predisposing occupations to
ACL disruption include any, where loading
of the knee occurs on uneven surfaces, such
as farming, construction work, mining and
the military, with an incidence of 3.79 ACL
injuries per 1000 person years in US military
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recruits, compared to 2.41 per 1000 years peak incidence
for 19-25 year old males in the general population.®*

ACL disruption rates are generally considered in relation
to 1000 h of sports-specific exposure, including both
competition and sports-specific training.’ There is not only
considerable variability within differing sports but also
when identifying experience and seniority within the same
given sport, in addition to gender differences.

Using 1000 h of sports-specific exposure, ACL disruption
rates are 0.07 for female and male adult recreational
soccer players.>® A rate of 0.21 is documented for
collegiate soccer players, with a rate of 0.32 for women
and 0.12 for men.*® College basketball studies identify a
combined risk of 0.18 per 1000 exposures, with a male
figure of 0.08 and a female figure of 0.30.° Alpine skiing
demonstrates an incidence of 0.63 for an adult population
but highlights the effect of experience and training in
that professional skiers, and ski school employees have a
significantly lower incidence at 0.04 per 1000 exposures,
with no gender difference, compared to the general skiing
population.’ Participation in Lacross identifies an annual
ACL injury rate of 0.23 per 1000 athletic exposures, for
female participants.'® Across all sports, there are specific
risks unique to that sport, but with a higher incidence of
ACL injury in women than men, irrespective of seniority,
or training level, with the exception of Alpine skiing,
when studying professional participants. Accordingly, ACL
disruption is an increasing epidemic worldwide, consequent
to increasing sporting participation and an increasing
female participation in sporting activity at all levels.

The explanation of greater female over male incidence of
ACL injury is incompletely understood and is likely to be
multifactorial, including hip rotational profile, tibiofemoral
coronal alignment, and gender differences in knee anatomy,
but particularly centering around neuromuscular control
of coronal and sagittal balance in loading, combined with
differences in lower limb muscle strength and fatigue
tolerance.!''’® Many of the dynamic, neuromuscular
predispositions to injury can be optimized with training.'¢

Successful Outcome of Surgical Treatment as
Defined by Return to Sport

The objective of ACL reconstruction (ACLR) is to enable
a return to preinjury activity levels, whether they relate
to occupation, or (more usually) return to prior sporting
participation levels. Therefore, before considering the
influences on surgical success, and how techniques might
be altered to improve successful intervention, what are the
current, established outcomes for return to play (RTP)?

Return to sporting activity following ACLR demonstrates a
mismatch between the restoration of function and kinematic
stability in the knee, against the actual sporting level re-
achieved.

In a meta-analysis of 5,770 patients following ACLR,
over 82% recommended sports, with 90% of the knees
being rated as normal or near normal, on strength and laxity
assessment, and 85% scoring normal or near normal on
the International Knee Documentation Committee (IKDC)
activity scores. However, only 62% returned to their
preinjury sport."”

Negative influences on returning to same sport preinjury
levels include increasing age at reconstruction, female gender,
and smoking. These factors also predict lower outcome scores
10 years following reconstruction.'”® Professional athletes
have a greater likelihood of returning to preinjury same
sport levels than amateur and recreational participants. The
likelihood of successful RTP, following ACLR in professional
American football players (NFL), is 92% in the quarterback
position, but with only 64.3% of linemen returning to play,
highlighting differing demands and loading between playing
positions, within the same sport.'*?

Increasing chronicity of injury, even beyond 3 months,
before reconstruction, has an adverse influence on return to
same sport participation.?! These influences are independent
of other issues associated with chronicity, such as meniscal
and osteochondral injury.?>%

One significant cause for an athlete not returning to their
preinjury sporting level is a concern over reinjury, and
this may override any objective evidence of reconstruction
having restored knee stability. This may partly explain
the influence of chronicity in return to sport figures, with
multiple instability events before stabilization, producing
longer-term illness patterning.

Time taken to RTP is usually based around surgeon
preference and may be simply related to time from
reconstruction, particularly in relation to the specific sports
season.'”?® Strength testing of quadriceps, hamstrings
or both can provide quantitative data, in relation to
the recommencement of sports.”® Functional activity
assessments, including maintaining rotational control on
single-leg jump, serve to guide the return to sports-specific
training,” with some researchers focusing that the
successful return to sports should be characterized as the
same sport, at the same intensity and activity level as
before injury.”

