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Synopsis
Bone morphology is one feature that contributes to knee kinematics. The geometry of the tibia and
femur vary across individuals, and these differences can influence the risk of ACL injury and of
failure after isolated ACL reconstruction. There has been renewed interest in lateral extra-articular
stabilization procedures to supplement an ACL reconstruction, though which patients benefit most
from these procedures remains unclear. In this article, we review the impact of bone morphology
on knee kinematics, including tibial slope, depth of the medial tibial plateau, intercondylar notch
shape, tibial eminence volume, and sphericity of the femoral condyles.
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Introduction

Anterior cruciate ligament (ACL) injuries occur frequently in young, active patients and are
a common cause of disability in this group of patients. ACL injuries place patients at risk for
the development of post-traumatic osteoarthritis, further contributing to limited function of
the injured knee.! There are approximately 250,000 ACL injuries in the United States alone
each year, with 175,000 of these patients electing to undergo surgical reconstruction.2:3

The stability of the knee following an isolated ACL injury can be quite variable, with a
subset of patients reporting minimal instability while others face profound limitations from
this injury.*> Multiple factors contribute to knee stability both after ACL injury and
following ACL reconstruction. There has been renewed interest recently in the role of
additional extra-articular procedures in the setting of failed reconstruction or patients with
increased preoperative knee laxity.® Clear indications regarding utilization of these
procedures remains unclear. One factor that contributes to knee kinematics that determines
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this spectrum of instability, from patients who may cope with an isolated ACL injury to
those who may require a lateral extra-articular reconstruction to eliminate a pivot shift
phenomenon, maybe the bony geometry of the knee. There is a need to clarify which
patients will benefit most from surgical reconstruction and from supplemental procedures in
addition to ACL reconstruction, and there is potential that the anatomic differences with
regards to bone shape may be an important factor in determining appropriate treatment
recommendations. The purpose of this article will be to review the current evidence on the
contribution of tibial and femoral bone morphology to knee kinematics.

Tibial Bone Morphology

The articular geometry of the tibial plateau influences the stability of the knee following
ACL injury and changes the forces transmitted through the cruciate ligaments. The lateral
plateau is convex, compared to the concave medial plateau with increased congruity with its
femoral condyle, which leads to more translational motion at the lateral side of the knee.”:8
The posterior slope of the knee also contributes to the magnitude of the pivot shift, as the
femoral condyle can translate more with an increased posterior tibial slope.® Increased
motion at the anterior lateral tibial plateau may be responsible for tibial subluxation at the
initiation of knee flexion9 and may be associated with the severity of the pivot shift.11

Marouane et al., investigated the effects of varying the posterior tibial slope on knee
kinematics and forces across the ACL.12 The kinematic changes were calculated through
finite element modeling of the normal gait cycle. With increases in posterior tibial slope, the
anterior tibial translation increased, while decreased anterior tibial translation was observed
with a lower tibial slope. The force across the ACL increased from 181 N to 317 N witha 5
degree increase in posterior tibial slope and to 460 N with a 10-degree slope increase. This
force decreased to 102 N by decreasing posterior slope by 5 degrees, and the ACL was
offloaded completely by decreasing posterior slope by 10 degrees. The observed effects
would likely be further increased with greater external loads through larger muscle
activation forces. Multiple cadaveric studies have also demonstrated that an increase in the

tibial slope results in increasingly anterior resting position of the tibia relative to the femur.
13-15

Shelburne et al., reported how posterior tibial slope effected the forces across the cruciate
ligaments and knee-joint loading in a finite element model during standing, squatting, and
walking.16 For all positions, there was a linear relationship between the posterior tibial slope
and cruciate ligament forces, tibial shear force, as well as anterior tibial translation. Tibial
shear force, which is determined by the posterior tibial slope, has been shown to determine
the forces across the cruciate ligaments.1”-18 Therefore, the shape of the proximal tibia is a
strong contributor to forces across the ACL and kinematics of the knee.

Tibial slope is the most frequently reported bone shape feature implicated in ACL injury and
risk of failure following ACL reconstruction. Dejour and Bonnin radiographically measured
anterior tibial translation on the lateral standing, bent-knee radiographs of 281 patients with
chronic ACL injuries.1® Posterior tibial slope is measured on radiographs, first defining the
longitudinal axis of the tibia with two points equidistant between the anterior and posterior
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tibial cortices just distal to the tibial tubercle and a second 10 cm distal to this first point
(Figure 1). A line perpendicular to this is drawn at the joint line, and the angle between this
line and a line along the tibial plateau defines the tibial slope. The amount of anterior tibial
translation was directly and significantly correlated with the magnitude of the posterior tibial
slope, with 6 mm of anterior tibial translation observed for each 10 degrees that tibial slope
increased. This study is in agreement with the cadaveric and modeling studies that show the
influence of tibial slope on knee kinematics and force across the ACL.

