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Abstract Purpose The aim of this retrospective, multicenter study was to investigate the
correlation between a high degree of rotatory instability, posterolateral tibial slope
(PLTS), and anterolateral ligament (ALL) injury.

Methods The study population consisted of 76 adults with isolated, complete noncontact
anterior cruciate ligament (ACL) tear. The sample was divided into two groups according to the
preoperative degree of rotator instability (group A: pivot-shift test grades 2 and 3; group B:
pivot-shift test grade 1). Preoperative magnetic resonance imaging (MRI) assessment included
angle of PLTS, posterior shift of the lateral femoral condyle (16 mm) on the tibial plateau, and
the presence/absence of ALL injury. The two groups were compared for differences.

Results There was a statistically significant association between pivot-shift test grades 2
and 3 (group A), PLTS slope angle > 9 degrees, and ALL injury (p < 0.05). Group A also

Keywords demonstrated a greater posterior shift of lateral femoral condyle (>11 mm), which was,
= anterior cruciate however, not statistically significant when evaluated as an isolated variable.
ligament Conclusion Our study indicates that an increased PLTS is associated with an increased
= tibial slope incidence of ALL injury and an increased grade of pivot shift in patients with ACL tear.
= pivot shift Assessment of posterolateral tibial slope on MRI can therefore play a key adjunct role in
= rotational instability ~ the surgical planning of ALL reconstruction, especially in cases when ALL damage is
= posterior femoral radiologically difficult to detect or doubtful.
shift Level of Evidence This is a retrospective comparative level lll study.
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Role of the Posterolateral Tibial Slope in the Rotational Instability

Introduction

Anterior cruciate ligament (ACL) injury poses one of the most
challenging problems in knee orthopaedics. According to the
Swedish National ACL Register, the incidence is approxi-
mately 50 to 80 cases per 100,000 inhabitants.'

Despite advances in joint biomechanics and arthroscopic
techniques, there remains much area for improvement, par-
ticularly in treating postoperative rotatory instability.z"“7 In
some cases, knee rotatory instability can persist irrespective of
the type of reconstruction technique, graft choice, and coex-
isting injuries (e.g., meniscus or peripheral ligament tears,
load-bearing axis deformation). The cause may be a poor
understanding of the biomechanics of the lateral compartment
of the knee.?? Defined by LaPrade and Bellemans as “the dark
side of the knee,"'° the lateral compartment is essential for
ensuring rotatory stability during ambulation, particularly in
ACL-deficient knees, and suggests its importance when liga-
ment reconstruction of the central pivot fails,' "% resulting in
poor functional outcome after surgery.'>

Neoligament failure occurs more often than some may
think: Sonnery-Cottet et al estimated an incidence of more
than 15% in all ACL reconstructions (i.e., 6% within the first
3 years postoperative).'* Considerable debate surrounds the
factors that can potentially influence knee rotatory stability.
The debate has been largely fuelled by studies on the
biomechanics of the anterolateral ligament (ALL).

Though considered a new frontier in sports traumatology,
the ALL was originally described by the French school and
much remains to be understood about its function and
anatomy.'4"'® Guidance for treatment is based on the ortho-
paedic surgeon’s experience and evidence of injury on
preoperative magnetic resonance imaging (MRI), which
may not always be possible to detect.'® Another factor of
recent interest is the role of the posterolateral tibial slope
(PLTS) in providing knee static stability.'®?® While there is
ample evidence for the correlation between the degree of the
PLTS angle and anteroposterior knee joint instability, which
increases the risk of noncontact ACL injury, the same cannot
be said for the potential correlation between the PLTS angle
and rotatory instability, particularly when the instability is
associated with ALL damage.?"-?

The aim of this retrospective multicenter study was
to determine whether a correlation exists between severe
clinical rotatory instability following isolated, compete ACL
tear due to noncontact trauma, and PLTS angle, degree of
posterior femoral shift of lateral femoral condyle on the tibial
plateau, and the presence/absence of associated ALL tear.

Methods

All procedures performed in this study were in accordance
with the ethical standards of the institutional and/or nation-
al research committee and with the 1964 Declaration of
Helsinki and its later amendments or comparable ethical
standards. We retrospectively reviewed the charts of 611
patients operated for ACL reconstruction by two senior knee
surgeons: the Head of the Department of Sports Traumatol-
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ogy in Pavia (Fondazione IRCCS Policlinico San Matteo, Pavia,
Italy) and the Head of the Department of Knee Surgery in
Genk (Ziekenhuis Oost-Limburg Hospital, Genk, Belgium)
between January 2013 and June 2017.

