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Abstract

The posterior cruciate ligament (PCL) represents an intra-articular structure composed of two distinct bundles. Considering
the anterior and posterior meniscofemoral ligaments, a total of four ligamentous fibre bundles of the posterior knee complex
act synergistically to restrain posterior and rotatory tibial loads. Injury mechanisms associated with high-energy trauma and
accompanying injury patterns may complicate the diagnostic evaluation and accuracy. Therefore, a thorough and systematic
diagnostic workup is necessary to assess the severity of the PCL injury and to initiate an appropriate treatment approach.
Since structural damage to the PCL occurs in more than one third of trauma patients experiencing acute knee injury with
hemarthrosis, background knowledge for management of PCL injuries is important. In Part 1 of the evidence-based update
on management of primary and recurrent PCL injuries, the anatomical, biomechanical, and diagnostic principles are pre-
sented. This paper aims to convey the anatomical and biomechanical knowledge needed for accurate diagnosis to facilitate
subsequent decision-making in the treatment of PCL injuries.

Level of evidence V.
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Introduction

Posterior cruciate ligament (PCL) tears are severe inju-
ries with devastating long-term effects for the knee joint.
Despite a fairly rare estimated incidence of 1-6% for
isolated PCL tears [7, 12, 36, 40, 66], one study showed
that structural damage to the PCL occurs in up to 38% of
trauma patients presenting with acute knee injuries with
hemarthrosis [12]. Consequently, over 60% of PCL injuries
are associated with additional capsuloligamentous lesions
[12, 36, 40, 56, 67, 68]; combined PCL and posterolateral
corner (PLC) injuries are predominant, with a prevalence
of 15-42% among PCL injured patients [12, 36, 67]. Since
males are more often involved in trauma, males are more
commonly affected by PCL injuries than females, and the
average age at the time of injury is 28-34 years [40, 56, 67,
68]. Given the larger cross-sectional area and the increased
tensile strength of the PCL, compared to the anterior cru-
ciate ligament (ACL) [23], PCL injuries are associated
with high-energy trauma, as observed in motor vehicle
and sport-related injuries [12, 40, 56, 67, 68]. However,
PCL injuries are also associated with low-velocity and
ultra-low-velocity knee dislocations occurring during daily
activities and typically affect obese patients [5, 74].

Fig.1 Schematic illustration a
of the anatomy of the posterior
cruciate and the meniscofemo-
ral ligaments. a Right knee from
an antero-lateral view. b Right
knee from a posterior view.
ACL anterior cruciate liga-
ment; ALB anterolateral bundle;
aMFL anterior meniscofemoral
ligament; LCL lateral collateral
ligament; LM lateral meniscus;
MCL medial collateral ligament;
MM medial meniscus; PFL
popliteofibular ligament; PMB
posteromedial bundle; pMFL
posterior meniscofemoral liga-
ment; PT popliteus tendon

Over the past decades, research has provided insights into
the fundamentals of PCL anatomy and biomechanics [1, 3,
13,23, 31, 55, 59]. Diagnostic tools have evolved, leading to
improved accuracy in detecting isolated and combined PCL
injuries. As a result, the spectrum of treatment approaches
and the corresponding indications has expanded.