Multiple clinical case-control studies have found increased posterior tibial slope as a risk
factor for sustaining a non-contact ACL injury. Brandon et al., found the posterior tibial
slope to be higher for both female (12.6° vs 8.6°; p<0.001) and male (10.8° vs 8.4°;
p<0.001) with ACL injuries relative to patients with patellofemoral pain.1! Additionally,
among patients with ACL injuries, those with a more severe pivot-shift grade had increased
posterior tibial slope relative to those with a lower-grade pivot shift (11.1° vs 9.2°; p=0.03).
Other case-control studies have identified increased posterior slope as a risk factor for ACL
injury in both male and female patients2? or female patients alone.?!

The effects of posterior tibial slope also appear to be different between the medial and lateral
sides of the knee, with the lateral side more consistently having a larger impact on knee
kinematics. Stijak et al., reported increased lateral tibial slope in patients with ACL injuries
relative to control patients (7.5° vs 4.4°) while there was no increase with the slope of the
medial plateau (5.2° vs 6.6).22 Other case-control studies have found that both the medial
and lateral plateaus?3 or just the lateral plateau in men24 showed increased posterior slope in
patients with ACL injuries. In a recent meta-analysis of studies evaluating the impact of
tibial slope on ACL injury, Zeng et al., found that both the medial and lateral slope appeared
to be associated with increasing the risk of ACL injury.25 The evidence for lateral tibial
plateau slope as a risk factor for ACL injury was overall stronger and more consistent. These
studies suggest the slope, particularly of the lateral tibial plateau, places patients at-risk for
ACL injuries, likely through the mechanism of increased translation of the lateral tibia and
greater stress across the ACL.

The depth of the medial tibial plateau has also been implicated in contributing to the risk of
ACL injury. The medial plateau has a concave shape that allows for inherent congruity with
the medial femoral condyle and is more constrained relative to the convex lateral plateau.
Hashemi et al., measured the depth of the medial tibial plateau on MRI for 49 patients with
ACL injuries and 55 subjects without ACL injury.23 A shallower medial tibial plateau was
noted in patients with ACL injuries (Figure 2). This finding suggests that patients with ACL
injury may have bone shape features, such as a shallow medial tibial plateau, that predispose
to ligamentous injury, which may help to identify patients who may benefit from additional
procedures in addition to ACL reconstruction, though this hypothesis would need further
clinical and biomechanical testing.

The volume of the medial tibial spine was identified by Sturnick et al., as a potential risk
factor for ACL injury.28 MRI was used to calculate this volume for patients with and without
ACL injuries. Among male patients specifically, a lower volume of the medial tibial spine
was correlated with an increased risk of ACL injury. Through normal knee range of motion,
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the tibial spines do have some articulation with the femoral condyles. Motion of the knee
may vary with different shapes of the tibial spines, and patients with smaller spines may
continue to have abnormal knee kinematics even after ACL reconstruction.

Femoral Bone Morphology

Variations in femoral morphology have also been reported to influenceknee kinematics.
Differences in intercondylar notch morphology are the most commonly reported bone
feature on the femoral side to be associated with ACL injury. Eggerding et al., followed 257
patients prospectively after ACL injury to determine if morphological features identified on
radiographs could predict IKDC knee stability scores.2 Statistical shape modeling, which is
an unbiased method for determining unique shape features common within a group of
patients, was used to explore bony geometry on lateral and 45-degree, bent-knee PA
radiographs. A pyramidal-shaped intercondylar notch was associated with higher IKDC
scores 2 years after injury as compared to patients with dome-shaped intercondylar notches
(Figure 3). This pyramidal shape of the intercondylar notch was theorized to lead to a more
intrinsically stable joint that relies less on ligamentous function. As demonstrated in this
study, certain bone features may help in predicting which patients will tolerate an ACL-
deficiency state while others may continue to have instability following anatomic ACL
reconstruction.

Friden et al., also investigated for potential bony factors that contribute to subjective
instability following ACL injury.28 A series of 100 patients with ACL injuries and limited
activity levels were followed for 5 years. There were 16 patients that elected to undergo
ACL reconstruction, and a more spherical shape of the femoral condyles was correlated with
patients who had failed non-operative treatment. Differences in the shape of the femoral
condyles may lead to variability in knee kinematics and differential injury risk and
subjective stability.

Three-Dimensional Shape Study

Our group has utilized three-dimensional statistical shape modeling with MRI-based knee
kinematics to correlate the relationship between specific bone morphological features and
post-surgical knee kinematics after ACL reconstruction.2® There was wide variation in the
post-reconstruction anterior tibial translation of the reconstructed knee compared to the
patient’s normal, contralateral knee in patients with isolated ACL injuries, and the amount of
both post-injury and post-reconstruction anterior tibial translation was associated with
morphological features of both the tibia and femur. Greaterslope of the medial tibial plateau
(Figure 4A), a more spherical medial femoral condyle (Figure 4B), and increased length of
the lateral tibial plateau were all associated with abnormal post-injury and post-surgical knee
kinematics. A shorter medial tibial plateau, like that observed by Hashemi et al., was also
associated with abnormal post-surgical knee kinematics. The findings in this prospective
study with three-dimensional imaging and sophisticated shape determination algorithms
corroborate many of the findings identified in previous retrospective studies, given further
strength to the relationships proposed between bone morphology and knee kinematics.
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Surgical Considerations

