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Abstract Since the early years of orthopaedics, it is a
well-known fact that anatomy follows function. During the
evolution of mankind, the knee has been optimally adapted
to the forces and loads acting at and through the knee joint.
However, anatomy of the knee joint is variable and the only
constant is its complex function. In contrast to the time of
open surgery, nowadays the majority of reconstructive knee
surgery is done arthroscopically. Keyhole surgery is less
invasive, but on the backside, the knee surgeon lacks daily
visualisation of the complex open anatomy. As open ana-
tomical knowledge is less present in our daily practice, it
is even more important to highlight this complex anatomy
and function of the knee. It is the purpose of this review to
perform a systematic review of knee anatomy, highlight the
complex function of the knee joint and present an overview
about recent and current knowledge about knee function.

Level of evidence Systematic review, Level IV.

Keywords Knee - Anatomy - Function - ACL - PCL -
Collaterals - MCL - LCL - Popliteus - ALL - Iliotibial tract
Introduction

Since the early years of orthopaedics, it is a well-known
fact that anatomy follows function. During the evolution of
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mankind, the knee has been optimally adapted to the forces
and loads acting at and through the knee joint. However,
anatomy of the knee joint is variable and the only constant
is its complex function, which is the result of an optimal
interplay of bony structures such as femur, tibia, patella and
fibula as well as its ligaments, tendons, muscles and joint
capsule [23]. There are only few anatomical structures that
are solely responsible for one specific function [23]. Gener-
ally, each function of the knee is the result of a complex
teamwork of several anatomical structures together [23].

The knee joint consists of the medial tibiofemoral, the
lateral tibiofemoral, the patellofemoral and the proximal
tibiofibular joint. A number of ligaments provide passive
stability in all directions to the knee joint. In our daily activ-
ities, the knee carries a large portion of our body weight,
allowing a wide range of motion for flexion—extension and
internal-external rotation. The knee joint is a trochogingly-
mos, meaning a gliding hinge joint. The main principle of
knee joint kinematics is rolling, gliding and rotation. The
knee joint offers a six degrees of freedom range of motion.
Rotational movement consists of flexion—extension, inter-
nal-external and varus—valgus. Translational movement is
possible in anterior—posterior and medial-lateral direction
as well as by compression and distraction of the knee joint
(Fig. 1). All these six freedoms of motion are in combined
complex function within the envelope of motion [27].

In the sagittal plane, rolling and gliding are the main
elements. Menschik described the crossed four-bar link-
age system as basic element of knee kinematics in 1974
(Figs. 2, 3) [21], a study which has inspired and highly
impacted the way of thinking about knee kinematics for
generations of knee surgeons.

In this system, the central pivot is build by the anterior
and posterior cruciate ligaments as well as the meniscofem-
oral ligaments [23]. Clearly, the cruciates act as a gear and
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Fig. 1 Knee joint has six
degrees of freedom for rotation
and translation

The 3 rotations

The 3 translations

4

Fig. 2 Tllustration of the Burmester curve and four-bar linkage sys-
tem. The anterior and posterior cruciate ligaments represent the gear
enabling the femur rolling and gliding on the tibia

i

i?

the menisci with their capsular attachments as a peripheral
force control and brake system, called the enlarged cen-
tral pivot (Fig. 7) [23]. The menisci act over an extended
lever arm and guide rotational stability of the knee towards
the periphery [23]. Both menisci insert on and around the
intercondylar eminence and have fibre connections with the
ACL and PCL [23]. The peripheral ligaments such as the
collaterals are primary passive stabilisers against varus—
valgus rotation as well as internal and external rotation
[23]. Other peripheral structures are connected to tendons
and can be actively dynamised when needed [23].