Anatomy

With an average length of 36-38 mm and a mean cross-
sectional area of 40—-60 mm? at the midsubstance level, the
PCL is an intra-articular, extra-synovial ligamentous struc-
ture of the knee [23, 31, 55]. It is generally accepted and
supported by numerous anatomical and biomechanical stud-
ies that the PCL consists of two distinct bundles (Fig. 1)
[3, 71]. More prominent, larger in its cross-sectional area,
and stronger against tensile stress is the anterolateral bundle
(ALB). In contrast, the posteromedial bundle (PMB) repre-
sents a weaker and anatomically more diverse part of the
PCL [3, 4, 23, 59]. The extensive half-moon shaped femoral
attachment site is located on the lateral facet of the medial
femoral condyle, involves anteriorly the roof of the inter-
condylar notch, is proximally bounded by the medial inter-
condylar ridge, reaches distally the margin of the articular
cartilage of the medial femoral condyle, and thus covers an
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area of approximately 190-230 mm? (Fig. 2) [3, 4, 17, 71].
Based on a modified quadrant method superimposed on the
medial femoral condyle, on strict lateral radiographs, the
centre of the femoral insertion site of the ALB is located
at approximately 38-42% of the depth (measured from the
anterior cartilage margin) and 13-16% of the height (meas-
ured from the roof of the intercondylar notch) of the medial
femoral condyle along and perpendicular to the Blumen-
saat’s line, respectively [42, 52, 55]. The corresponding
values for the PMB are 49-63% and 35-38%, respectively
[42, 55]. According to a recent anatomic study, the midsub-
stance of the PCL appears to be flat with a mean width and
thickness of approximately 13 mm and 5 mm, respectively
[31]. The significantly smaller and trapezoidal-shaped tibial
attachment site of the PCL covers an area of approximately
160—220 mm? and is in close proximity to the posterior root
of the medial and lateral menisci [3, 4, 17]. The centre of
the tibial PCL attachment is located slightly distal to the
articular surface in a sulcus termed the PCL facet, which is

Fig.2 Schematic illustration of the insertional zones of the posterior
cruciate ligament in the right knee (posterior view). ALB anterolateral
bundle; aMFL anterior meniscofemoral ligament; PMB posterome-
dial bundle; pMFL posterior meniscofemoral ligament
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located between the medial and lateral tibial plateau con-
dyle at approximately 50% (measured from the medial tibial
border) of the tibial plateau’s total medial-lateral diameter
[4, 17,42, 50,55, 71]. More specifically, the tibial footprint
is bounded posteriorly by the champagne-glass drop-off,
a bony landmark at the transitional zone to the popliteus
muscle which can be consistently identified on lateral radio-
graphs. Another pertinent bony landmark is called the bun-
dle ridge, which separates the tibial attachment site of the
ALB and PMB [4].

The meniscofemoral ligaments (MFLs) are an integral
part of the posterior knee complex. Given the position of
the two MFLs with respect to the PCL, a distinction is made
between the anterior MFL (Ligament of Humphrey) and the
posterior MFL (Ligament of Wrisberg). The anterior and
posterior MFL can be observed in 20-75% and 70-100% of
knees, respectively, and at least one MFL is present in more
than 90% [4, 19, 51]. On the femoral side, the MFLs attach
just proximal (posterior MFL) and distal (anterior MFL) to
the femoral attachment of the PMB and exhibit a circular
cross section (Fig. 2) [4, 23]. In spite of the detailed descrip-
tion of the femoral MFL insertion site, precise knowledge
about the attachment on the posterior horn of the lateral
meniscus is limited [3, 4, 23, 71]. In one study, a mean dis-
tance from the centre of the posterolateral meniscal root
to the meniscal attachment of the anterior MFL and the
posterior MFL of 6 mm and 12 mm, respectively, could be
observed [2]. Some anatomical variations of the posterior
MFL with menisco-tibial and tibio-femoral fibres have been
demonstrated as well [31].

Biomechanics

The ALB and PMB were thought to be reciprocally involved
during knee flexion. However, recent investigations highlight
the codominant characteristics of the two bundles through-
out the knee’s range of motion (ROM) [1, 34, 57]. The resist-
ing force against posterior tibial translation (PTT) provided
by the ALB and PMB depends on the orientation and tension
of the respective bundle. Since the length and orientation of
the ALB and PMB behave reciprocally, neither bundle can
be considered as the primary restraint against PTT at certain
knee flexion angles, which is defined as codominance [1].
The magnitudes of force and strain exerted on the individual
bundles of the PCL are largely influenced by knee flexion
angle and type of activity [25]. Both bundles have been dem-
onstrated to provide greater functional roles during flexion
rather than extension, which is further supported by findings
suggesting that the length of the ALB and PMB increases
during knee flexion, both with and without application of a
posteriorly directed force [57, 77].

