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Abstract

Background—In vivo studies reporting tibial plateau slope as a risk factor for anterior cruciate
ligament (ACL) injury have been published with greatly increasing frequency.

Purpose—To examine and summarize the in vivo evidence comparing tibial slope in ACL-
injured and uninjured populations.

Study Design—Systematic review and meta-analysis.

Methods—We reviewed publications in Scopus, SPORTDiscus, CINAHL, and PubMed to
identify all studies reporting a measure of tibial plateau slope between ACL-injured groups and
controls. A meta-analysis was performed including calculation of effect size and 95% confidence
interval as well as 95% confidence intervals for the mean values of the measurement in each
study.

Results—Fourteen studies met our inclusion/exclusion criteria. Five of 6 radiographic studies
reporting medial tibial plateau slope (MTPS) demonstrated significant differences between
controls and ACL-injured groups, while only 1 of 7 magnetic resonance imaging (MRI) studies
reported significant differences between groups. Mean MTPS measurements and standard
deviations reported for controls ranged from 2.9° + 2.8° anterior to 9.5° + 3° posterior. For ACL-
injured patients, MTPS ranged from 1.8° + 3.5° anterior to 12.1° + 3.3° posterior. Lateral tibial
plateau slope (LTPS) was reported to be significantly greater in ACL-injured groups in all 5 MRI-
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based studies reporting group comparisons. Mean values for LTPS in controls ranged from 0.3° £
3.6° anterior slope to 9° + 4° posterior slope. In ACL-injured groups, mean reported LTPS values
ranged from 1.8° £ 3.2° to 11.5° + 3.54° posterior slope.

Conclusion—Despite high measures of reliability for the various methods reported in current
studies, there is vast disagreement regarding the actual values of the slope that would be
considered “at risk.” Reported tibial slope values for control groups vary greatly between studies.
In many cases, the study-to-study differences in “normal” tibial slope exceed the difference
between controls and ACL-injured patients. The clinical utility of imaging-based measurement
methods for the determination of ACL injury risk requires more reliable techniques that
demonstrate consistency between studies.

Keywords
tibial slope; anterior cruciate ligament; ACL risk factors; noncontact injury

Anterior cruciate ligament (ACL) injury occurs predominantly via noncontact
mechanisms.10 Because of a high incidence of long-term sequelae to ACL injury including
pain, instability, and early development of osteoarthritis, a great deal of the sports medicine
literature has focused on prevention.820:31 |dentification of risk factors for ACL injury is an
important step in the development of injury prevention algorithms.12:28-30 Cyrrently, it is
generally accepted that there are both modifiable and nonmodifiable risk factors that
determine how likely a person is to suffer an injury to the ACL.10 Nonmodifiable risk
factors are often inherent to an individual person, such as anatomic, hormonal, and sex-
based traits.#10:11.32 Modifiable risk factors include neuromuscular control patterns, gross
biomechanical movement patterns, and environmental factors.1.14.16.27

Recently in the literature, there has been a great deal of focus on anatomic risk factors. Most
notably, the posterior slope of the tibia has been increasingly studied as a potential risk
factor, with increased frequency and widely varied results.TT Biomechanically, a higher
tibial slope in the presence of a compressive load will generate a higher anterior shear
component of the tibiofemoral reaction force, resulting in increased anterior motion of the
tibia relative to the femur.® Because the ACL is the primary restraint against this type of
motion in the knee, it logically follows that an increase in posterior tibial slope will generate
an increased load in the ACL.%> McLean et al?4 have also suggested that axial compression of
a knee with a higher lateral tibial plateau slope (LTPS) compared with a medial tibial
plateau slope (MTPS) may cause greater anterior motion of the lateral compartment of the
tibia compared with the medial compartment, creating a net internal rotation of the tibia with
respect to the femur, which may increase loading on the ACL. However, despite several
reports relating increased posterior slope of the medial or lateral tibial plateau to ACL
injury, the level of risk posed by this intrinsic factor remains unclear. The purpose of this
systematic review and meta-analysis was to identify all studies that compared one or more
measures of tibial slope between an ACL-injured and a control uninjured group. The
hypothesis tested was that the studies examined would demonstrate a greater posterior tibial

T References 3, 4, 11, 13, 17, 18, 22, 26, 39, 40.
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slope in the ACL-injured compared with the control group. It was also hypothesized a priori
that the relevant literature would show broad variability in absolute measured tibial plateau
angle in both groups.

