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Risk of Noncontact Anterior Cruciate
Ligament Injuries Is Not Associated With
Slope and Concavity of the Tibial Plateau
in Recreational Alpine Skiers

A Magnetic Resonance Imaging–Based
Case-Control Study of 121 Patients

Fabian Blanke,*yz§ MD, Ata M. Kiapour,||{ PhD, Maximilian Haenle,§ MD, Jens Fischer,# MD,
Martin Majewski,y# MD, MBA, Stephan Vogt,§ MD, and Carlo Camathias,z|| MD
Investigation performed at the Department of Orthopedic Surgery,
University Hospital Basel, Basel, Switzerland

Background: Anatomic features of the tibial plateau (ie, posterior slope and medial concavity) have been associated with an
increased risk of anterior cruciate ligament (ACL) injuries. However, it remains unclear whether these findings translate to ACL
injuries sustained during recreational alpine skiing.

Purpose: To investigate the association in recreational alpine skiers between prominent morphological features of the tibial pla-
teau (slope and concavity) and the risk of sustaining an ACL injury during a noncontact incident.

Study Design: Case-control study; Level of evidence, 3.

Methods: Magnetic resonance imaging data of 121 recreational alpine skiers (74 female, 47 male) after a noncontact knee injury
were used for this study. Of these patients, 80 (71% female [n = 57]) had a complete unilateral ACL tear (rupture group), and 41
(41% female [n = 17]) had no indications of an ACL injury (intact group). Two blinded independent examiners measured the slopes
of the tibial plateau in the sagittal and coronal planes along with the maximum depth of the medial tibial plateau. Measurements
were compared between sexes and between groups using t tests. Logistic regression was used to assess the associations
between quantified anatomic indices and the risk of ACL injuries.

Results: Within 121 study patients, female skiers had greater odds of an ACL tear compared with male skiers (odds ratio, 3.5;
95% CI, 1.6-7.8; P \ .001). Female skiers were more likely to have a greater lateral tibial slope (LTS) (P = .02) and medial tibial
slope (MTS) (P = .02) with a shallower medial tibial depth (MTD) (P = .02) compared with male skiers. No differences between
sexes were observed in the coronal tibial slope (CTS) (P = .97). Male and female skiers as a combined group showed no asso-
ciations between quantified anatomic indices and the risk of sustaining an ACL tear (P . .10). Likewise, no significant differences
were observed between the intact versus rupture group in any of the quantified anatomic indices (P . .10). Similar findings were
observed when the analyses were repeated on male and female skiers separately.

Conclusion: Despite differences between sexes in knee anatomy and the injury risk, the sagittal and coronal slopes (LTS, MTS,
CTS), as well as the concavity of the medial tibial plateau (MTD), were not associated with the risk of an ACL tear during a non-
contact injury among recreational alpine skiers.
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The anterior cruciate ligament (ACL) is the most fre-
quently injured ligament of the knee, primarily as a result
of sports participation.25 Noncontact injuries (without

a direct blow to the knee joint) account for more than
70% of all ACL injuries, occurring during pivot cuts and
landing maneuvers.4,16,26 In addition to pain, lowered
activity levels, and a substantial financial burden,5,19,33

ACL injuries increase the risk of early-onset posttraumatic
osteoarthritis.31,32 Therefore, substantial interest has been
developed to identify intrinsic and extrinsic risk factors
associated with ACL injuries to better profile ‘‘at-risk’’
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patients who then can be targeted with proper preventa-
tive interventions.39

Among identified risk factors, morphological characteris-
tics of the tibiofemoral joint and their associations with the
risk of ACL injuries are at the center of attention.** In par-
ticular, the slope of the tibial plateau in the sagittal and cor-
onal planes,yy along with the concavity of the medial tibial
plateau,7,18 seems to affect tibiofemoral joint biomechanics,
ACL loading, and the injury risk, as shown in multiple stud-
ies. On the posterior tibial slope, an impulsive compression
force (ie, increased vertical ground-reaction force) during
landing generates an anterior shear force.15 A greater poste-
rior tibial slope increases this anterior tibial shear force,34

anterior tibial acceleration and translation,24,30 and ACL
strain24,30 during jump landing activities.