Biomechanical investigations of the PCL have eluci-
dated its primary role as providing restraint against PTT,
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with recent studies implicating its additional involvement
as a secondary stabilizer against rotatory loads, particularly
above 90° of knee flexion [32—-34]. However, the extent of
increased anterior—posterior (AP) and rotatory knee laxity
depends on whether one or both PCL bundles are injured.
One study comparing partially and completely transected
PCL specimens with PCL intact specimens demonstrated
that complete sectioning of the PCL results in higher magni-
tudes of PTT between flexion angles of 0° and 120°, as well
as increased internal and external rotatory laxity between
90° and 120° [34]. Consistent findings have denoted that
partial PCL injury may not have a clinically relevant effect
with respect to PTT [21, 46]. However, an in vivo investiga-
tion of tibiofemoral laxity during functional activities in par-
tially PCL injured patients demonstrated that the magnitude
and timing of dynamic laxity differ among patients with a
similar degree of static laxity. This finding further supports
the notion of various patient-related factors contributing to
functional instability following PCL injuries [16].

A considerable part of the current literature focuses on
how to best restore native PCL biomechanics in a man-
ner that translates to clinical success following operative
treatment of PCL injured patients. Biomechanical studies
have reported anatomic double-bundle (DB) PCL recon-
struction (PCL-R) to provide superior restoration of knee
laxity and kinematics compared to anatomic single-bundle
(SB) reconstruction (Fig. 3) [21, 49, 78]. Anatomic DB
PCL-R has been shown to be superior to anatomic SB

Fig.3 Right knee from a

posterior view demonstrating a
single-bundle vs. double-bundle
posterior cruciate ligament
reconstruction (PCL-R). a

Transtibial single-bundle PCL-

R. b Transtibial double-bundle

PCL-R

PCL-R in providing restraint to PTT between 15° and
120°, and internal rotation above 90° of knee flexion [78].
Conversely, results published by another investigation
have raised the concern that tensions exerted on the PMB
graft fixed at 30° during DB PCL-R results in excessively
restricted residual AP translation of the knee, while the
SB technique provides a superior replication of the native
knee laxity [47].

The structures of the PLC of the knee, including the
lateral collateral ligament, popliteus tendon, and poplite-
ofibular ligament (Fig. 1) have been identified as restraints
against PTT, varus torque, and tibial external rotation and,
therefore, act synergistically with the PCL [11, 15, 37, 72,
76]. Increased in situ forces of the intact PCL have been
demonstrated in externally loaded, isolated PLC-deficient
knees, indicating the importance of detecting and treating
PLC injuries concurrently with PCL-R to prevent exces-
sive graft stress [22, 48]. This is also supported by a recent
meta-analysis reporting that treating combined PCL and
PLC injured knees with isolated SB or DB PCL-R is not
able to restore native knee kinematics [38]. It has been
shown that the medial collateral ligament (MCL) complex
and the posteromedial corner (PMC) contribute to trans-
lational and rotatory knee laxity in PCL deficiency [58,
62, 64]. Controversy exists whether the superficial MCL
or the posterior oblique ligament acts primarily [58, 62].
Consequently, the PMC may play a major role in residual
knee laxity and needs to be assessed during PCL-R.
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Diagnostic workup

A thorough and systematic diagnostic workup including
patient history, standardized clinical knee examination, and
imaging is essential for each patient to precisely identify
PCL and concomitant ligamentous, meniscal, and cartilage
injuries for appropriate and individualized treatment deci-
sion-making [8, 20, 79].