MATERIALS AND METHODS

We performed a systematic review of peer-reviewed, published primary research articles in
the search engines CINAHL, SPORTDiscus, PubMed, and Scopus. The goal of the review
was to identify all existing literature that directly related posterior tibial slope to ACL injury.
We used the following search terms: “Anterior Cruciate Ligament AND Tibial Slope,”
“Anterior Cruciate Ligament AND Geometry,” “Tibial Slope,” “Tibia AND Anterior
Cruciate Ligament,” “Tibia AND Slope,” “Anterior Cruciate Ligament AND Anterior Tibial
Translation,” “Anterior Tibial Translation AND Tibial Slope,” “Anterior Cruciate Ligament
AND Risk Factor AND Tibia,” and “Tibial Slope AND Risk Factor.”

Minimal criteria for inclusion in the review were peer-reviewed, primary research articles
published in the English language between publication year 1980 and December 2011 using
live human patients. The year 1980 was chosen as the earliest a study would be included
because this was the year that Butler et al® demonstrated the biomechanical function of the
ACL as the primary passive restraint to anterior tibial translation. Study groups had to
include an ACL-injured group and a control group without ACL injury. Additionally,
included studies were required to have used a medical imaging modality including, but not
limited to, magnetic resonance imaging (MRI), radiographs, or computed tomography to
measure anatomic tibial slope. A statistical comparison between injured and control groups
was required. Studies were excluded if a nonrelated surgical procedure such as total or
partial knee arthroplasty or high tibial osteotomy was performed in the study or if the study
reported patient or control groups with diffuse chondral lesions or osteoarthritis. No
requirements were placed on patient age, skeletal maturity, or sex.

All titles resulting from the search criteria were reviewed, and those that were clearly
unrelated to the topic at hand were excluded or if terminology in the title of the study clearly
eliminated that study from inclusion. Title terms including “arthroplasty,” “osteotomy,” “in
vitro,” and “cadaveric” were the primary terms that led to exclusion of studies at this level of
review. Abstracts of studies that could not be excluded by their title were reviewed based on
the above criteria. The methods sections of remaining studies were reviewed for criteria that
explicitly excluded them from the study. At this level of the review, studies were also
required to report measurement of any tibial anatomic index. Studies chosen for full article
review were included in the systematic review if they met all of the above inclusion criteria
and none of the exclusion criteria. All references from each article included for full review
were subjected to the above criteria to ensure a thorough analysis of the literature.

A meta-analysis was performed for all studies meeting the inclusion/exclusion criteria that
included calculation of effect size and 95% confidence interval of injury status on reported
measures of tibial plateau slope of effect size. Means and 95% confidence intervals for
measures of tibial plateau slope for control and ACL-injured groups were also calculated.
Effect size was calculated by dividing the difference in control and ACL-injured population
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mean tibial slopes by the pooled standard deviation of the study population. Pooled standard
deviation was defined as

\/aiCL (nACL—l )+U%TL (ncn -1)

nt()t(),l_Q

Otot=

where o represents the corresponding standard deviation. Unweighted and weighted mean
effect sizes were defined as the sum of the effect sizes for each study divided by the number
of studies and the sum of the products of effect size and total sample population for all
studies divided by the sum of the sample populations for all studies, respectively.

A total of 31 articles were given a full review, including a search of all references, of which
a final subset of 14 met all inclusion/exclusion criteria. Figure 1 summarizes the results of
the literature search, which produced 14 studies that met all inclusion/exclusion criteria.
Table 1 summarizes the study designs and methodological parameters for the 14 articles
included in this review.

Of the 14 studies included in this meta-analysis, one study specifically limited its cohort to
skeletally immature patients with open physes.4! Four other studies either specifically
excluded skeletally immature patients from their patient base or included only “elite”
athletes assumed (by the authors) to be skeletally mature.3:13:33.37 None of the other 9
studies included in the review specified whether they included or excluded skeletally
immature patients from the cohort. Effect size for medial tibial slope as measured on MRI
showed stronger agreement across studies than the same measure on lateral radiographs with
1 exception. Only 1 MRI study of MTPS showed statistically significantly higher MTPS in
ACL-injured patients. Lateral tibial plateau slope was only measured on MRI and was
statistically significant for all studies. The literature indicates a stronger likelihood for LTPS
to be associated with ACL injury risk compared with MTPS. One radiographic study
measured “posterior inferior tibial slope” without specifying whether it was the medial or
lateral tibial slope and found insignificant group differences.