A final sample of 76 patients was obtained, with enroll-
ment in the two aforementioned orthopaedic departments;
each patient signed an informed written consent. The cross-
section was divided into two subgroups according to preop-
erative pivot-shift test grade performed by the two heads of
the departments.'? Exclusion criteria of this enrollment
were partial tear of the ACL or delayed diagnosis of tear
(>6 months), ligaments injuries (medial collateral, lateral
collateral, or posterior cruciate ligament [PCL] injury), bone
fracture, high-grade valgus or varus knee alignment (<
5degrees), patient age <16 years ld or>41 years, and
chondral knee damage greater than grade II of the Interna-
tional Cartilage Repair Society (ICRS) classification. Females
were excluded in this study. Inclusion criteria were ACL
injury after noncontact trauma occurred maximum 6 months
before surgery, MRI (1.5 Tesla) findings of the isolate ACL
rupture, and clinical assessment (pivot-shift test grade)
reported on the outpatient chart at the diagnosis of ACL
injury concordant with assessment after the patient had
received spinal anesthesia (also reported on the surgical
report). With this procedure, we subdivided the study sam-
pleinto two groups: group A (n = 38 patients; mean age: 28.2
years), with a pivot-shift test grade between 2 and 3 (con-
firmed on the two orthopaedic examinations), and group B
(n=38 patients; mean age: 29.5 years), with a pivot-shift
test grade of 1. The right knee was affected in 49 patients (23
in group A and 26 in group B) and the left knee in 27 (15 in
group A and 12 in group B). No professional athletes were
included in the study sample, and none of the patients had a
sedentary lifestyle. The functional demands on the knee joint
were fairly similar; all patients expected that they would be
able to return to their pretreatment function level. Evalua-
tion also included preoperative 1.5-Tesla MRI assessment (3-
mm slice thickness). Since this is a multicenter study, MRI
procedures were performed with the knee flexion angle of
15 degrees. Coronal T2-weighted fat-suppressed or proton
density images were acquired to identify the ALL. The
medical examiner (M. B.) was assisted by a radiologist (L.
P.) specialized in sports-related knee injuries. The images
were evaluated using Carestream Vue PACS (Picture Archive
Communication System) version 11.3.4 (Carestream Health,
Rochester, New York, United States). This software has an
accuracy of 0.1 mm and 0.1 degrees.

Calculation of the Posterolateral Tibial Slope and the
Posterior Femoral Shift
The PLTS angle was calculated as described by Hudek et al, %
according to which the preoperative MRI analysis was per-
formed in three consecutive steps. First, the sagittal image of
the knee is chosen, in which the tibial attachment of the PCL,
the intercondylar eminence, and the anterior and the poste-
rior cortices appear concave (=Fig. 1A).

Using navigational software, two circles are then traced,
one cranial and the other caudal in the tibial head, so that each
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Fig. 1 The sagittal image of the knee used to calculate the longitudinal tibial axis (A) and the postero-lateral tibial slope (B) following the

Hudek’s protocol.

circle touches the internal cortical edges (anterior and poste-
rior). The longitudinal tibial axis is then defined by a line that
connects the centers of the two circles. With the aid of imaging
software, the mediolateral center of the medial and the lateral
tibial plateau is identified. The longitudinal tibial axis is then
drawn at this level, and the slope angles are measured for the
external and the internal plateau. The first angle is defined by
the perpendicular to the longitudinal tibial axis with the
tangent to the lateral tibial cortical bone surface (~Fig. 1B).
The same procedure was performed for measuring the medial
plateau; in this case, the bony references were the more
anterior and more posterior cortical apices of the internal
tibial plateau. As suggested by Hudek et al, scrupulous atten-
tion was paid to measuring the plane passing through the
cortical surface, disregarding the profile modified by the
cartilage lining to avert measurement errors. The protocol
described by Stoller,?? with slight modifications, was applied
to calculate the posterior femoral shift. In the original method,
the posterior shift of the femoral condyle is measured with
respect to the medial tibial plateau. We used the external tibial
plateau since rotatory stability during extension-flexion
occurs mainly at that level®'" In this way, the posterior
femoral shift on the tibia was calculated by measuring the
line connecting the tangent of the posterior margin of the
external tibial plateau with that of the posterior margin of the
lateral femoral condyle, both of which run parallel to the
longitudinal tibial axis (~Fig. 2).

Data Analysis
Continuous variables are expressed as the mean with stan-
dard deviation (SD) and were compared using Student’s t-
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Fig. 2 The posterior femoral shift of the lateral condyle of the femur
over the lateral side of the tibial plateau with subluxation of the
posterior horn of the lateral meniscus.

test. The mean difference in percentage was calculated with a
95% confidence interval. Statistical analyses were performed
using Microsoft Excel (Microsoft, Redmond, Washington,
United States) and MATLAB Statistic and Machine Learning
Toolbox (MathWorks, Natick, Massachusetts, United States).
Statistical significance was set at p < 0.05 (~Table 1).
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Table 1 Statistical analysis of the data
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Coefficients Standard error p-Value 95% Cl
Intercepts 13.779 7.436 0.0000 (1.950; 31.097)
Slope angle -2.166 1.419 0.0006 (—4.955; 0.609)

Abbreviation: Cl, confidence interval.

