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Abstract

Background Within the past 20 years, knee ligament
injuries have been increasingly reported in the literature
to be treated with anatomic reconstructions over soft tis-
sue advancements or sling-type procedures to recreate the
native anatomy and restore knee function. Historically,
early clinician scientists published on the qualitative anat-
omy of the knee, which provided a foundation for the ini-
tial knee biomechanical studies in the nineteenth and twen-
tieth centuries. Similarly, the work of early sports medicine
orthopaedic clinician scientists in the late twentieth century
formed the basis for the quantitative anatomic and func-
tional robotic biomechanical studies found currently in the
sports medicine orthopaedic literature. The development of
an anatomic reconstruction first requires an appreciation of
the quantitative anatomy and function of each major stabi-
lizing component of the knee.

Purpose This paper provides an overview of the initial
qualitative anatomic studies from which the initial knee lig-
ament surgeries were based and expands to recent detailed
quantitative studies of the major knee ligaments and the
renewed recent focus on anatomic surgical reconstructions.
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Conclusions Anatomic repairs and reconstructions of
the anterior cruciate ligament, posterior cruciate liga-
ment, medial collateral ligament and posterolateral corner
attempt to restore knee function by rebuilding or restoring
the native anatomy. The basis of anatomic reconstruction
techniques is a detailed understanding of quantitative knee
anatomy. Additionally, an appreciation of the function of
each component is necessary to ensure surgical success.
Level of evidence V.

Keywords Complex knee instability - Anatomic
reconstruction - Anterior cruciate ligament - Posterior
cruciate ligament - Posterolateral corner - Medial collateral
ligament

Introduction

While orthopaedic procedures increase in complexity and
new devices continually develop, the treatment of com-
plex knee injuries has returned to the basics: the anatomy.
The study of human anatomy traces its early origins to the
“vivisections” of Galen in the second century AD [94] and
Da Vinci’s anatomic drawings of the ideal human [7, 76].
As scientists’ understanding of human anatomy increased,
anatomic theatres, such as the theatre at the University of
Padua in Italy, became an integral portion of medical train-
ing and famous anatomists, such as Nicolaes Tulp and John
Hunter, taught up-and-coming physicians the intricacies
of the human body [80, 90]. However, to understand the
meaning of an anatomic reconstruction requires an addi-
tional level of detail: the function. As Mueller has stated,
“Anatomic structures are never an end in themselves but
are, by virtue of their size and strength, the expression of a
corresponding function” [79, 81, 85, 86].
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In the late nineteenth and early twentieth century, atten-
tion turned to understanding the function of ligaments and
tendons of the knee. Scientists such as the Weber brothers
provided some of the earliest biomechanical studies on the
knee [23, 35, 37,42, 49, 77, 78, 81, 84, 97, 105]. Addition-
ally, Mueller developed the concept of the “four-bar link-
age,” [81] providing a greater understanding of the cruciate
ligaments and their roles in the rotational and translational
movement of the femur and tibia.

The long history of the study of human anatomy pro-
vided a foundation for the initial biomechanical studies of
the knee by clinical scientists in the nineteenth and twentieth
centuries. Similarly, the work of the early orthopaedic clini-
cian scientists formed the basis for the quantitative anatomic
and functional robotic biomechanical studies reported in the
modern sports medicine orthopaedic literature. The purpose
of anatomic reconstructions is to restore knee function by
recreating the native anatomy. However, the development of
an anatomic reconstruction first requires an appreciation of
the quantitative anatomy and function of each component
of the knee. This paper provides an overview of the initial
qualitative anatomic studies from which the initial knee lig-
ament surgeries were based and expands to recent detailed
quantitative studies of the major knee ligaments and the
renewed recent focus on anatomic surgical reconstructions.

The anterior cruciate ligament

Our understanding of the structure and function of the ante-
rior cruciate ligament (ACL) has evolved over time through
biomechanical and clinical orthopaedic research. Sectioning
studies have elucidated the complex structure of the ACL
in order to improve surgical techniques and re-establish
the native kinematics with an anatomic reconstruction [24,
51, 109, 110]. While initial surgical procedures focused on
sling-type procedures, a renewed focus on anatomic-based
reconstructions has evolved over the past decade.