Anterior Cruciate Ligament Graft Selection and
the Influence on Outcome

Overall, there is no clinically significant difference in
outcome between autograft materials, in reconstructing
the ACL in the skeletally mature patient® although there
is a slightly increased likelihood of revision in hamstring
autograft, as opposed to patellar tendon autograft, in a
series of 17,436 ACLRs, of 5 years duration.?”” Skeletally
immature cases show an overwhelming utilization of
soft-tissue autograft, usually using hamstring tendons.
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The predominant autograft sources are the tendons of
semitendinosus and gracilis muscles, or else the central
region of the patellar tendon, incorporating attached
bone blocks from the patellar and tibial tuberosity
(bone-patellar-tendon-bone [BPTB]). Historically, the ease
of securing graft bone blocks using interference screws
in tibial and femoral bone tunnels has enabled earlier
mobilization of patellar tendon autograft reconstruction.
However, developments in soft-tissue fixation devices
particularly as regards suspensory techniques, has promoted
soft tissue grafts, as the mechanical construct can resist
loads to enable early rehabilitation.

Less frequently utilized autograft options include quadriceps
tendon, with or without attached superior pole patellar bone
block, with quadriceps tendon autograft demonstrating
less postoperative patholaxity than a matched hamstring
cohort.?

Metaanalysis data demonstrate a marginal benefit in
biomechanical results of BPTB over medial hamstring
autografts, but these minimal differences do not materialize
into a benefit in outcome.” This minimal biomechanical
preference is in contradiction to mechanical strength testing
of harvested tissue, which demonstrates a higher load to
failure and stiffness of multiple strand hamstring tendon
graft over harvested 10 mm width patellar tendon.

Patellar tendon autograft increases the risk of early patellar
fracture, with an incidence reported between 1.3% and
0.12%, limitation in end range extension,®!' anterior
knee pain, and potentially a higher rate of long term
osteoarthrosis, over hamstring graft utilization.?! In contrast,
hamstring harvesting produces some loss of active knee
flexion strength, particularly in deep flexion, with tibial
internal rotation.’'** Accordingly, the author prefers to
avoid hamstring harvesting in heavily hamstring dependent
sports, including hurdling and some forms of gymnastics.

ACLR graft selection is therefore predominantly influenced
by surgeon preference, patient age, and specific sports
participation, with autograft medial hamstrings or patellar
tendon being the selection for the majority of surgeons.

Allograft utilization varies greatly by geographical
region, depending on availability of the resource and cost
implications. Allograft selection influences include both
donor site and methods of preparation and sterilization.
The advantages of allograft include an absence of donor
site morbidity and associated complications, along with the
availability of differing size options, particularly in relation
to ligament revision applications. Concerns over allograft
utilization include the high cost of processing, higher rates
of rerupture, compared with size-matched autograft, and
potential cadaveric donor to recipient disease transmission,
including viral and prion disease.

Results of nonirradiated allograft ACLRs are comparable
to those of autograft, in some studies,*® when utilizing

patient reported outcome measures (PROM) data and
reinjury rates. However, the majority of studies identifies
a greater patholaxity, and higher rerupture rate in allograft
reconstruction than autograft, with a failure rate of up to
three times greater in allograft cases, over a 10-year period.
In a study of the National Collegiate Athletic Association
participants, in division 1, a revision rate of 62% was
noted for irradiated allograft ACLR, versus 0% in autograft
cases.™ An overall revision rate of 20% was noted for cases
of under 25 years of age, at the time of reconstruction.

Allograft tissue processing has a significant effect on graft
behavior, with a direct relationship between sterilization
radiation levels, postoperative persistent laxity, and rerupture
rates. In a study comparing nonirradiated patellar tendon
allograft, 2.5 Mrad irradiated BPTB allograft and BPTB
autografts, over a mean of 31 months, the rerupture rates
were 8.8%, 34.4%, and 6.1%, respectively.*® These data are
broadly in line with a number of other studies, such that grafts
undergoing exposure of 2.5 Mrad or greater are no longer
recommended, due to concerns over high levels of rerupture.

Low-dose irradiated, or nonirradiated grafts have a greater
probability of rerupture than autograft options, but are
subject to risks of viral and prion transfer to recipient,
even though these risks are theoretically low (0.00015%).
High-dose irradiation eliminates the remote possibility
of disease transmission, at the cost of a significant
deterioration in allograft mechanical properties and
significantly elevated reinjury rates.