Obtaining detailed information about the patient’s medi-
cal history, injury mechanism, chief complaint as well as
social, professional, and athletic demands is crucial [20,
41, 45, 79]. Usually, patients presenting with PCL injuries
are aged between 20 and 35 years and have a history of
a high-energy trauma caused by a motor vehicle or sport-
related injury [12, 40, 56, 68]. More precisely, a posterior
directed force acting on the proximal tibia leads to posterior
tibial translation, which ultimately causes a disruption of
the PCL [45, 68]. Other injury mechanisms are hyperflexion
and also hyperextension, which is associated with a proxi-
mal tear location and anterior tibial plateau compression
fractures [13, 61, 77]. Excessive varus, valgus, internal,
or external torque of the tibia are also injury mechanisms
and may be related to concomitant injuries of the peripheral
capsuloligamentous structures, menisci, and cartilage [45,
56, 68]. Clinically, patients primarily report pain or discom-
fort after an acute PCL injury. The pain commonly affects
the patellofemoral, anteromedial, or posterior part of the
knee and occurs during uphill or downhill walks. Unlike
in ACL deficiency, patients with isolated PCL tears rarely
report symptoms of instability. However, the perception of
instability becomes more present in chronic and combined
PCL injuries [41, 43, 45, 79]. Hemarthrosis in patients after
acute knee injuries may be indicative of PCL tears [12, 36],
which is why a standardized clinical examination based on
the International Knee Documentation Committee Form
(IKDC) is recommended in such cases. Clinical tests such
as the posterior drawer test, dial test, reversed pivot-shift
test, and the quadriceps active test should be conducted
and assessed in conjunction with clinical signs such as the
posterior sag sign, lower limb alignment, or a varus thrust
to accurately identify all injured structures [9, 41, 45, 79].
Posterior and posterolateral laxity can be exaggerated by an
underlying varus malalignment. Varus knees can be clas-
sified as primary-, double-, or triple-varus. While primary
varus is caused by osseous malalignment and loss of the
medial meniscus or articular cartilage, double- and triple
varus additionally include lateral and posterolateral liga-
mentous deficiency, respectively [53]. As a result, a varus
thrust may be observed during gait analysis, which is defined
as a dynamically increasing varus alignment under weight-
bearing conditions.

In the authors’ (PWW, VM) approach, the posterior
drawer test is performed in internal, neutral, and external
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rotation of the tibia to assess additional injuries of the
peripheral capsuloligamentous structures since biomechani-
cal studies have shown that the structures of the PMC and
PLC are secondary restraints against internal and external
tibial torque, respectively [30, 35, 54, 58, 70, 75]. Further-
more, all PCL injuries are classified according to the classifi-
cations proposed by the American Medical Association [60],
Hughston and colleagues [27, 28], and Harner et al. [20].
Grade I and II injuries are considered as partial tears involv-
ing ligament strain or individual fibre disruption, quantified
by a PTT of <5 mm and 5-10 mm, respectively. Grade III
or complete PCL tears are defined by total ligament rupture,
exhibiting gross instability with a PTT of > 10 mm [20]. All
tests are performed bilaterally to evaluate side-to-side differ-
ences and are complemented by the assessment of general-
ized hyperlaxity based on the Beighton scoring system [6].

Despite reliable clinical tests, magnetic resonance imag-
ing (MRI) continues to be the most accurate diagnostic
modality to identify isolated and combined PCL injuries
(Fig. 4) [10, 18, 65]. Although the sensitivity and specific-
ity of acute PCL injuries are reported to be up to 100%, this
is not applicable for chronic and recurrent PCL injuries since
scar formation or healing in a stretched, insufficient confor-
mation may incorrectly portray an intact appearance of the
PCL [10, 18, 69]. The AP diameter, as measured on sagittal
T2-weighted MRI scans, of the native PCL has been shown
to be <6 mm in 92% of patients without a history of knee
trauma. In surgically confirmed PCL tears, the correspond-
ing AP diameter was found to be >7 mm in 94% of patients.
An increased AP diameter (>7 mm) on sagittal T2-weighted
images is, therefore, indicative for PCL injuries. Another
sign of PCL tears is an increased intraligamentary signal
intensity on fat-suppressed proton-density MR images,
which may appear in a longitudinal striated configuration
[65]. A buckled conformation of the PCL seen on sagit-
tal MR images, mimics a slack appearance of the PCL and
is caused by anterior displacement of the tibia. However,
the buckled PCL sign is a secondary sign of ACL tears and
should not be misinterpreted as a sign of PCL deficiency [63,
73, 80]. Specific bone bruise patterns are considered to be
secondary signs of ligamentous knee injuries which addi-
tionally provide insights into the injury mechanism. Acute
isolated PCL injuries and combined PCL and PLC injuries
have been associated with a bone bruise in more than 80%
of patients [14, 44]. More precisely, a bone bruise most fre-
quently affects the anteromedial compartment, but depend-
ing on the concomitant injuries, it can also be observed in
the lateral and patellofemoral compartment [14, 44]. Thus,
bone bruise patterns in PCL injuries exhibit a certain diver-
sity compared to ACL injuries.