A qualitative understanding of the ACL dates back to
Galen in the second century, who first described the anat-
omy of the ACL [27]. Further studies describing the ACL
were not published until the nineteenth century, when
Eduard and Wilhelm Weber reported that the ACL con-
sisted of two separate intertwined fibre bundles and sec-
tioning the ACL led to anterior tibial translation [105].

Anterior cruciate ligament research and surgical tech-
niques continued in the late nineteenth and early twenti-
eth century, with the first ACL repair reported by Battle in
1900 [6], Fick’s report on the reciprocal function of both
cruciate ligaments in 1911 [22], a cadaveric analysis on the
mechanism of ACL rupture by Goetjes in 1913 [32], and
a description of the pivot shift test by Jones and Smith in
1913 [47].

Proximal point
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ridge
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*Anterior medial bundle
forms a ‘comma-like’
crescent shape over the
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posterolateral bundle
Lateral intercondylar
ridge

Fig. 1 Lateral view of a left knee showing the anteromedial bundle
(AMB) and posterolateral bundle (PLB) of anterior cruciate ligament
(ACL) and their pertinent osseous landmarks (from [111], with per-
mission)

Current research has validated early qualitative findings
and demonstrated that the ACL is essentially comprised of
two bundles: the anteromedial (AM) and posterolateral (PL)
bundles, named for their relative tibial insertions (Fig. 1)
[3]. The femoral ACL attachment is located on the posterior
aspect of the medial surface of the lateral femoral condyle.
Quantitative anatomic studies have reported that the AM bun-
dle originates on the most proximal portion of the femoral
ACL footprint, while the PL bundle originates on the distal
portion of this footprint [89]. The femoral ACL footprint has
been reported to have a semicircular shape, with a 16-24 mm
diameter and a surface area of 113 4 27 mm?. The tibial ACL
insertion has been reported to be approximately 11 mm wide
and 17 mm long in the anterior—posterior direction, with a
total attachment area of 136 mm =+ 33 mm? [17, 31, 40].

Biomechanical studies have long reported the primary
role of the ACL in resisting anterior tibial translation [2, 10,
26, 75, 87, 91]. The AM and PL bundles contribute differ-
ing amounts to anterior tibial restraint as the knee moves
from extension to increasing degrees of flexion [2, 48].
The ACL has also been reported to be a secondary rotatory
restraint to external and internal tibial rotation [83]. One of
the first studies which described the function of the ACL
was by Girgis et al. in 1975 [31]. They reported that sec-
tioning the ACL resulted in increased anterior tibial trans-
lation, increased internal rotation and increased external
rotation in extension and flexion [31]. Additionally, studies
by Noyes in Cincinnati and Kennedy in London, Ontario
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expanded our understanding of the ACL by determining the
effect of age, stress and strain on the physical properties of
the ACL [52, 85, 93].

Hey Groves is attributed with performing the first ACL
reconstruction in 1916, although operative notes from
E. Hesse and Major Zur Verth in 1914 reported on their
own ACL reconstruction techniques [87, 93]. While Hey
Groves’ technique was based on a qualitative understand-
ing of the knee joint, he recognized the importance of rec-
reating the native anatomy with his reconstruction [93].
Throughout the twentieth century, reconstruction tech-
niques advanced as biomechanical research provided a
greater understanding of the ACL. Extraarticular-based
techniques controlling rotatory stability were first popu-
larized by Lemaire in France in 1967 and refined later by
Maclntosh and Galway in 1971, Trillat in 1972, Ellison in
1975 and Losee in 1978 [19, 28, 72-74, 99].

Additionally, harvesting techniques for reconstruction grafts
emerged and evolved: fascia lata grafts were popularized in
the early twentieth century, Edwards first reported the use
of a hamstring tendon graft in a cadaver in 1926 [18], Jones
published the use of a patella graft in 1963 [46], and England
reported the use of a quadriceps tendon graft in 1976 [20].