Table 2 The mean posterior slope angle of the lateral and the medial tibial plateau

Groups Value Posterolateral slope Posteromedial slope

Right knee Left knee Right knee Left knee
Group A Mean + SD 8.9 + 3.1 degrees 9,1+ 2.7 degrees 6.6 + 2.8 degrees 6.7 +2.7 degrees
Group B Mean =+ SD 6.3 + 2,6 degrees 6.1 + 2.5 degrees 4.1 + 2.4 degrees 4.3 + 2.3 degrees

Abbreviation: SD, standard deviation.

Results

The mean posterior slope angle of the lateral and the medial
tibial plateau was 9 degrees (8.9 + 3.1 degrees for the right
knee, 9.1 +2.7 degrees for the left knee) and 6.7 degrees
(6.6 == 2.8 degrees for the right knee, 6.7 & 2.7 degrees for
the left knee), respectively, in group A, and 6.2 degrees
(6.3 +2.6 degrees for the right knee, 6.1 & 2.5 degrees for
the left knee) and 4.2 degrees (4.1 + 2.4 degrees for the right
knee, 4.3 + 2.3 degrees for the left knee), respectively, in
group B. (=Table 2). A statistically significant difference in
the mean PLTS angle (2.8 degrees) was observed between the
two groups (p < 0.05) (~Fig. 3).

ALLinjury was detected in 25/38 (65.5%) patients in group
A; it wasintactin 7 (18.5%), and its entire course was difficult
to identify in 6 (16%) (=Table 3). A slope angle of >9 degrees
was measured in 24 patients, and in these patients, an ALL
injury was detected in 20 and no ALL could be detected in 4.

ALLinjury was detected in 11/38 (28.9%) patients in group
B: it was intact in 22 (58%) patients, and its entire course was
difficult to identify in 5 (13.1%).

Overall, ALL was identified in 85.5% of cases, and in 56%
(n=36), it was completely injured (~Table 3). There was a
statistically significant association between a PLTS angle of
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Fig.3 Mean value of the postero-lateral tibial slope in both groups of
the study. The “dashed line” represents the mean (average) value; the
“continous line” represents the median value.

Table 3 MRI identification of the anterolateral ligament

Groups Anterolateral ligament

Complete tear No tear Unidentified
Group A 25 7 6
Group B 11 22 5

Abbreviation: MRI, magnetic resonance imaging.

>9 degrees in knees with isolated, complete noncontact ACL
tear and ALL injury what is the r? value of the correlation
(p <0.05).

The mean posterior shift of the lateral femoral condyle on
the tibial plateau was 11 +5mm and 6 + 3 mm in group A
and group B, respectively. We observed subluxation of the
posterior lateral meniscal horn with respect to the more
posterior bone angle of the tibial plateau in 66.7% (6/9)
patients with an anterior shift of >12 mm.

Discussion

While the contributions of soft tissue restraints, such as
ligament, capsule, and meniscus, to rotatory knee laxity are
relatively well understood, the contribution of bony mor-
phology on rotatory knee laxity is less well understood. Strict
inclusion criteria were applied to the study sample to mini-
mize confounding factors. The medical charts of only 76 of
611 patients were included in the final analysis. During
recruitment, approximately 21.6% of the excluded cases
were noted to show discrepancies between the initial out-
patient examination and the examination conducted after
spinal anesthesia. One known effect of spinal anesthesia is to
generate a greater knee rotatory instability due to complete
relaxation of muscle tone and reduction of psychoemotive
stress through induced loss of sensation, particularly painful
sensations. For these 76 patients, MRl measurements were
made according to the methods described by Hudek et al?
and Stoller et al,"* both of which have been demonstrated
highly reliable and reproducible. But if the lateral and medial
tibial compartments are often superimposed on lateral
radiographic view studies (making it difficult to identify
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each plateau), MRI use allows easy measurements of isolated
medial and lateral compartment of the knee.

The calculations of these parameters were performed by a
single operator (M. B.) assisted by a radiologist (L. P.) special-
ized in sports-related knee injuries to obtain the mean of
three consecutive measurements. There was no statistically
significant difference in laterality (right and left knee) or age
between the two groups. In line with previous observations
by Hashemi et al,?* Elmansori et al,?® Lustig et al,?> and
Rahnemai-Azar et al,%® we noted a greater anteversion slope
angle for the posterolateral than the posteromedial tibial
plateau.

