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Abstract

Purpose The purpose of the study was to determine the correlation between medial tibial slope (MTS) and anterior tibial
translation (ATT) in female patients with an ACL-deficient knee. It was hypothesized that female patients with a greater
medial tibial slope had an increased anterior tibial translation compared to males.

Methods MTS and ATT were analysed in 276 patients (138 females and 138 males) with a complete ACL rupture from
2012 to 2016. The mean age was 32 + 12 years. Previous surgery or additional ligament injury was excluded. CT scan was
used for measuring MTS. Meniscal findings were reported. Anterior tibial translation and side to side difference (SSD) were
measured by bilateral Telos™ stress radiography with knee flexion of 20°.

Results There was no significant difference in ATT between females (5.4 +3.9) and males (5.8 +4.2), nor was there a differ-
ence in MTS between females (9.8 +2.8) and males (9.8 +2.7). A positive correlation was found between MTS and ATT abso-
lute (r=0.35, p<0.001) and side to side difference (r=0.12, p=0.03). MTS greater or equal to 11° significantly increased
the ATT (p <0.05). For each degree of increase of the MTS, increases in ATT absolute of 0.6 mm and SSD of 0.18 mm
were observed. Greater MTS was identified as a risk factor for an increase of ATT in females (r=0.37, p <0.001) but not in
males (r=— 0.1, n.s). Increases of 1° of MTS increased ATT 0.57 mm in female patients (p <0.001). MTS was influential
in ATT despite the presence (r=0.28 [0.11, 0.44], p=0.001) or absence (r=0.48 [0.35, 0.6], p <0.001) of meniscal lesions.
Conclusions Greater medial tibial slope is associated with increased anterior tibial translation in females with ACL-deficient
knees compared to males, despite the presence or absence of meniscal lesions. This could be due to a quadriceps/hamstring
imbalance in females and the ability of the hamstring muscles to moderate ATT.

Level of evidence III.

Keywords Anterior cruciate ligament - Anterior tibial translation - Medial tibial slope - Knee laxity - Gender-specific
influence

Abbreviations ATT  Aanterior tibial translation

ACL  Anterior cruciate ligament SSD Side-to-side difference

MTS  Medial tibial slope IKDC International Knee Documentation Committee
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PTAA Proximal tibial anatomic axis
ICC Intra-class correlation

Introduction

Anterior cruciate ligament (ACL) rupture is one of the most
common knee injuries. Although it occurs frequently, con-
troversies still remain regarding anatomical factors, neuro-
muscular control, and medial tibial slope and its relationship
with anterior tibial translation.

There is an association between a high MTS and risk for
ACL injury in adult [31] and current information about the
specific influences of these risk factors on females [7, 10, 16]
but correlations between gender and anatomic parameters
as a risk factor for ACL injury have been reported in just
one study [20]. A higher risk of non-contact ACL tear has
been shown in women with an incidence two to five times
that in men [30] and a previous study has shown a 33.7%
greater risk of subsequent contralateral ACL reconstruction
in female patients [21].

The influence of the tibial slope in anterior translation
has been largely demonstrated. Dejour et al. [3] found a sig-
nificant correlation between the tibial slope and the anterior
translation of the tibia, both in healthy knees and with ACL
rupture. They reported an increased ATT of 3.5 mm for
every 10° of tibial slope (or 0.35 mm for each degree). The
same author [4] describes that dynamic ATT appeared to
increase significantly in knees with tibial slope greater than
12° (p=0.041) but did not correlate with gender.

MTS seems to play an important role in the ATT in
females according a recent study [29]. The ability to cope
with ACL deficiency seemed to be affected by the tibial
slope, especially in females, and this could be related to a
quadriceps/hamstring imbalance in women. Liu and Mait-
land [14] demonstrated that in an ACL-deficient knee with
12° of tibial slope, anterior translation of the tibia could not
be completely compensated by hamstring muscle force.

Knee laxity can be evaluated in different ways, including
physical exam, using assessments with arthrometers (GnRB,
KT 1000, KT 2000), or by radiological methods. Stress radi-
ographs using an instrument such as Telos® system (Telos
GmbH, Laubscher, Holstein, Switzerland) quantify objective
and reproducible anterior laxity [1, 2, 11]. Panisset et al. [17]
reported the correlation between radiological anteroposte-
rior laxity using Telos system and the presence of a positive
pivot shift test.