Previous studies have mainly investigated whether the
tibial plateau shape influences the risk of an ACL injury in
sports involving jump landing activities (ie, volleyball, bas-
ketball, soccer, and football).6,7,30,34 However, little is
known about how these anatomic factors affect the ACL
injury risk among recreational skiers, an important con-
cept as this population is exposed to a considerable risk
for an ACL tear.12,45 In contrast, tears occur primarily dur-
ing events leading to extreme multiplanar rotations in the
coronal and axial planes and knee hyperflexion in the
absence of a landing-induced impulsive compression
force.13,23,27,36 These substantial differences in noncontact
injuries raise doubts as to whether established anatomic
features of the tibial plateau and the risk of an ACL injury
are relevant to recreational alpine skiers, in whom no sub-
stantial jump landing activities are involved.

Therefore, the current study aimed to assess prominent
morphological characteristics of the tibial plateau (slope
and concavity) and the risk of sustaining an ACL injury
during a noncontact incidence among recreational alpine
skiers. We hypothesized that the risk of an ACL injury in
recreational alpine skiing is not affected by the magnitude
of (1) the lateral tibial slope (LTS), (2) the medial tibial
slope (MTS), (3) the coronal tibial slope (CTS), or (4) the
medial tibial depth (MTD) as a measure of medial tibial
plateau concavity.

METHODS

We conducted this study with a retrospective cohort. This
study was approved by the institutional review board of

our hospital (University Hospital Basel; ID 191/11). On
the basis of a priori sample size estimation, we selected
a total of 121 patients (mean 6 standard error [SE] age,
39.0 6 12.3 years; 61% female [n = 74]) who sustained
a noncontact knee injury during recreational alpine skiing.
The patients were admitted to the Hospital Oberengadin
emergency room between December 2012 and March
2013. All patients with a noncontact knee injury were
included in this study. A noncontact knee injury was
defined as one that occurred during an accident or an inju-
rious event without a direct blow to the knee.1,2,20 None of
the patients studied were elite competitive skiers. We
excluded patients who sustained a contact knee injury,
had a bilateral noncontact knee injury, or had a history
of knee injuries or associated bone injuries. All patients
were evaluated for an ACL tear using magnetic resonance
imaging (MRI) and divided into a rupture group, consisting
of those with a complete ACL tear as a result of a noncon-
tact knee injury (n = 80; 71% female [n = 57]), and an intact
group, consisting of those with an intact ACL (n = 41; 41%
female [n = 17]).

Magnetic Resonance Imaging

All injured knees underwent MRI using an Achieva 1.5-T
MRI system (Philips Medical Systems) with dedicated sur-
face multichannel knee coils. MRI data in the sagittal plane
were acquired 3-dimensionally with T1-weighted fast field
echo scans with a slice thickness of 1.4 mm and a bandwidth
of 244.14 Hz/pixel. The patients were positioned supine with
their legs extended in a neutral position and the patella fac-
ing up. The index knee was placed in a knee extremity coil
and then scanned in a 3-plane localizer and the axial scout
mode. Scans in the sagittal and coronal planes were
obtained perpendicular to a line tangential to the posterior
femoral condyles and parallel to the femoral diaphysis in
the coronal scout mode, respectively.

Anatomic Index Measurements

We measured the posterior slope of the tibial plateau
across both the medial (MTS) and lateral (LTS) compart-
ments on MRI according to the techniques described by
Hudek et al.21 Briefly, the proximal tibial anatomic axis
was established by connecting the centers of 2 circles
within the proximal tibial diaphysis (Figure 1A). The
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posterior slope of the tibial plateau across each compart-
ment was measured as the angle between a line connecting
the peak points on the anterior and posterior aspects of the
plateau and a line perpendicular to the longitudinal axis
(Figure 1B). The inferiorly directed slope toward the poste-
rior aspect of the tibial plateau in the sagittal plane was
considered a positive slope.