Nonbiological grafts have proven unreliable in providing
long term durability and are not recommended, although
the LARS device (polyethylene terephthalate) may provide
an alternative nonbiological reconstruction, depending on
longer term outcome measures.

Nonbiological grafts may have an application in two
expanding settings; in the support of a repaired native ACL
during early and intermediate stages of healing, and when
used as a load sharing device to support and prevent graft
overload following ACLR (InternalBrace, Arthrex, Naples,
FL, USA).

Complications of Anterior Cruciate Ligament
Reconstruction

Although a common procedure, ACLR surgery remains a
complex and technically demanding surgical intervention,
depending both on accurate preoperative identification of
the nature of the ligament compromise, and on reproducible
surgical technique.

Causes of failure of reconstruction include ongoing
pathological laxity in the knee, consequent to poor operative
technique, fixation implant failure, and incorrect graft
positioning. Failure to recognize and treat more complex
instability patterns results in ongoing pathological laxity,
most commonly in relation injury to the posterolateral
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constraints of the knee, centered on the popliteus
musculo-tendinous unit, the popliteofibular ligament, and
the posterolateral capsule.

Documented rerupture rates vary, influenced by gender,
age, generalized laxity, lower limb alignment and sporting
exposure, among a number of independent variables.'®

Primary ACL rerupture rates, following autograft hamstring
or patellar tendon graft usage, are approximately 3% at
2 years following reconstruction (MOON cohort) and up to
12% at 5 years, which are similar to the incidence of contra
lateral ACL injury, over the same time points.** Comparing
BPTB against 4 strand hamstring autograft over a 15-year
period identified a 17% re-rupture rate in hamstring graft,
against 8% in BPTB, with no difference in IKDC scores.?!
Differing rerupture rates related to age and graft treatment
are discussed elsewhere.'

Infection is relatively rare in primary ACLR, as a secondary
effect of the patient population generally being younger
and of good general medical health, with a low incidence
of medical comorbidities, including diabetes and peripheral
vascular disease. Overall infection rates for primary
ACL surgery are 0.5%,%7*% with the majority of infections
becoming clinically apparent within 3 weeks of intervention.
Primary graft infections mostly occur in cases with
associated meniscal repair, or in knees having undergone
multiple prior interventions, before reconstruction.

Additional complications include limitation in range of
movement, which may be related to hardware or graft
malposition, or arthrofibrosis. Arthrofibrosis, should not
be considered as a cause for loss of range of motion
until infection and chronic regional pain syndrome has
been excluded. Arthroscopic arthrolysis, by clearing the
medial and lateral gutters and suprapatellar pouch can be
effective in restoring range of movement;** with anterior
decompression, suprapatellar recess release, and fat pad
release improving fixed flexion.

Synovitis may result in increased pain levels, accompanied
by effusion, which in turn limits range of movement. Once
infection has been discounted, then arthroscopic synovectomy
may help to control synovial response, but commonly
synovitis relates to unrecognized intraarticular infection.

Pain following ACLR may relate to osteochondral damage
and progressive arthrosis, meniscal pathology, prominent
hardware (including meniscal repair implants), infection,
synovitis, and neural injury. Careful reexamination,
imaging, and blood assay are indicated to identify the cause
of ongoing pain. Potential neural injury, particularly related
to the infrapatellar branch of the saphenous nerve, at the
time of medial hamstring graft harvest, should be discussed
as part of the preoperative consenting process. The neural
injury may promote chronic regional pain syndrome,
particularly if the reconstructed knee has undergone
multiple surgical interventions before ACLR.

Developments in Anterior Cruciate Ligament
Reconstruction

Reconstruction of the ACL aims to restore knee function,
with the elimination of significant laxity and consequent
instability, in addition to decreasing the incidence of
secondary meniscal and osteochondral injury. However,
most reconstruction techniques do not return the knee to an
entirely normal biomechanical structure as is demonstrated
by an increased reinjury rate (when compared to a knee
with a native ACL), return to sports data, and patient
satisfaction rates.

Current developments in sports medicine knee surgery
and ACLR center around two main areas. First, an
improved appreciation in graft attachment points,
particularly in relation to the femur and second, the
recognition that ACL disruption is a heterogenous
injury, with variable involvement of the lateral capsular
structures.

Developments over the last two decades focus around the
aim of reproducing a more anatomically representative
reconstruction, with recognition that the anatomical foot
print, or attachment point on the medial wall of the lateral
femoral condyle, represented a broader insertion point,
extending anteriorly to beyond the midpoint of the lateral
wall, when arthroscopically viewed with the knee at 90° of
flexion [Figure 1].