Moreover, as reported by Marouane et al®’ and Brandon
et al,?8 the PLTS angle differed, on average, by approximately
2.8 degrees between the two groups (p < 0.05). This differ-
ence is consistent with evidence for an association between a
PLTS angle of >12 degrees and greater anteroposterior insta-
bility in patients with isolated, complete noncontact ACL
injury. Also, Marouane et al and Brandon et al concurred that
such a slope angle will also have important repercussions on
rotatory stability. The cause is most likely the increased
degree of freedom of tibial internal rotation with respect
to the femur during flexion at 30 to 90 degrees, which can be
clinically identified as a pivot-shift test grades 2 and 3.2 In
general, the medial plateau is concave and contains the
medial femoral condyle during axial loading. In contrast,
the lateral plateau is convex, as is the femoral condyle, which
rotates over this configuration during knee motion, leading
to increased mobility of the lateral compartment in unin-
jured knees. ACL injury weakens soft tissue restraints against
anterior translation and exaggerates the mobility of the
lateral compartment during knee motion. This notion, how-
ever, continues to be a subject of debate. Petrigliano et al®
demonstrated that increased tibial slope leads to increased
medial compartment translation and multiplanar knee in-
stability in PCL-deficient cadaver knees. Numerous other
studies have concluded that osteotomy to modify the tibial
slope angle by 5 degrees, added or subtracted, would alter
rotatory stability much more than anteroposterior stability.

In line with the findings of Rahnemai-Azar et al,?® our
findings show that a PLTS angle of >9 degrees is the optimal
cutoff point for predicting “high-grade rotatory laxity”: it is
sufficient to generate rotatory instability with a high-grade
pivot-shift test (p < 0.05).'? To determine whether an asso-
ciation exists between the PLTS and ALL injury, we compared
the incidence of injury between the two groups and found
that it was twice as high in group A patients. There was a
statistically significant association between a PLTS angle of
>9 degrees in knees with isolated, complete ACL injury and
the incidence of ALL injury (p < 0.05), thus confirming the
clinical findings. In addition, the posterior femoral shift was
greater in group A. Previous studies, including those by Klass
etalin2007,3° Tung and Davis in 1993,3 and Brandser et al in
1996,32 found that a posterior femoral shift of >7 mm should
be considered frankly abnormal and suggestive of severe
anteroposterior knee joint stability.30'33’34

We noted that a posterior femoral shift of >12 mm,
together with a PLTS angle of >9 degrees, strongly indicates
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severe rotatory instability (p <0.05). Less certain is the
indication in the opposite case, in which a posterior femoral
shift of >12 mm is the only imaging abnormality (i.e., in the
absence of an abnormal slope angle).

Subluxation of the posterior horn of the lateral meniscus
is a hallmark sign of severe knee joint rotational and ante-
roposterior instability. As reported elsewhere, we found the
complete course of the ALL a challenge to detect even with
the use of 1.5-Tesla MRI. Cadaveric anatomical studies have
reported detecting the entire ALL in 100% of cases, whereas it
has been identified by MRI in approximately 76% of
cases.'>1? Using powerful MRI machines with dedicated
sequences and with the assistance of an expert radiologist,
we were able to identify ALL in 85.5% of patients. Factors
contributing to failure to identify ALL include previously
misrecognized ALL injury due to past injury and hematoma
on the lateral side of the knee at examination. The limitations
of this paper include some assessments being operator-
dependent as the difficult to classify the real degree of
clinical rotatory instability of the knee using a nonstandar-
dized test as the pivot-shift or to take measurements with
reliability using the preoperative MRI. Despite these consid-
erations, the innovative aspect of this study is that it focuses
on bone geometry with regard to static rotatory costabilizers
of the knee joint. This hypothesis is supported by recent
works, including that of Elmansori et al.?? This group noted
also an association between greater anteversion slope of the
tibial plateau, and a greater risk of ACL injury and alteration
of residual rotatory instability.

Future research needs to optimize predictability of “high-
grade rotatory laxity” by analyzing the role of more complex
aspects of bony morphology as well as other effective factors.

This study is the first to focus on the effect of PLTS on ALL
injury and the pivot-shift severity after ACL injury. Our data
show that the PLTS angle indeed plays an important role in
knee joint rotatory stability. Like deficiencies in other liga-
ments (PCL, collateral ligaments), menisci, and capsules,
altered bone geometry of the tibial surface is a cofactor
that potentially influences surgical outcome and risk of
recurrences in patients undergoing ACL reconstruction.

Further efforts are needed to improve clinical success and
prevent failures and relapses. Meticulous clinical examina-
tion and accurate preoperative MRI assessment can yield
essential information that may go ignored because of lack of
attention. The primary aim of scientific research in knee
traumatology was to guide young orthopaedic surgeons
toward evidence-medicine rather than experience-based
medicine.
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