The range of motion of the knee joint is determined by
the orientation of the femoral insertion of the crossed four-
bar linkage system, meaning the femoral insertion of the
cruciates [23]. Taking the principle of the four-bar linkage
system into consideration, the femoral insertion of the cru-
ciates needs to be at a 40° angle to the femoral shaft axis
[23]. It has been also observed that the roof of the notch is
oriented 40° towards the femoral shaft axis (Fig. 4).
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Fig. 3 Four-bar linkage system at different degrees of flexion

Fig. 4 TIllustration showing the
concept of isometry with regard
to different ACL insertion sites.
A anteriorly placed ACL (a) is
too loose in 40° flexion (b) and
too tight in 120° flexion (c)

Generally, the Burmester curve is the most important
biomechanical principle which has to be considered when
repairing or reconstructing a torn ligament. For each knee,
all repaired or reconstructed ligaments need to be on the
ideal path of the Burmester curve, otherwise they will fail
or elongate. For a better understanding, the concept of
isometry and anisometry has to be briefly explained. Isom-
etry is found when a ligament does not change its length
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during flexion—extension. Anisometry is the opposite find-
ing. The core of the ACL is considered to be isometric.

The concept of isometry is shown in Fig. 4. Here a non-
anatomical ACL insertion point leads to increased ACL
strain and length change. In the case of too much length
change, the ACL graft fails.

The native anatomy of the knee follows these biome-
chanical considerations. Hence these should build the basis
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for surgical reconstruction of injured knee structures. In
the past, we have learned why knee reconstructions failed.
One major reason was non-anatomical reconstructive pro-
cedures. Restoration of anatomy is the most important key
for knee surgery and cannot be overestimated. Only if the
surgeon knows what normal anatomy is, anatomy can be
restored in the injured knee.

Anatomy of the knee is the basis for its function and
hence it is the purpose of the following review to describe
relevant knee anatomy and explain knee kinematics with
regard to its complex function in detail.

The central pivot

The cruciates are probably the best studied anatomical
structure in the human body [2, 5-7, 9, 12, 15, 18-20, 28,
30, 31, 33, 35-38, 41, 46, 47]. A tear of the ACL disrupts
the four-bar linkage system and disturbs the rolling glid-
ing mechanism [23, 24]. In the case of an ACL tear, the
femoral condyle rolls too far backwards and then snaps
forwards into the demanded corrected physiologic posi-
tion [23]. Clearly, the pivot shift test represents an ante-
rior tibial subluxation that occurs when the ACL is insuf-
ficient. In early flexion, the anterolateral quadrant of the
tibia is anteriorly translated by internal rotation and val-
gus force. The subsequent reduction in the tibia is due
to the iliotibial tract and occurs with a clunk when the
knee is flexed 20°-40°. The first description of the kin-
ematic explanation of the pivot shift was given in 1977
by Miiller [25]. The pivot shift mechanism can be better
explained when the relationship with the aforementioned
four-bar linkage mechanism is understood. Just recently,
the pivot shift mechanism has been postulated to represent
an injury of the anterolateral capsule, newly named ante-
rolateral ligament (ALL) [3, 4].

In the last years, ACL anatomy has been rediscovered.
After the era of transtibial non-anatomical ACL surgery,
double-bundle reconstruction has turned the focus from
purely technical back to anatomical considerations. How-
ever, ACL anatomy was still simplified. The ACL was then
considered to have two or even three functional main bun-
dles: the anteromedial (AM), posterolateral (PL) and inter-
mediate bundle (IM). These bundles are named with regard
to their tibial insertions [30, 34, 43]. The cross-sectional
shape of the ACL is considered to be “irregular” rather than
circular, elliptical or any other simple geometric form. The
shape is variable with the angle of flexion. Kinematically
the AM bundle is tight during knee flexion, and the PL bun-
dle is tight during knee extension and knee internal rota-
tion [43]. The orientation of the ACL bundle attachment
sites changes as the knee flexes. In extension, the origin of
the AM bundle is located just above the origin of the PL

bundle. When the knee is flexed, the attachment site of the
AM bundle moves behind the PL bundle origin [48].

The femoral insertion site of the ACL is semilunar. It
shows an attachment length of 13-25 mm and a width of
6—-13 mm [39, 40]. Others found a more circular or oval
shape of the ACL attachment site [48].