Posterior tibial slope is one factor that may be altered surgically. Dejour et al., reported on a
series of 9 patients who were treated with second-time revision ACL reconstruction. In this
series, the patients were also treated with a deflexion tibial osteotomy, decreasing the mean
posterior tibial slope of the group from 13.2° to 4.4°.30 With this bony correction, the
anterior tibial translation decreased from 11.7 mm prior to surgery to 4.3 mm after
reconstruction. These results highlight the importance of considering bone morphology,
especially when contemplating revision ACL reconstruction. Correction of an increased
posterior tibial slope should be strongly considered in the setting of a failed ACL
reconstruction and 13 degrees or more of posterior tibial slope. Many of the other bony
features noted here that impact knee kinematics and lead to an increased ACL injury risk
may not be modifiable. These findings however, may still have great utility when dealing
with patients at risk for ACL injury, after primary ACL injury, or following failed
reconstruction and may prove to be important in clarifying indications for extra-articular
reconstructive procedures.

Conclusions

Future clinical and biomechanical studies should evaluate how bone morphology may
contribute to knee kinematics after isolated ACL reconstruction or combined with lateral
extra-articular reconstruction procedures. Further studies using three-dimensional imaging
and statistical shape modeling will aide in clarifying the role of various bone features in

knee kinematics. Patients with certain tibial and femoral morphological features may remain
at-risk for ACL injury even after an anatomic ligament reconstruction due to the articular
geometry that may increase anterior tibial translation and stress across the ACL. The patients
with the specific bone features described here will benefit from further evaluation as to the
optimal surgical reconstructive techniques and methods to achieve a stable and functional
knee.
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Key Points

. Morphological variations in the tibia and femur influence the kinematics of
the knee and contribute to risk of ACL injury, as well as function of the knee
after injury and following surgical reconstruction.

. Increases in posterior tibial slope result in increased forces across the ACL
and increased anterior tibial translation.

. A shallow medial tibial plateau and lower volume of the medial tibial
eminence lead to less bony congruity and place greater demand on
ligamentous restraint in the knee.

. A dome-shaped intercondylar notch and spherical femoral condyles have been
linked to worse patient-reported knee stability scores after ACL injury.
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Figure 1.
The posterior tibial slope is defined on the lateral radiograph by measuring the angle

between the diaphyseal axis (blue line) of the tibia and the tibial plateau (solid green line).
An increased posterior tibial slope (dotted yellow line) is associated with increased anterior
tibial translation and increased force across the anterior cruciate ligament.
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Figure 2.
The depth of the medial plateau was shown by Hashemi et al?3 to be associated with the risk

of ACL injury. A shallow medial tibial plateau, measured as shown here on a sagittal MRI,
may be associated with less articular congruity and greater risk of ACL injury.
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Figure 3.
The intercondylar notch shape has been implicated as a risk factor for ACL injury. A

pyramidal shape notch shape, present in this patient and outlined in blue, may lead to greater
bony congruity of the knee and was found to be associated with better knee stability scores
at two years after non-operatively treated ACL injuries as compared to a dome-shaped notch,
outlined in green.
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A Tibial Slope

Flatter Medial Tibia Slope Steeper Medial Tibia Slope
Associated with more normal kinematics Associated with more abnormal kinematics
B Sphericity of Medial Femoral Condyle

S

Ovoid-MFC Spherical-MFC
Associated with more normal kinematics Associated with more abnormal kinematics

Figure 4.
Two shapes identified through statistical shape modeling that were identified to be

associated with abnormal post-ACL injury and post-reconstruction knee kinematics were the
slope of the medial tibial plateau and the sphericity of the medial femoral condyle. A flatter
medial tibial slope (A) was associated with knee kinematics that were more similar to the
patient’s contralateral knee, while a steeper medial tibial slope was associated with greater
anterior tibial translation. A more ovoid-shaped medial femoral condyle (B) was associated
with more similar kinematics compared to the patient’s contralateral knee, while a more
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spherical-shaped medial femoral condyle was associated with greater anterior tibial
translation. S — superior; | — inferior; A — anterior; P — posterior; M — medial; L — lateral.
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Table 1
Bone shape features and their relationship to knee kinematics
Bone Shape Feature Correlation with Knee Kinematics
Posterior-inferior tibial slope Increasing posterior-inferior tibial slope is correlated with increased anterior tibial translation and force
across ACL
Depth of medial tibial plateau Decreasing depth of medial tibial plateau is associated with decreased bony congruity in the medial
compartment

Volume of medial tibial eminence | Decreased volume of medial tibial eminence is associated with decreased contact area

Notch shape Pyramidal notch shape may lead to more intrinsically-stable knee while dome-shaped notch may be more
dependent on ACL for stability
Sphericity of femoral condyles More spherical femoral condyles, particularly medial, associated with abnormal knee kinematics after

surgery and after ACL reconstruction and increased risk of symptomatic instability

Clin Sports Med. Author manuscript; available in PMC 2019 January 07.



	Synopsis
	Introduction
	Tibial Bone Morphology
	Femoral Bone Morphology
	Three-Dimensional Shape Study
	Surgical Considerations
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