Appreciation of the broad nature of the femoral footprint
promoted double-bundle ACLR techniques, with the
anteromedial bundle of the reconstruction running from a
more anterior orientation on the tibial footprint, to a more
medial, or proximal orientation on the femoral footprint. The
posterolateral bundle is based with a posterior (and medial)
tibial orientation on the tibia, passing to a more distal and
lateral aspect on the femoral condyle.

Figure 1: Arthroscopic view showing 9 mm femoral drill hole positioning.
PCL: Posterior cruciate ligament, Medial wall LFC: Medial wall lateral
femoral condyle. Red arrow: Posterior intercondylar border lateral femoral
condyle. Black arrow: Tibiofemoral joint line
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Biomechanical cadaveric and clinical studies demonstrate
improved mechanical stability, in both rotation and
translation, with double-bundle ACLR techniques.***
However, thus far, clinical studies have not convincingly
confirmed improved outcome as predicted by biomechanical
studies, over more evolved single-bundle reconstruction,*
and therefore, double-bundle reconstruction methods have
yet to be universally adopted.®

The disadvantages of using double-bundle reconstruction
techniques include increased operating time and complexity,
bone loss should revision surgery be required and implant
costs. In addition, the placing of twin drill holes on the
tibial and femoral footprints may not be viable, in patient
populations of smaller stature, or when the intercondylar
notch morphology is narrow.

Improved understanding of the biomechanical advantages of
double-bundle reconstruction has directed modification in
tunnel positioning and graft orientation when using a single
bundle, placing the tibial graft tunnel more anterior and
central on the tibial ACL footprint [Figure 2]. In turn, the
femoral tunnel graft drill hole is brought more distal on the
lateral femoral condyle, or anterior, if the femur is viewed
arthroscopically, with the knee at 90° of flexion. This
evolution in ACL graft positioning has been referred to as
“anatomical positioning” and provides improved rotational
constraint, compared to a more “vertical” orientation of the
ACLR, with the site of femoral attachment of the graft in
the posterior aspect of the intercondylar notch, in a more
proximal and medial orientation.

By increasing the size of the femoral and tibial ACL
attachment points, with both double-tunnel reconstruction
methods or using larger grafts, when utilizing an anatomic
single-bundle  technique, increased native footprint
coverage results in increased biomechanical rotational and
translational control, following ligament reconstruction.

Increasing footprint coverage and graft size may ultimately
decrease reinjury rates. However, anatomical positioning
of the femoral graft, placing the bone tunnel in a more
distal and posterior site (or anterior and toward the joint
line, when arthroscopically viewed at 90° of flexion),
is associated with a rise in graft loading® and possible
clinical failure, due to over loading of the graft in the
healing phase, in contrast to the techniques of more vertical
graft orientation on the femoral footprint, which were less
able to control rotation, but which generated a more mature
interface between bone and graft, due to lower graft tension
during the healing phase.

An ACL disruption is often accompanied by meniscal or
osteochondral injury. Tearing of the body or root of the
menisci has long been identified as part of the primary knee
injury, particularly of the osseous attachment of the posterior
horn of the lateral meniscus. However, attention has focused
on a variant of injury to the posterior horn of the medial
meniscus, first identified by Strobel in 1988. Disruption of
the attachment of the posterior horn of the medial meniscus
from the capsular junction, with disruption of the posterior
aspect of the meniscotibial ligament, produces an injury
referred to as a ramp lesion, by Strobel [Figure 3]. Further
highlighted by Bollen,* this lesion occurs in between 9%
and 17% of ACL disruptions.***’ This meniscocapsular tear
requires surgical repair [Figure 4], to decrease ACL graft
loads, particularly in the sagittal plane.

In addition to the intraarticular injury pattern, there is a
variable degree of injury to capsular and extracapsular
lateral soft tissues. With attempts to refine the results of
ACLR, recognizing and treating lateral soft-tissue injuries
decreases persistent pivot shift, following reconstruction
and may decrease reinjury rate.