The aim of this study was to determine the effect of
medial tibial slope on anterior tibial translation in the ACL-
deficient knee in a cohort of patients with a first ACL rupture
using CT scans and to determine the gender-specific correla-
tions. The hypothesis was that female patients with a greater
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medial tibial slope had increased anterior tibial translation
compared to males.

Materials and methods

A single-center retrospective study was conducted. Between
2012 and 2016, 786 patients surgically treated for ACL
reconstruction were selected, 330 females (42%) and 456
male patients (58%). 138 CT scans were available from
females and randomly matched with 138 CT scans from
males. Mean age at surgery was 32 + 12 years. Mean time
from injury was 19 +37 months.

Eligibility criteria included skeletally mature with a com-
plete ACL tear (acute and chronic). Patients were excluded if
they had any additional bone, ligament or cartilage injuries,
moderate or severe knee arthrosis (IKDC grade C or D) and
history of previous surgery.

Preoperative laxity was quantified by bilateral, side-to-
side stress, and comparative radiographs using the Stress
Device® Telos (Metax, Hungen, Germany). The patient
was placed in a supine position, knee at 20° flexion, a 150
Newton (15 kg) load was applied to the posterior border of
the tibial plateau. The ATT was calculated with the lateral
views, measuring the distance from the posterior border of
the medial tibial condyle to the femoral condyles using the
Dejour and Bonnin method [3], and the side-to-side differ-
ence (SSD) between the injured knee and healthy knee was
calculated (Fig. 1a, b).

CT scans were performed postoperatively as a routine
examination (initially for the evaluation of the positioning of
femoral and tibial tunnels after ACL reconstruction) in the
radiology department of the same institution and analyzed
with Institutional Picture Archiving and Communications
System (PACS, Centricity, GE Healthcare, Waukesha, Wis-
consin) (Fig. 2a—c).

Sagittal geometry evaluation

All measurements used subchondral bone as a reference.
The tibial slope evaluation was based on the radiological
publication of Dejour et al. [3] and the CT scan evaluation
of Kessler et al. [12], using the proximal tibial anatomic axis
(PTAA), which has been shown to strongly correlate with
the mechanical tibial axis [26, 27] and has been used by the
American Knee Society.

Intraoperative data were collected for meniscal lesions
and classified by type of tear (partial, complete), side
(medial, lateral), location (posterior, mid body, anterior) and
tear pattern (longitudinal-vertical, horizontal, radial, vertical
flap, horizontal flap, complex).
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Fig. 1 The patient stands on
one leg with the knee flexed to
20°. A line was drawn on the
radiograph perpendicular to the
posterior border of the medial
tibial plateau and a second one
to the most posterior part of the
femoral condyle. The distance
between the femoral and tibial
lines on the medial side was
called the medial anterior tibial
translation, MATT. The differ-
ence between the healthy and
the injured knee is the side to
side difference (SSD). a Left
knee with ATT of 18.1 mm
and b right knee with ATT of
1.5 mm. In this case, SSD was
16.6 mm

Fig. 2 Positioning of the tibia

in the three planes of space. a
Axial plane, passing through the
centre of the medial and lateral
tibial plateaus; b coronal plane,
passing through the longitudinal
anatomical axis; ¢ sagittal plane,
passing through the proximal
tibial anatomical axis

CT scan measurement reliability

To assess reproducibility of the different measurements,
intra-class correlation (ICC) was calculated. An ICC
value greater than 0.9 was considered excellent and a
value between 0.8 and 0.9 was considered good [8]. Intra-
observer variability was assessed by the same surgeon re-
measuring a random sample of 50 patients 2 weeks after
the initial analysis of all 276 CT scans and TELOS. An
independent radiologist measured CT scans and TELOS
X-rays from another random sample of 50 patients to
determine inter-observer variability.

Intra- and inter-observer reliability of measurements

The reproducibility of the measurements after reconstruc-
tion of the tibial bone segments in dedicated image pro-
cessing software was excellent, with ICCs between 0.91
and 0.97. The reproducibility of the measurements of the
SSD in ATT was good to excellent, with ICCs between
0.88 and 0.94. The average ICC for all measurements was
0.93.