Today, the ACL double-bundle differentiation is a matter
of debate. A recent very well-performed MRI and cadav-
eric dissection study by Smigielski et al. [36] showed no
clear ACL bundle structure. This detailed anatomical study
found a ribbon-like structure of the ACL from its femoral
insertion to midsubstance [36]. From a total of 2-3 mm
from its bony femoral insertion, the ACL formed a flat rib-
bon without a clear separation between AM and PL bundles
[36]. The ribbon was in exact continuity of the posterior
femoral cortex [36].

The burning question remaining is, “How many bun-
dles actually form the ACL?” One bundle, two bundles,
two bundles with an intermediate third bundle or 6-10
fibre bundles? Clinically this question is important, as the
function of the ACL can be replicated only if the complex
structural network of collagen fibres and its function are
understood.

Mommersteg et al. [22] found 6-10 bundles and multi-
ple fascicles. The ACL fibres of the ACLs fan out towards
the femoral and tibial insertion, meaning that the ACL is
narrower at midpoint and wider near the insertion site [22].

Friederich and O’Brien investigated the length change
patterns of ACL fibre trajectories during extension and
flexion. They outlined a system of progressive ACL fibre
recruitment during flexion—extension [8]. In knee flexion,
the position of the ACL is almost horizontal [8]. Then, less
fibres are acting against anterior translation as the leaver
arm is long [8]. In knee extension, the ACL is more verti-
cal, its leaver arm is shorter and all fibres are now recruited
(Figs. 5, 6). This fact is important because the length of the
ACL changes with varying degrees of knee flexion, mean-
ing that it is mostly not isometric [48]. The consequence
of this finding is that even a slight variation of the femoral
tunnel potentially has a strong effect on the length and ten-
sion of the ACL [48] (Fig. 7).

Clearly, the non-isometry and multiple fibre structure
of the ACL are the key factors for ACL reconstruction.
An optimal ACL reconstruction should kinematically, bio-
logically and anatomically restore the native ACL. In the
early years of ACL reconstruction, we started to perform
anatomical single-bundle ACL reconstruction and did
not change the technique for 20 years. Ten years ago, we
changed the technique to a double-incision iso-anatomical
ACL reconstruction using bone—patellar tendon—bone auto-
graft [1, 10]. However, the tunnel position was always ana-
tomical and never changed. Future challenge of ligament
reconstruction is to restore joint homoeostasis.
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ACL needs more
fibers in extension

PCL needs more
fibers in flexion

Fig. 5 Recruitment of fibres for ACL and PCL with regard to exten-
sion or flexion

Al B!

Fig. 6 Illustration of the ACL showing the tibial and femoral attach-
ments and the course of ACL in flexion and extension

The posterior cruciate ligament (PCL) has been less
intensively investigated than the ACL, but the above-men-
tioned principles also apply to the PCL.

The PCL is the strongest ligament of the knee and con-
sists of multiple bundles; most authors believe 2-3 bundles:
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Fig. 7 Illustration showing the central pivot, ACL and PCL enlarged
with the medial and lateral menisci

the anterolateral (ALB), the posteromedial (PMB) and the
intermediate bundles. However, again Mommersteg et al. [22]
found 6-10 bundles and multiple fascicles. Both the lengths
and the widths of the PCLs are larger than those of the ACL.

The PCL is the primary restraint to posterior tibial transla-
tion and a secondary restraint to external tibial rotation [17,
45]. Both PCL bundles have a stabilizing function in terms of
posterior translation throughout the full range of knee flex-
ion [17, 45]. Although the ALB is the predominant restraint
to posterior translation from 15° to 90°, the PMB also has
a supplemental role at these angles [17, 45]. The PCL also
restricts internal rotation at all ranges of flexion [17, 45]. The
PMB plays a role in preventing internal rotation beyond 90°
of flexion [17, 45]. The entire PCL has a small but significant
role in restricting tibial internal and external rotations, par-
ticularly beyond 90° of flexion [17, 45].