Moreover, the coronal slope of the tibial plateau (CTS)
was measured as the angle between a line connecting the
peak points of the medial and lateral tibial plateaus and
a line perpendicular to the proximal tibial anatomic axis
in the coronal plane (Figure 2B).6,18 The inferiorly directed
slope toward the medial tibial plateau in the coronal plane
was designated as a positive slope. We quantified the max-
imum depth of the medial tibial plateau by establishing
a line connecting the superior and inferior crests of the tibial
plateau in the same plane on which the MTS was measured.
The MTD was defined as the perpendicular distance
between this line and a parallel line drawn tangent to the
lowest point of concavity in the sagittal plane (Figure

2A).17,18 Measurements were performed by 2 independent
investigators (F.B., J.F.) who were well trained for these
specific measurements. The mean of both independent
measurements was used for final analysis. Measurements
were taken using iSite Enterprise (Philips Medical Systems)
and reported in millimeters or degrees. The resolution of
measurements with this software is high, with a distance
accuracy of 0.1 mm and a degree accuracy of 0.1�.14

Statistical Analysis

A priori power calculation was used to estimate the required
sample size. Previously reported anatomic data6,8,18,41,43

were used to calculate the corresponding effect sizes for
MTS (effect size = 0.63), LTS (effect size = 1.09), CTS (effect
size = 0.56), and MTD (effect size = 0.72).6,17,18,21 A priori
power analysis with a = .05 and b = .80 indicated a mini-
mum sample size of 77 in the rupture group and a minimum
sample size of 39 in the intact (control) group. As mentioned
earlier, a total of 121 (80 rupture and 41 intact) patients
were included in this study to ensure a minimum power of
80% to detect the differences in all mentioned anatomic
indices between patients in the rupture and intact groups.

Intraclass correlation coefficients (ICCs) and root mean
square errors (RMSEs) were computed to estimate the var-
iability in measurements between the 2 independent inves-
tigators and as a surrogate measure to gauge reliability. A
Shapiro-Wilk normality test was performed to verify
whether the data met the assumption of a parametric test.
All variables were normally distributed (P . .20). Age, sex
distribution (percentage of female patients), and all quanti-
fied anatomic indices were compared between the rupture
and intact groups using independent-samples t tests for con-
tinuous variables and chi-square tests for dichotomous var-
iables. Logistic regression assessed the isolated effect of age
and sex on the risk of sustaining an ACL tear. In case of sig-
nificant age and/or sex effects, the analyses were adjusted
for age and repeated for each sex independently. We com-
pared subgroups between and within male and female
patients using univariate analysis of variance with a post
hoc Tukey-Kramer honestly significant difference to correct
for multiple comparisons. Statistical analyses were per-
formed using a standard statistical software package
(JMP version 10; SAS Institute). Data are reported as
mean 6 SE, with P � .05 considered statistically significant.

RESULTS

Between-investigator reliability for anatomic index measure-
ments was excellent for all quantified anatomic indices,
showing high ICC and minimal RMSE values (LTS: ICC =
0.98, RMSE = 0.3�; MTS: ICC = 0.99, RMSE = 0.4�; CTS:
ICC = 0.98, RMSE = 0.4�; MTD: ICC = 0.99, RMSE =
0.1 mm). The 2 study groups differed in age and sex compo-
sition. The rupture group was older by 8.6 6 2.2 years (P \
.001) and contained more female patients by 30% (n = 40; P =
.0015) than the intact group. Female patients were more
likely to sustain an ACL tear during a noncontact injury com-
pared with male patients (odds ratio [OR], 3.5; 95% CI, 1.6-

Figure 1. Techniques used to (A) establish the longitudinal
axis of the proximal tibia (L) and (B) measure the posterior
tibial slope (PTS) in the sagittal plane with respect to the lon-
gitudinal axis of the proximal tibia (L). F, femur.

Figure 2. Techniques used to measure the (A) medial tibial
depth (MTD) and (B) coronal tibial slope (CTS). F, femur; L,
longitudinal axis of the proximal tibia.
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7.8; P \ .001). Likewise, older patients were more likely to
tear their ACL, with the risk increasing by 6% (odds ratio
[OR], 1.06; 95% CI, 1.02-1.10) for every year of age (P\ .001).