Injured Versus Uninjured Group Comparisons

Medial tibial plateau slope was the most commonly reported measure of tibial slope.
Thirteen of 14 studies reported MTPS measurement between ACL-injured and control
groups. Six of these studies were performed on lateral radiographs, and 7 were performed
using MRI. Of those on lateral radiographs, 5 of the 6 report significantly higher MTPS in
ACL-injured patients compared with controls.#33:37.4041 Of the 7 performed on MRI, 1
study reported significance between groups,13 and 1 did not perform a statistical group
comparison.3® A summary of the results of studies reporting MTPS, the most frequently
reported measure, is shown in Figure 2. Note that in this figure, an effect size greater than
zero indicates that the mean tibial slope of the ACL-injured group was more posteriorly
oriented than the mean tibial slope of the control group. An effect size less than zero denotes
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a study where the control group showed a more posteriorly oriented tibial slope than ACL-
injured patients. Because Senisik et al33 had an active control group and a sedentary control
group, and there were major differences in sample size between each of these groups and the
ACL-injured group, no effect size calculation was performed for this study, although they
report significant differences between groups based on injury.

A summary of the results of studies that reported LTPS or unspecified radiographic tibial
slope (n = 7; 6 MRI and 1 radiographl’) is shown in Figure 3. Because other studies
reported specific measurement of the medial slope, the unspecified posterior tibial slope
measurement reported by Hohmann et al'” was included in the assessment of lateral slope.
One study did not report grouped statistical comparisons of ACL-injured versus uninjured
LTPS measurements.3 Of the 6 studies that compared LTPS in ACL-injured and uninjured
groups as a whole, 1 radiographic study and 1 MRI-based study found no significant
difference between injured and uninjured groups.18:41

Variability in Absolute Measures of Tibial Plateau Angle

Absolute measures of medial or lateral tibial plateau angle between studies demonstrated a
large range of variability. Mean MTPS measurements and standard deviations reported for
controls ranged from 2.9° + 2.80° anterior to 9.5° + 3° posterior.3:36 For ACL-injured
patients, the medial slope ranged from 1.8° + 3.5° anterior to 12.1° + 3.3° posterior.341
Figure 4 shows the absolute measurements for MTPS by study. The unweighted mean effect
size for the 13 studies was .388, indicating a more posterior MTPS in ACL-injured
populations than controls. Weighted by study population size, the mean effect size was .416
toward a higher slope in ACL-injured patients.

Mean values for LTPS in control groups ranged from 0.3° + 3.6° anterior slope in Simon et
al36 to 9° + 4° posterior slope in Bisson and Gurske-DePerio3 and are shown in Figure 5. In
ACL-injured groups, mean reported LTPS values ranged from 1.8° + 3.2° posterior in
Simon et al3® to 11.5° + 3.54° posterior slope in Bisson and Gurske-DePerio.3 Unweighted
mean effect size for LTPS was .6291 toward a higher LTPS. Weighted mean effect size
was .596.

DISCUSSION

The biomechanical basis for an association between posterior tibial slope and ACL injury
risk has been defined in the literature. Dejour and Bonnin® used lateral radiographs to
demonstrate a mean 6-mm increase in anterior tibial translation (ATT) for each 10° increase
in posterior tibial slope in ACL-deficient patients and healthy controls. Giffin et al® used
high tibial osteotomy in vitro to increase mean tibial plateau slope from 8.8° to 13.2° in 10
cadaveric knees. They reported a 3.6-mm increased ATT at rest and an additional 1.9-mm
increased ATT under axial compression. In contrast, Fening et al’ found increased ATT in
vitro at resting alignment, but they demonstrated decreased strain in the ACL after posterior
tibial slope—increasing high tibial osteotomy. More recently, McLean et al?® reported that
posterior tibial slope in vitro was associated with increased anterior tibial acceleration.
Furthermore, they found that strain in the anteromedial band of the ACL correlates to peak
anterior tibial acceleration upon impact simulating a single-legged landing. In another study,
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these authors reported significant associations between medial and lateral posterior tibial
slopes and peak knee abduction moment, a prospectively established predictor of ACL
injury risk, in healthy, recreationally active women in vivo.1424 Shelburne et al3® and Shao
et al3* used computer modeling and electromyography-driven computational modeling,
respectively, to demonstrate the effect of increasing tibial slope on tibiofemoral contact and
ACL loading. Their results demonstrate increased force transmission through the ACL
during standing and gait as the tibial slope increases.