Segond first described a lateral tibial pericapsular bone
avulsion related to ACL injury, in 1879. Since this original

Figure 2: Arthroscopic view showing tibial anterior cruciate ligament tunnel.
PCL: Anterior border posterior cruciate ligament, MFC: Medial femoral
condyle, IM Lig: Anterior intermeniscal ligament, LM: Posterior border of
anterior horn of lateral meniscus

Figure 3: Arthroscopic view showing ramp lesion. Post cap: Posteromedial
capsular detachment from meniscus, Med M: Posterior region of medial
meniscus, Post tib plat: Posterior region of medial tibial plateau visible
through ramp tear
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Figure 4: Arthroscopic view showing suture repair of Ramp lesion of
posteromedial capsule

identification, it has been recognized that ACL disruption
is often accompanied by a variable injury to the lateral
capsule, including tissues attached to the lateral meniscus,*
and more superficially, to the level of the deep surface
of the IT band. Dissection and subsequent biomechanical
studies have confirmed the presence of lateral-sided
constraints that resist internal tibial torsion and translation.

Open lateral tenodesis, as proposed Lemaire, Macintosh,
Ellison, and Andrews, among others, aims to utilize the
tissue of the iliotibial band to retension and reinforce the
lateral aspect of the knee, superficial to the lateral capsule,
to resist internal rotation of the tibia.*-*> Lateral tenodesis,
both in isolation and when combined with intraarticular
ACLR, provides improved internal tibial torsional control.
Dejour, in utilizing BPTB intraarticular reconstruction, in
association with Lemaire extracapsular lateral tenodesis
in 251 procedures, with a minimum of 3 years followup,
noted good or excellent results in 83%.* The popularity
of extracapsular lateral tenodesis diminished with concerns
over the extent of lateral incision size, loss of flexion, with
some techniques in particular, and postoperative lateral
irritability. Over-constraint of the lateral tibiofemoral
compartment with loss of internal tibial rotation and lateral
compartmental arthrosis were also concerns relating to
open lateral tenodesis.

However, outcome evidence does not suggest that
lateral compartmental arthrosis is, in fact, a concern
when incorporating lateral soft-tissue tenodesis, as
an augmentation to ACLR.** In addition, improved
understanding of the requirements of lateral augmentation
has enabled the surgical procedure to be carried out through
smaller laterally based incisions, so improving cosmesis
and reducing lateral discomfort postoperatively. Avoiding
over constraint, by fixing the lateral augmentation with the
knee toward extension, rather than in significant flexion,
with the tibia in neutral rotation and without over-tensioning
the graft at fixation, has reawakened interest in lateral

tenodesis, in combination with intraarticular ACLR,% with
reduction in intraarticular graft forces of up to 47%, when
combining a lateral tenodeis with anatomic ACLR,*® which
may protect intraarticular graft tissue from excess loading,
during early graft healing.

In conjunction with the revisiting of the outcome benefits
of mini-open lateral tenodesis is interest in augmentation
and reconstruction of the anterolateral ligament (ALL), as
repopularized by Claes et al.’” The ALL is one component
of a variable lateral fascial condensation, situated at the
level of, and deep to, the iliotibial band region, and the
lateral intermuscular septum. The ALL component of this
lateral fibrous tissue is described as an extracapsular band
running from a site just posterior and proximal to the lateral
collateral ligament attachment point on the femur, passing
distally and anteriorly, superficial to the fibular collateral
ligament, to a point 1 cm distal to the lateral joint line,
midway between the center on Gerdy’s tubercle, and the
attachment of the fibular collateral ligament to the fibular
head. This tibial attachment point closely relates to the site
of a Segond avulsion fracture and has been noted in up to
40 out of 41 dissection specimens.’’

With ongoing debate on the precise femoral origin of the
ALL,° attention continues to be directed to the capsule
and extracapsular lateral structures injured at the point of
ACL rupture, by pathological tibial internal rotation and
translation.®

Conclusion

Accordingly, although kinematic studies suggest improved
constraint by the adoption of double-bundle intraarticular
reconstruction techniques, such techniques have yet to
demonstrate a significant improvement in the clinical
outcome of ACLR, as defined by return to previous
sporting levels and improved PROMs and activity levels.

Adoption of more anatomically oriented ACLR methods,
combined with addressing previously undertreated meniscal
injuries, both of the osseous attachment of the posterior
horns of the menisci and of the posterior body of the
medial meniscus to the posteromedial capsule (ramp lesion)
may improve outcome following ACLR.

Repair or augmentation of lateral pericapsular structures,
through reconstruction of the ALL, or else by more
traditional open lateral tenodesis, aimed to resist
pathological internal tibial torsion and intraarticular graft
overload, during early healing, would seem to offer the
potential for improved biomechanical control, decreased
patholaxity, and ACL graft reinjury rates.?!-3*
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