Female patients had a significantly greater (steeper) LTS
(by 2.2� 6 0.7�; P = .02) and MTS (2.4� 6 0.6�; P = .02) than
male patients. Conversely, female patients had a smaller
MTD than male patients by 0.4 6 0.15 mm (P = .02). Male
and female patients did not differ in the CTS (P = .97). In
the intact group alone, similar differences were observed
between male and female patients (Table 1). However, we
did not observe sex differences in any of the quantified indi-
ces in the rupture group (P � .05) (Table 1). Subgroup anal-
ysis also showed no significant differences (intact vs rupture)
in any of the quantified indices within each sex (P . .20)
(Table 1).

There were no differences between the intact and rup-
ture groups in any of the quantified anatomic indices
(P . .10) (Table 1). After adjusting for patient age, logistic
regression did not associate the anatomic indices with the
risk of an ACL tear in a noncontact injury among recrea-
tional alpine skiers (P . .10) (Table 2). Likewise, indepen-
dent logistic regression on each sex showed no associations
between anatomy and the risk of a noncontact ACL injury
in either male or female patients (P . .05) (Table 2).

DISCUSSION

The objective of this study was to determine associations
between morphological features of the tibial plateau and
the risk of tearing the ACL as a result of a noncontact

injury during recreational alpine skiing. The tibial plateau
slopes (LTS, MTS, and CTS), concavity (MTD), and the
risk of a noncontact ACL injury were not associated among

TABLE 1
Quantified Anatomic Indices of the Tibial Plateau and Their Between-Group and Between-Sex Differencesa

Anatomic Index

All Patients (N = 121) Female Patients (n = 74) Male Patients (n = 47) Difference (Male vs Female)

Mean 6 SE 95% CI Mean 6 SE 95% CI Mean 6 SE 95% CI Mean 6 SE 95% CI P Value

LTS, deg
Rupture 7.95 6 0.40 7.1 to 8.8 8.40 6 0.45 7.5 to 9.3 6.81 6 0.84 5.0 to 8.5 1.60 6 0.89 –0.7 to 3.9 .28
Intact 7.40 6 0.61 6.1 to 8.6 9.36 6 0.64 8.0 to 10.7 6.02 6 0.84 4.3 to 7.7 3.34 6 1.14 0.4 to 6.3 .02
Differenceb 0.54 6 0.73 –2.0 to 0.9 0.95 6 0.99 –1.6 to 3.5 0.79 6 1.05 –1.9 to 3.5
P valueb .46 .77 .87

MTS, deg
Rupture 8.77 6 0.38 8.0 to 9.5 9.34 6 0.42 8.5 to 10.2 7.33 6 0.71 5.9 to 8.8 2.00 6 0.78 –0.0 to 4.0 .05
Intact 7.80 6 0.51 6.8 to 8.8 9.55 6 0.60 8.3 to 10.8 6.60 6 0.67 5.1 to 8.0 3.00 6 1.00 0.4 to 5.6 .02
Differenceb 0.96 6 0.64 –2.2 to 0.3 0.21 6 0.87 –2.1 to 2.5 0.76 6 0.92 –1.6 to 3.1
P valueb .14 .99 .83

CTS, deg
Rupture 3.82 6 0.23 3.3 to 4.2 3.75 6 0.26 3.2 to 4.3 3.96 6 0.46 3.0 to 4.9 0.21 6 0.51 –1.1 to 1.5 .97
Intact 3.99 6 0.31 3.3 to 4.6 4.04 6 0.45 3.1 to 4.9 3.95 6 0.45 3.0 to 4.9 0.09 6 0.66 –1.1 to 1.8 .99
Differenceb 0.18 6 0.39 0.29 6 0.57 –1.2 to 1.8 0.02 6 0.60
P valueb .65 .95 ..99