Since then, quantitative anatomic and functional bio-
mechanical studies have led to the current anatomic ACL
reconstruction techniques. Two anatomic techniques have
emerged: single-bundle (SB) and double-bundle (DB) ACL
reconstructions. Both techniques attempt to recreate the
function of the ACL through anatomic graft placement [3,
33, 43, 101, 111]. While an anatomic DB ACL reconstruc-
tion recreates the two bundle anatomy of the ACL, an ana-
tomic SB ACL reconstruction is a simpler procedure and has
been reported to result in similar postoperative anterior tibial
translation, internal and external tibial rotation, and pivot
shift as an anatomic DB ACL reconstruction [33, 82]. Quan-
titative studies have improved SB and DB ACL graft place-
ment by measuring the precise distances between relative
anatomic landmarks and the ACL footprints [58, 111]. Addi-
tionally the close proximity of the anterior meniscal roots to
the tibial ACL footprint has emerged as a potential complica-
tion of anatomic ACL reconstructions (Fig. 2). The anterolat-
eral meniscal root has been reported to overlap with the ACL
tibial footprint, and an anatomic ACL reconstruction may
decrease the anterolateral root attachment area and ultimate
failure strength [58—60, 104]. Additional research is needed
to investigate the anatomic relationships and interactions of
the anterior meniscal roots and the tibial ACL footprint.

The posterior cruciate ligament

The posterior cruciate ligament (PCL) is the largest intra-
articular knee ligament [40] and provides significant

@ Springer

Posterior

center of
TT

Anterior

Fig. 2 Axial view of a right knee showing the anterior cruciate liga-
ment (ACL) tibial attachment footprint, anteromedial bundle (AM),
posterolateral bundle (PL) and its relation with the anterior roots of
the menisci. AM root, anterior meniscal root; AL root, anterolat-
eral root; AC, articular cartilage; LTE, lateral tibial eminence; MTE,
medial tibial eminence; PL root, posterior lateral meniscal root; PM
root, posterior meniscal root; TT, tibial tuberosity; SFs, supplemental
fibres (from [57], with permission)

stability to the knee. Early qualitative anatomic studies
by the Weber brothers in the twentieth century and Fick
in 1911 described the intertwined bundles of the PCL and
the PCL’s reciprocal function to the ACL [22, 105]. Early
biomechanical studies reported that the primary role of the
PCL was as a restraint against posterior tibial translation
[11, 15, 25, 31, 34]. However, the decreased incidence of
PCL tears compared to ACL tears [4] has historically led to
relatively less biomechanical and anatomic PCL research.
Within the past 20 years, there has been a growing
interest in understanding the anatomy and kinematics of
the PCL. The PCL is composed of two bundles, the ante-
rolateral bundle (ALB) and the posteromedial bundle
(PMB), named for their relative tibial insertions (Fig. 3)
[1]. Quantitative anatomic and radiographic studies have
elucidated the femoral and tibial attachment sites of each
bundle. On the femur, the ALB has been reported to attach
12.1 + 1.3 mm proximally and medial relative to the PMB
[4], and 34.1 mm lateral to the medial femoral condyle
[45]. The distal edge of the PMB has been reported to be
5.8 & 1.7 mm proximal to the femoral articular cartilage
margin, and on the tibia, the ALB and PMB are sepa-
rated by a bundle ridge, with a reported mean distance of
8.9 + 1.2 mm between the centres of the two bundles [4].
In addition to a greater understanding of the quantitative
anatomy of the PCL, an improved understanding of PCL
kinematics has evolved. Recent robotic cadaveric studies
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popliteus
tendon

Fig. 3 a Anterior and b posterior views of a right knee showing the
posterior cruciate ligament (PCL) and the relation of the anterolat-
eral bundle (ALB) and the posteromedial bundle (PMB) with osseous
landmarks: the trochlear point, the medial arch point, the bundle ridge
and the champagne glass drop-off. ACL, anterior cruciate ligament;

have elucidated the role of the PCL in rotation and the roles
of the PCL at higher degrees of knee flexion. Kennedy
et al. reported that sectioning the PCL resulted in increased
posterior tibial translation, tibial internal rotation and tibial
external rotation. Additionally, the PMB was noted to have
a larger role in internal rotation [55].