Despite an abundance of in vitro cadaveric studies, animal studies, and biomechanical
theory-based literature highlighting the potential effects of high posterior tibial slope on
ACL strain generation, this review focuses on in vivo observations that directly relate injury
to tibial anatomic variability. The studies included in this review compose the body of in
vivo literature associating posterior tibial slope to ACL injury.

The current review highlights the consistencies and inconsistencies in the literature
regarding MTPS and LTPS as potential risk factors for ACL injury. While nearly all studies
that reported tibial slope values in ACL-injured and uninjured patients report greater slope in
those with injury, there is considerable inconsistency regarding the values of slope that
would be considered “at risk.” Some of the inconsistency in these reports may be attributed
to use of different measurement methodology; however, several studies reported use of the
same techniques with varying results. More so, reports of high interrater and intrarater
intraclass correlation coefficients (ICCs) often accompanied each of these studies. Five
MRI-based studies used the methodology defined by Hashemi et al*! in 2008 to measure
MTPS. One of these 5 studies, Khan et al,22 did not report measures of tibial slope using this
method but instead defined and used a different method based on their report of greater
reliability. Simon et al3® used a slight modification of the method defined by Hashemi et
al! based on 3-dimensional reconstruction of the tibial geometry and subsequent analysis of
the tibial slope. Of the 3 other studies using the exact Hashemi et al'! methodology, Bisson
and Gurske-DePeriod and Terauchi et al3° reported the most similar results. Differences
between means in control groups vary by only 0.87°; however, a difference of 0.87°
corresponds to nearly the mean difference between control and ACL-injured values reported
by Bisson and Gurske-DePerio.3 This also corresponds to 60% of the difference between
injured patients and controls for Hashemi et al'3 and 50% of the difference in means
between controls and ACL-injured patients for Terauchi et al.3? Reported interrater ICCs for
this method range from .73 to .98 for MTPS,22:39

Three studies in this report used the method defined by Hashemi et al'! to measure LTPS
with greatly different results. The smallest between-study difference for mean LTPS values
in control groups using the Hashemi et al method is 2.64° between Hashemi et al'3 and
Bisson and Gurske-DePerio,3 while the largest within-study difference between ACL-
injured patients and controls is 2.5° for Bisson and Gurske-DePerio.3 Reported interrater
ICCs for this method used for LTPS range from .81 to .88.12:22

The lack of a consistently employed gold-standard method for the measurement of tibial
slope severely hinders the interpretation of the existing literature. Across studies, there is an
overwhelming intersection of values for tibial slope that are reportedly associated with
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uninjured patients and those associated with ACL injury. There is no clearly, or even
vaguely, defined threshold for posterior tibial slope that demonstrates a distinction between
controls and ACL-injured patients. Given that the average difference in tibial slope between
controls and ACL-injured patients reported in this review was 1.51° + 1.3°, it is imperative
that a methodology emerges that provides significantly greater interrater reliability.

There are several potential sources of error that may account for the high level of variability
between the studies analyzed. Investigators should carefully consider the question that they
are trying to answer when choosing the imaging modality they wish to use. Lee et al?3
demonstrated significant increases in tibial plateau slope measurements within the same
population when lateral radiographs were used compared with sagittal plane MRI. These
differences were more significant on the lateral side. Hudek et al'® noted typical
interobserver and intraobserver errors of +1.4° and +£1.2°, respectively, while some studies
have demonstrated much larger errors using radiographs.2! One of the greatest strengths of
using MRI for this application is the ability to visualize the surface geometry of the articular
cartilage.2 Because this represents the functional point of tibiofemoral articulation and is not
visible on radiographs, a strong case can be made for preference to MRI over radiographs.?
In defining the posterior tibial slope from sagittal plane MRI, one must first determine the
tibial anatomic axis. Next, the proper anatomic slice that best characterizes the tibiofemoral
articulation on the side of the tibia of interest should be chosen and the tibial anatomic axis
superimposed onto the image. Finally, the line defining the medial or lateral articular surface
of the tibia must be defined. The posterior tibial slope angle is defined as the angle between
this articular surface and a vector perpendicular to the tibial axis.6:912.19

In addition to potential errors at each of the above-mentioned steps is the potential for
misalignment of the patient within the magnetic resonance device during imaging. Careful
steps should be taken to align the patient such that a true anatomic sagittal view is obtained.
This may include standardization of knee flexion angle and foot alignment, palpation of
anatomic landmarks at the proximal and distal tibia during positioning to adjust alignment,
and immobilization of hip internal/external rotation during positioning and imaging. When
possible, automated 3-dimensional reconstructions of the tibiofemoral geometry and
articular surfaces should be used to ensure the greatest consistency in slice alignment and
anatomic position for the analysis. Given the sensitivity required of this measurement for
utility as a risk-identifying tool, clinical recommendations for each of these steps that can be
universally employed with high repeatability should be the next step in advancement of this
line of research.