MTD, mm
Rupture 3.03 6 0.09 2.8 to 3.2 3.00 6 0.10 2.8 to 3.2 3.13 6 0.19 2.7 to 3.5 0.13 6 0.19 –0.4 to 0.6 .90
Intact 3.25 6 0.12 2.9 to 3.5 2.81 6 0.19 2.4 to 4.2 3.56 6 0.19 3.3 to 3.8 0.74 6 0.24 0.1 to 1.4 .02
Differenceb 0.22 6 0.15 –0.1 to 0.5 0.18 6 0.21 –0.4 to 0.7 0.43 6 0.23 –0.2 to 1.0
P valueb .16 .84 .23

aBoldface indicates statistically significant difference. CTS, coronal tibial slope; LTS, lateral tibial slope; MTD, medial tibial depth; MTS,
medial tibial slope; SE, standard error.

bDifference between rupture and intact groups.

TABLE 2
Associations Between Quantified Anatomic Indices

of the Tibial Plateau and the Risk of Sustaining
an ACL Tear During a Noncontact Injurya

Anatomic
Index

Odds
Ratio

95%
CI Coefficient SE

P
Value

All patients
LTS 1.04 0.9-1.2 0.05 0.05 .44
MTS 1.09 1.0-1.2 0.09 0.06 .13
CTS 0.95 0.8-1.2 –0.04 0.09 .65
MTD 0.71 0.4-1.1 –0.35 0.24 .16

Female patients
LTS 0.91 0.8-1.1 –0.10 0.09 .28
MTS 0.97 0.8-1.2 –0.02 0.09 .80
CTS 0.92 0.7-1.2 –0.08 0.14 .59
MTD 1.40 0.7-3.1 0.34 0.38 .38

Male patients
LTS 1.05 0.9-1.2 0.05 0.07 .49
MTS 1.07 0.9-1.3 0.07 0.09 .42
CTS 1.03 0.1-10.2 0.01 0.13 .98
MTD 0.51 0.2-1.1 –0.67 0.38 .08

aAll analyses have been adjusted for patient age. There were no
significant associations between the indices and the risk of an
anterior cruciate ligament (ACL) tear. CTS, coronal tibial slope;
LTS, lateral tibial slope; MTD, medial tibial depth; MTS, medial
tibial slope; SE, standard error.
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recreational alpine skiers. Furthermore, the risk of an ACL
injury in both older and female skiers was increased.
Women demonstrated steeper posterior-inferior directed
slopes across both the medial and lateral compartments
and a shallower (less concave) medial tibial plateau than
men. While sex affected both the injury risk and anatomy,
independent analyses of each sex did not associate the
injury risk and anatomy. Also, no notable differences
were observed in any of the quantified anatomic indices
between the rupture and intact groups.

Alpine skiing is a popular sport worldwide, with an esti-
mated 200 million participants around the globe.22 Knee
sprains are the most common injury in skiers, with approx-
imately 30% of all injuries in adults.12,45 Among these, ACL
injuries account for the majority of knee sprains with 16%.45

Similar to other high-risk sports, a great deal of research
has been devoted to identifying ACL injury mechanisms
and potential risk factors among skiers.23,27,36 Despite
efforts to characterize these factors for ACL injuries sus-
tained during various sports (ie, basketball, volleyball, soc-
cer, football), it is not clearly understood whether those
findings translate into noncontact ACL tears observed in
recreational alpine skiers. The current study is one of the
first attempts to test this matter with regards to tibial pla-
teau slopes and concavity. The mentioned anatomic features
have been strongly related to the ACL injury risk in sports
involving considerable jump landing.6,7,30,34 However, our
findings disagree, in part, with previous reports and do
not associate these features of the tibial plateau and the
risk of an ACL tear during a noncontact injury among rec-
reational skiers.