With the improved understanding of PCL anatomy and
biomechanical function, anatomic SB and DB PCL recon-
struction techniques have emerged. A SB PCL reconstruc-
tion has historically been the more common technique
[107]. However, biomechanical studies have reported
that an anatomic DB PCL reconstruction technique more
closely restores native PCL kinematics compared to an
anatomic SB PCL reconstruction, including less posterior
translation and internal rotation [38, 53, 107]. Additionally
for a DB PCL reconstruction, fixing the PMB at 0°-15° and
the ALB at 75°-105° of flexion has been reported to reduce
overall knee laxity without leading to graft overconstraint
[53]. Quantitative anatomic studies on the posterior menis-
cal roots have reported the additional risk of damaging the
posterior meniscal root attachments when reconstructing

aMFL, anterior meniscofemoral ligament (ligament of Humphrey);
FCL, fibular collateral ligament; PFL, popliteofibular ligament;
pMFL, posterior meniscofemoral ligament (ligament of Wrisberg);
POL, posterior oblique ligament (from [55], with permission)

Anterior

Lateral

Fig. 4 Axial view of a right knee showing the posterior cruciate liga-
ment (PCL) tibial attachment footprint, anterolateral bundle (AL),
posteromedial bundle (PM) and its relation with the posterior roots of
the menisci. LPRA, lateral posterior root attachment; MPRA, medial
posterior roots attachment; ACL, anterior cruciate ligament; LTE, lat-
eral tibial eminence; MTE, medial tibial eminence; SWF, shiny white
fibres (from [60], with permission)
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the PCL (Fig. 4). The centre of the posterior medial menis-
cal root attachment is reported to be 8.2 £ 0.7 mm from
the nearest PCL edge [45], and a single PCL reconstruction
tunnel formed in the ALB footprint can lead to potential
damage of the posterior medial meniscal root [54, 60].

The medial side of the knee

The medial side of the knee is an important arrangement of
ligamentous, capsular and tendinous attachments, includ-
ing the superficial medial collateral ligament (SMCL) which
is the most frequently injured ligament in the knee [61].
As with the other components of the knee, the anatomy of
the medial side of the knee was first described qualitatively
[9, 88, 95, 103]. Palmer in 1938 reported on the tibial col-
lateral ligament in his anatomic dissections [88]. Slocum
and Larson in 1968 [95] reported that the medial side of the
knee included the tibial collateral ligament (sSMCL) and a
“sleeve” of anterior, middle and posterior capsular ligaments.
Recently, the main medial knee structures have been further
defined as the sMCL, the deep medial collateral ligament
(dMCL) and the posterior oblique ligament (POL) [106].
The anatomy of the medial side of the knee has been
further defined quantitatively with exact attachment loca-
tions and relative distances between structures. LaPrade
and colleagues reported that the sMCL has one femoral

Semitendinosus

Fig. 5 Anatomy of the medial aspect of the left knee: a native super-
ficial medial collateral ligament (sMCL); b anatomic augmented
repair of the sSMCL in a left knee with distal tibial fixation of the
semitendinosus sutured to the sMCL remnant 6 cm distal to the joint

@ Springer

attachment, 3.2 mm proximal and 4.8 mm posterior to the
medial epicondyle, and two tibial attachments, a proximal
attachment connecting to soft tissue and a distal attachment
blending in with the pes anserinus bursa 61.2 mm distal to
the knee joint. The dMCL has two portions attached to the
medial meniscus: a meniscofemoral and a meniscotibial
portion. The POL attaches on the femur 7.7 mm distal and
6.4 mm posterior to the adductor tubercle and 1.4 mm dis-
tal and 2.9 mm anterior to the recently reported gastrocne-
mius tubercle [61].

The quantitative anatomy described previously has
led to new biomechanical studies based upon the newly
described quantitative anatomy of the medial knee struc-
tures. The sSMCL has been reported to provide resistance to
external rotation in addition to being the main valgus stabi-
lizer, while the POL stabilizes the knee in internal rotation
when in extension [36, 92].

The quantitative anatomy and functional understanding
of the medial structures of the knee have led to improved
surgical techniques, including anatomic augmented repairs
and anatomic medial knee reconstructions (Fig. 5). Biome-
chanical cadaveric studies have validated an anatomic aug-
mented SMCL repair and an anatomic SMCL reconstruc-
tion, reporting <2 mm of medial joint gapping at 0° and
20° of knee flexion for both techniques [14, 108]. Devel-
opment of anatomic-based reconstructions has led to more
aggressive postoperative rehabilitation programs, with knee

line; ¢ an anatomic sMCL reconstruction with femoral and distal tib-
ial interference screw fixation. VMO, vastus medial obliquus (from
[108], with permission)
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motion initiated within 24 h of surgery, which has led to a
decrease in the rates of reported arthrofibrosis without the
risk of postsurgical laxity [69]. While there is minimal dif-
ference biomechanically, further clinical outcome studies
are needed to investigate whether there is any difference
between the two anatomic techniques for patients.