Future studies should explore more reliable methods of imaging and image processing with
the goal of creating a cohesive body of literature that enhances the use of tibial slope
measurement as a predictive tool for ACL risk. Data from this meta-analysis show that each
of the measurement methods currently employed has shortcomings in their reliability. The
method defined by Hashemi et al'® is the most frequently used and shows moderate
repeatability across studies. This should be the preferred methodology until a significantly
more reliable and standardized protocol is defined and validated in the literature. Such a
method should rigidly define the tibial slope measurement process from initial imaging
parameters to actual tibial slope measurement. The goal of the line of research relating tibial
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plateau slope to ACL injury risk should be to establish not only the extent of the role of
tibial slope in injury risk but also the extent to which that risk can be decreased by
prophylactic interventions such as neuromuscular training. Such methodologies will also
enhance the objectivity of tibial slope as a factor in the assessment of postinjury stability and
long-term sequelae. Studies should use prospective enrollment of consecutive noncontact
ACL-injured patients with blinded image analysts.

CONCLUSION

Conflicting, highly variable evidence for the role of tibial plateau slope and other anatomic
measures in injury risk assessment makes interpretation of the current literature difficult.
Inconsistencies within and between tibial slope measurement methodologies have precluded
repeatable demonstration of an “at ACL injury risk” range of tibial slope values. Noncontact
ACL injury is likely a multifactorial phenomenon, so identification of new risk factors is
paramount to prevention. While trends in the current literature indicate a potential
relationship between ACL injury and posterior tibial slope, standardized techniques and
more consistent and repeatable data are required to definitively link the two.
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Effect size for medial tibial plateau slope with respect to injury status.
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Figure 3.

Effect size for lateral tibial plateau slope with respect to injury status.

Am J Sports Med. Author manuscript; available in PMC 2014 September 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Wordeman et al.

Medial Tibial Plateau Slope Measurement and 95% Confidence Intervals

Page 14

¢ Controls
B ACL Injured

Stijak et al, 2010 n=66 H ———
1
: - 1
Bisson et al, 2010 n=80 i —— —
1
Hashemi et al, 2010 n=104 : —o—+-ll—i
1
Simon et al, 2010 n=54 ,_..._._|:
1
Hudek et al, 2011 n=110 : o= —
1
Khan et al, 2010 n=124 : i
1
Terauchi et al, 2011 n=131 1 —o— 4
1
1 Measurements on MRI
__________________________________ R, Lot e R S g
| Measurements on Lateral Radiograph
Meister et al, 1998 n=88 |
1
Brandon et al, 2006 n=200 i o
1
= 1
Todd et al, 2010 n=319 ! o+l
1
Sonnery-Cottet et al, 2011  n=100 : o~ —l—
1
Vyas et al, 2011 n=39 1 ——————
1
1
r T T I| T T
-15 -10 -05 0 15 10
Medial Tibial Plateau Slope (degrees)
Figure4.

Absolute measures of medial tibial plateau slope in controls and anterior cruciate ligament—
injured patients by study.

Am J Sports Med. Author manuscript; available in PMC 2014 September 19.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wordeman et al.

Page 15
Lateral Tibial Plateau Slope Measurement and 95% Confidence Intervals
Stijak et al, 2010 n=66 : —— — —
1
i
Bisson et al, 2010 n=80 , ————
1
i
Hashemi et al, 2010 n=104 : —o——i—
! ¢ Controls
' B ACL Injured
Simon et al, 2010 n=54 ———+—
1
i
1
Hudek et al, 2011 n=110 1 -l
1
|
Khan et al, 2010 n=124 H —o—i -
i
1
: LTPS Measurements on MRI
T T T T T T T T T T T T T T Thnspecificed Tibial Slope on Lateral Radiograph
1
| wH
Vyas et al, 2011 n=39 :
1
1
I T ¥ T T
-15 -10 0 5 10
Lateral Tibial Plateau Slope (degrees)
Figureb5.

Absolute measures of lateral tibial plateau slope in controls and anterior cruciate ligament—

injured patients by study.
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