The unique morphological characteristics of the tibiofem-
oral joint guide the motion of the tibia relative to the femur
as the ACL is loaded to failure under high loading condi-
tions.15,17,24,34,38 ACL strain increases with impulsive com-
pression loading with the knee near extension and
a greater posterior-inferior directed slope of the tibial plateau.
This combination induces anterior displacement, internal
rotation of the tibia relative to the femur, and knee valgus.34

Similarly, a greater LTS and MTS and a lower MTD (flatter
medial tibial plateau) are associated with a higher risk of
a noncontact ACL injury if patients are involved in sudden
transitions from nonweightbearing to weightbearing condi-
tions due to landing from a jump or a plant-and-pivot
maneuver.6,7,30,34

In real cases of ACL injuries during basketball, volleyball,
soccer, or football, numerous studies support the presence of
a jump landing and a plant-pivot-cut maneuver with knees
near extension.9,28,29,35,44 In contrast, the common mecha-
nism for noncontact ACL injuries during recreational alpine
skiing induces excessive valgus–external rotation and
extreme internal rotation of a hyperflexed knee, also called
a ‘‘phantom foot.’’13,23,27,36 Our missing association between
the LTS, MTS, and MTD and ACL injury risk is consistent
considering the lack of impulsive compression forces and
the increased knee flexion associated with noncontact ACL
injuries among recreational alpine skiers.15,38 The current
findings also did not relate the CTS and the risk of noncon-
tact ACL injuries in recreational alpine skiers. These data
agree with previous studies of athletic tasks involving jump

landing and plant-pivot-cut maneuvers.6,18 However, consis-
tent with other studies, the tibial plateau anatomy differed
significantly between sexes.6,18 Female compared with male
patients showed steeper posterior slopes of the tibial plateau
(LTS and MTS) and a less concave medial tibial plateau
(smaller MTD). These similarities are reassuring in a sense
that our studied population was not anatomically different
from those used in previous investigations in which signifi-
cant associations between anatomy and the injury risk
were reported.6-8,11,18,20,40-43 Therefore, we assert that the
risk of ACL injuries is more dependent on the type of sports
rather than anatomic features alone. In this context, the
injury mechanism is possibly more important.

As with any studies, there are several associated limita-
tions. First, technical challenges exist when measuring with
a 2-dimensional approach, that is, identifying the proper
image slice to analyze, which can result in inconsistencies.6

However, we used well-established, validated MRI mea-
surement techniques to systematically and more consis-
tently quantify the anatomy. These techniques helped us
to address some errors associated with quantifying the anat-
omy from radiographs, in particular for measuring the sag-
ittal tibial slope. We also measured each anatomic index in
each knee twice independently to reduce errors and per-
sonal bias. The excellent ICC adds confidence in accuracy.
Second, because female patients are at a greater risk of rup-
turing their ACL during recreational alpine skiing, there
were a disproportionate number of female versus male
patients in each group. This incongruence may have
affected the results. We have tried to minimize the effect
of this population heterogeneity by taking into account the
effect of sex on all associations using subgroup analysis.
Similarly, there were a substantially greater number of
patients with a ruptured ACL compared with those with
no ACL injury, which may have skewed the findings. This
is consistent with the trend in our practice as the majority
of patients admitted after a noncontact incident show
a torn ACL revealed by MRI. This factor was taken into
account when performing a priori power analysis by assum-
ing a ratio of 1:2 for the desired sample size. Regarding the
male and female subgroups, power was reduced in case of
a nonsignificant result. Therefore, these results should be
reviewed with caution. Further information on the exact
injury mechanism could not be verified in the present study
and stays subjective. However, in all patients, a noncontact
injury was reported as plausible. Finally, the study was con-
ducted retrospectively with no matching between injured
patients and controls, which may have confounded some of
the findings. Despite these limitations, there were notable
strengths associated with this study. The large sample
size of 121 patients with a realistic sex distribution between
groups as seen in our clinic enabled us to assess potential
differences between injured and noninjured groups with
an acceptable statistical power.

CONCLUSION

The sagittal and coronal slopes (LTS, MTS, CTS), as well
as the concavity of the medial tibial plateau (MTD), were
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not associated with the risk of sustaining an ACL tear dur-
ing a noncontact injury among recreational alpine skiers.
Our data revealed significant sex differences in the ACL
injury risk and all quantified anatomic indices except the
CTS. Overall, these findings emphasize how important it
is to include the sports type as a confounding factor
when assessing associations between anatomy and the
ACL injury risk. Such findings may in turn help to better
characterize the ‘‘at-risk’’ population for specific sports
and athletic activity.
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