Menisci

The menisci form a mobile containment on the tibial pla-
teau adapting to the rolling gliding and rotating movement
of the femoral condyles [16]. The incongruity of femoral
condyle and tibial plateau is compensated by the medial
and lateral meniscus [16]. Both menisci are fixed to the
peripheral capsule, and the anterior and posterior roots are
fixed to the tibial plateau [16]. At the capsule, an abundant
number of free nerve endings are important for propriocep-
tion [16]. Both anterior roots of the menisci are connected
with the transverse ligament, which is connected via small
strains to the patellar tendon [16]. In addition, the medial
meniscus is connected to the medial collateral ligament.
The medial posterior horn is fixed to the posterior oblique
ligament (POL) and functions as an important secondary
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co-restraint to the ACL and with its parallel orientation
to the PCL also a co-restraint for the PCL [16]. The lat-
eral meniscus is dynamised as well. The popliteus muscle
directs its first tendon to insert widely into the posterior
horn of the meniscus. When flexing the knee, the popliteus
tendon pulls the lateral meniscus posteriorly.

During flexion, the contact point of femoral condyle and
tibial plateau moves posteriorly [16]. The medial meniscus
moves 6 mm posteriorly, the lateral one 12 mm. During
extension, it moves anteriorly [16]. The menisci follow the
femoral condyle and tibial plateau [16]. In addition, both
menisci are deformed, the lateral more than the medial
meniscus [16].

According to Kapandji, it can be distinguished between
active and passive factors influencing meniscus motion
[16]. Passively the motion is determined by the femoral
condyles that push the menisci back and forwards during
flexion—extension [16].

Active factors are the following: extending the knee, the
menisci are pulled forwards by fibres, which connect the
patella and the anterior menisci as well as the transverse
ligament [16]. The meniscofemoral ligament also pulls the
menisci forwards [16]. Flexing the knee, the medial menis-
cus is pulled backwards by the semimembranosus tendon,
the lateral meniscus by contraction of the popliteus ten-
don [16]. There is also a coupled motion of menisci and
the tibiofemoral joint. In external tibial rotation, the lateral
meniscus is pulled anteriorly, the medial meniscus posteri-
orly [16]. In internal tibial rotation, the lateral meniscus is
pulled posteriorly, the medial meniscus anteriorly [16]. This
above-described coupled motion of the menisci explains
vulnerability of the menisci during rotational movements.
The lateral meniscus is much more mobile than the medial
one. At one hand, this is reflected by the higher rate of
medial meniscus tears, as the fixed meniscus is less able to
compensate for rotational and forces and on the other hand,
as the lateral compartment is the mobile knee compart-
ment, a lateral meniscectomy is more devastating than a
medial meniscectomy leading to a more rapid development
of OA [11, 29]. In addition, also short-term outcomes after
lateral partial meniscectomy are worse [26]. According to a
recent study, time to return to play for an elite soccer player
is 7 weeks after a partial lateral meniscectomy, compared
with 5 weeks after a partial medial meniscectomy [26]. The
rate of returning to play was 5.99 times greater for players
with a partial medial meniscectomy [26].

Medial knee compartment: the stable one
The medial compartment is tightly fixed between the two

strongest ligaments, the PCL and the medial collateral liga-
ment system, including the POL with the meniscus [23].

Therefore, there is less rotation excursion on this side and
the axis of internal-external rotation stays in this medial
compartment [23]. The medial knee compartment can be
called the stable knee compartment.

The medial collateral ligament (MCL) is tight in exten-
sion and loose in flexion [23]. It is also tightened in exter-
nal rotation and loose in internal rotation [23]. During
flexion, the posterior part of the MCL is folded under the
anterior part of the MCL. A complex system of progressive
fibre recruitment towards extension when more force for
the resistance against valgus is necessary can be observed
[23].

For many years, there were problems in stabilizing
chronic medial valgus instabilities until it was recognised
that the two main semimembranosus tendons, the pars
directa and the pars reflexa, were injured in these cases.

The most important and strongest protector against val-
gus and external rotation is the semimembranosus with its
insertion close to the POL on the tibia and with its five ten-
don arms, two to the tibia, one to the POL-medial menis-
cus, one as lig. popliteum obliquum (oblique popliteal
ligament) to the fabella and the fifth into the aponeurosis
of the popliteus muscle. It controls the posteromedial sta-
bility from an ideal position in all directions. In extension,
the pars directa goes to the posterior tibial crest stabilizing
against valgus. In flexion, the pars reflexa passing under the
MCL is the most important restraint of internal rotation.