The posterolateral corner

The posterolateral corner of the knee has long been
described using differing nomenclature by many different
centres in large part due to the complexity of the ligamen-
tous, tendinous and capsular structures. Early dissection
studies reported accounts of a long external lateral liga-
ment, a short external lateral ligament and a posterior lat-
eral collateral ligament [71, 79, 100]. These early accounts
evolved into various studies describing the fibular (lateral)
collateral ligament, the popliteus muscle, the arcuate liga-
ment, the short lateral ligament, the mid-third lateral cap-
sular ligament and the oblique popliteal ligament [5, 8, 21,
41, 50, 56, 71].

Within the past 20 years, extensive anatomic and biome-
chanical studies have provided a more detailed understand-
ing of the important structures of the posterolateral corner
and their functional contributions [39, 65, 67, 68, 70, 96,
102]. The main three static stabilizers of the posterolateral
corner are the fibular collateral ligament (FCL), the pop-
liteus tendon and the popliteofibular ligament. The FCL
attaches proximally to the femur 1.4 mm proximal and
3.1 mm posterior to the lateral epicondyle and attaches dis-
tally to the lateral aspect of the fibular head with additional
fibres extending into the peroneus longus fascia [65]. The
popliteus tendon originates on the anterior fifth of the pop-
liteal sulcus, 18.5 mm anterior and distal to the FCL femo-
ral insertion and attaches distally to the posteromedial tibia
(Fig. 6) [30, 65]. The popliteofibular ligament, which used
to be called the arcuate ligament, consists of two divisions
that originate at the popliteus musculotendinous junction.
The anterior division attaches on the fibular head 2.8 mm
distal to the fibular styloid process on the anteromedial
downslope, and the posterior division attaches 1.6 mm
distal to the fibular styloid process on the posteromedial
downslope [65].

Functionally, biomechanical studies have reported that
the FCL is the primary stabilizer to varus stress. Addition-
ally, the FCL provides stability against external rotation at
lower degrees of knee flexion [13]. The popliteus and the
popliteofibular ligament stabilize against external rotation,
especially at higher knee flexion angles, and act as second-
ary stabilizers to varus stress [64, 67, 68, 70].

An anatomic reconstruction of the posterolateral corner
has evolved from the quantitative anatomic and functional

biomechanical studies. The anatomic technique involves
reconstructing the FCL, the popliteus and the popliteofibu-
lar ligament with two grafts (Fig. 7). Biomechanical studies
have validated the anatomic approach, reporting reduced
varus laxity and external rotation [13, 64, 66, 68, 70], and
clinical outcome studies have reported improved patient
outcomes after anatomic posterolateral reconstruction [29,
62, 63, 66].

Additionally, renewed interest has occurred in the ante-
rolateral ligament. Recent biomechanical studies have
reported the importance of the anterolateral ligament in
rotatory stability and its association with ACL tears [12,
16].

4 “ - )
. FCL-Femur

Popliteus-Suleus

Fig. 6 Lateral aspect of the knee demonstrating the 18.5-mm dis-
tance between the femoral fibular collateral ligament (FCL) insertion
and the femoral popliteus tendon (PLT) insertion (from [65], with
permission)
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Fig. 7 Anatomic posterolateral
corner reconstruction technique.
Posterior (a) and lateral (b)
views of a right knee. FCL,
fibular collateral ligament; PLT,
popliteus tendon; PFL, poplit-
eofibular ligament (from [64],
with permission)

Conclusions

Anatomic repairs and reconstructions of the ACL, PCL,
MCL and PLC attempt to restore knee function by rebuild-
ing or restoring the native anatomy. The basis of anatomic
reconstruction techniques is a detailed understanding of
quantitative knee anatomy. Understanding the spatial rela-
tionship of attachment sites relative to surrounding struc-
tures is imperative to restore the native anatomy. Addition-
ally, an appreciation of the function of each component is
necessary to ensure surgical success. Even though the anat-
omy has now been described and characterized in detail,
the biomechanical function of anatomic-based reconstruc-
tions (i.e. forces seen by the grafts after reconstructions
and the ideal fixation angles for anatomic-based ligament
reconstructions) has not been recreated to the same extent.
Consequently, anatomic reconstructions will continue to
improve in the future as biomechanical research improves
our understanding of the anatomy and function of the knee.
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