Quantification of PTT supports treatment decision-
making and is essential for follow-up evaluation in opera-
tively and non-operatively treated isolated and combined
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Fig.4 Sagittal T2-weighted magnetic resonance imaging scans of the
posterior cruciate ligament (PCL). a Intact PCL. b Partial grade II
PCL injury. Note the increased sagittal diameter of the PCL and the

PCL injuries [41, 79]. The inter- and intrarater reliability,
assessed by the intraclass correlation coefficients (ICC), for
instrumented laxity measurement based on the KT-1000
arthrometer have been reported to be moderate (interrater
ICC, 0.29-0.64; intrarater ICC, 0.59-0.79) for PCL-deficient
and reconstructed patients [26]. Additionally, posterior sagit-
tal stress radiographs have been found to be favourable in
quantifying PTT compared to arthrometric measurements
and manual testing [24]. Therefore, it is recommended to
obtain stress radiographs for the quantification of PTT in
addition to conventional AP and lateral radiographs. Differ-
ent techniques for the acquisition of posterior sagittal stress
radiographs and various methods for PTT measurement have
been described [29, 39]. Given the differences in the time
required for image acquisition, inconvenience to the patient
(pain), reproducibility, and the measurement reliability, each
acquisition and measurement technique has its advantages

striated increased intraligamentary signal intensity. ¢ Midsubstance
grade I PCL injury. d Femoral grade III PCL injury. e Grade III tib-
ial avulsion injury of the PCL. White arrow denotes injury site

and disadvantages [29, 39]. The authors’ (PWW, VM) pre-
ferred technique is shown in Fig. 5. Additional acquisition of
full leg or varus/valgus stress radiographs is recommended
if lower limb malalignment or concomitant injuries of the
PMC or PLC are clinically suspected [8].

Conclusion

Anatomical studies have increased the awareness of the bundle
configuration and insertion zones of the PCL and the close
relationship to the MFLs. This is supplemented by biomechan-
ical studies which have demonstrated the length and orienta-
tion change patterns of the individual PCL bundles and the
resulting codominant and synergistic function. Specifically,
the ALB is the larger and more important bundle and is most
commonly reconstructed for single bundle PCL-R surgery.
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Fig.5 Posterior stress radiographs. Left, 8-mm posterior tibial trans-
lation (PTT) (a) and right, 18-mm PTT (b) quantified by lateral
kneeling stress radiographs of a patient with failed posterior cruciate
ligament reconstruction of the right knee. Posterior tibial translation
is measured as the distance between line 2 and line 3 (yellow double-

Double bundle reconstructions are biomechanically superior
and may be used in cases with chronic high-grade posterior
instability. Extended basic knowledge can be translated into
improved diagnostic workup, thus facilitating an individual
treatment approach.
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headed arrow). Line 1, tangential to the medial tibial plateau; Line 2,
perpendicular to line 1 and crossing the midpoint between the poste-
rior border of the medial and lateral tibial plateau; Line 3, parallel to
line 2 crossing the midpoint between the medial and lateral femoral
condyle
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