Lateral compartment: the mobile one

In contrast to the medial knee compartment, the lateral one
can be called the mobile knee compartment. This is due to
the fact that the axis of rotation is based in the medial com-
partment. As a consequence, the lateral compartment has
no distinct ligament, which directly connects the tibia and
the femur, as this would imply too much length change dur-
ing extension—flexion and external-internal rotation. The
later mentioned ALL should be better seen as thickening of
the lateral capsule.

The lateral collateral ligament (LCL) runs from the
femur to the fibula, as the proximal tibiofibular joint allows
the necessary adaption for the needed length change during
flexion—extension. The biceps tendon tightens the LCL by
its course around the ligament. The LCL represents a good
example of a dynamised ligament, meaning that by con-
traction of the biceps tendon, the LCL is actively tightened.

The popliteus system is dynamically stabilising the lat-
eral knee compartment. It has three tendon arms and acts as
a primary static stabiliser to external rotation. The first ten-
don arm, which consists of synovial reflections above and
below the meniscus, also known as popliteomeniscal fas-
cicles, is directed towards the posterior wall of the lateral
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meniscus [42]. The second one represents the popliteofibu-
lar ligament, which connects the fibular head and the popli-
teus tendon [42]. It is the thickest part of the popliteus sys-
tem. The third tendon arm runs underneath the LCL to its
insertion, which is slightly ventral and distal to the femoral
LCL insertion [42].

A torn popliteofibular ligament leads to increased rota-
tional freedom of the popliteus tendon. In such a case, the
popliteus tendon is unconstrained from the popliteofibular
ligament restraints and approximately 1 cm longer allowing
more tibial rotation [42].

The popliteus muscle belly lies on the medial backside
of the proximal tibia. With its tendon, it is an important
internal rotator and an important secondary restraint to the
PCL. The popliteal aponeurosis is closely interwoven with
tendon fibres of the semimembranosus muscle, which cre-
ates a direct link between the posteromedial and the poste-
rolateral structures.

The iliotibial tract (ITT) attaches at Gerdy’s tubercle
and functions as anterolateral stabiliser of the knee joint.
Here the same principle of a dynamised structure can be
found (Fig. 8). The Kaplan fibres, which connect the ITT
with the distal lateral femoral condyle, represent a dynamic
ligamentous junction. It diverts the strong forces of the ten-
sor fasciae latae and glutaeus maximus muscles. The poste-
rior fibres of the ITT are almost isometric at flexion angles
between 0° and 50°. Between 50° and 90° flexion, the pos-
terior fibres of ITT decrease in length. The anterior fibres
of the ITT increase in length between 0° and 40° of flexion
and were then almost isometric from 40° to 90°.

Recently, the importance of the ALL has been rediscov-
ered. Segond was the first to mention a capsular avulsion
at the lateral tibia [32]. In addition, in early textbooks and

Fig. 8 Illustration showing the Kaplan fibres of the iliotibial tract
originating at the lateral distal femur dynamising this important struc-
ture
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publications, it has been already mentioned as capsulol-
igamentous thickening of the anterolateral capsule or the
mid-third capsular ligament [13, 14, 23]. However, its clear
function and anatomical description have been vague and
inconsistent. The origin of the ALL is on the lateral femoral
epicondyle proximal and posterior to the popliteus tendon
insertion [44]. It inserts on the lateral meniscus and tibia
5 mm distal to the tibiofemoral joint and posterior to Ger-
dy’s tubercle [44]. The ALL is most tight during combined
flexion and internal tibial rotation. Hence it serves as stabi-
liser for internal rotation [44].

Conclusion

This review of complex knee function is not the sole truth,
but it represents the current state of error. This is one way
to understand the complex knee function.

To date, there is a great amount of scientific data and
anatomical information available, but one has to translate
this knowledge into surgical reality. This is possible only
with a profound understanding of complex knee function
and kinematics.
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