The study was approved by the institutional review board
of the Hospices Civils de Lyon and the protocol number for
this approval was 2016-037.
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Statistical analysis

Statistical analysis was performed by the Laboratory of Bio-
statistics at our institution using R software (version 3.1.1,
Copyright © 2014 The R Foundation for Statistical Com-
puting Platform). A value of p <0.05 was considered sta-
tistically significant. The normality of the different variable
variances was checked by Kolmogorov—Smirnov tests. Con-
tinuous variables were expressed as mean + standard devia-
tion. Student’s ¢ tests for independent samples were used
to compare parametric variables and Mann—Whitney—Wil-
coxon tests were used for comparison of non-parametric
variables. Pearson’s correlations test was used for linear cor-
relations. To assess reproducibility of the different CT scan
measurements, intra-class correlation (ICC) were calculated.

Results

The cohort comprised 276 patients with comparable demo-
graphic data shown in Table 1.

The ATT was 9.3 mm in ACL-deficient knees compared
to 3.9 mm in ACL-intact knees. The ATT measured using
the Telos device (SSD) was 5.6+4.1 mm in the entire
cohort. SSD in ATT was similar in females (5.4 +3.9) and
males (5.8 +4.2) (ns). The MTS was 9.8°+2.8. MTS was
similar in females (9.8 £2.8) and males (9.8 +2.7) (ns).

Medial meniscal tears were identified in 53 cases (38%)
in females and in 68 cases (49%) in males. Lateral tears were
found in 22 (16%) females and 34 (29%) males, and tears
of both menisci were discovered in 11 (8%) females and
18 (13%) males. There was no significant difference in the
incidence of these meniscal tears. Description of meniscal
tears are shown in Table 2.

A positive correlation was found between MTS and
absolute ATT (r=0.35, p<0.001) as well as SSD (r=0.12,
p=0.03) (Fig. 3a, b). MTS greater than or equal to 11° sig-
nificantly increases the ATT (p <0.05). For each degree of
increase of the MTS, absolute ATT increases 0.6 mm and
SSD increases 0.2 mm in the entire cohort.

Table 2 Meniscal findings

Females n (%) Males n (%) p value
Meniscal tear
Medial 53 (38) 68 (49) ns
Lateral 22 (16) 34 (29) ns
Both 11 (8) 18 (13) ns
Location of medial
tears
Anterior horn 0(0) 2(3) ns
Anterior horn 00 0(0) ns
body
Body 1(2) 3(4) ns
Body posterior 14 (26) 14 (21) ns
horn
Posterior horn 34 (64) 46 (68) ns
Anterior horn 4 (8) 34) ns
body and poste-
rior horn
Type of medial
tears
Bucket handle 13 (25) 10 (15) ns
Root 2(4) 34) ns
Radial 1(2) 2(3) ns
Horizontal 2(4) 34) ns
Vertical 24 (45) 30 (44) ns
Complex 4(7) 6(9) ns
Flap 3(5) 6(9) ns
Ramp lesion 4(8) 8 (12) ns

A greater MTS was identified as a risk factor for an
increase of ATT in females (r=0.37, p <0.001) but not in
males (n.s) (Fig. 4). In female patients, an increase in the
MTS of 1° correlated with an increase in ATT of 0.6 mm
(p<0.001). An increased MTS represents a risk factor for
increased ATT in female patients when compared to males.

MTS was influential in ATT regardless of the presence
of meniscal lesion (r=0.28 [0.11, 0.44], p=0.001) or
absence of one (r=0.48 [0.35, 0.6], p<0.001).

Table 1 Patient demographics

Females (n=138) Males (n=138) p value*
(n=276)
Mean+SD Range Mean +SD Range
Age (years) 33+12.6 (15.7-60.2) 32+10.8 (16.1-61.8) ns
BMI (kg/m?) 23+34 (17.6-33.3) 25+3.7 (17.9-37.3) <0.001
Time from injury to 21+39.6 (0.4-208.2) 18+33.6 (1.2-266.6) ns
surgery (months)
MTS® 8+ 9.8+2.7 ns
ATT 54+39 5.8+4.2 ns

*Comparison between females and males
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® ‘,—" — ruptures of the ACL, thus increasing the laxity [20], and
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Fig.4 Positive linear correlation between MTS and ATT in females
(r=0.37, p<0.001), and a negative correlation in males (n.s). For
each increase in the degree of the MTS, the ATT increases 0.6 mm in
females (p <0.001)

Discussion

The main findings of this study were that female patients
with a greater medial tibial slope had increased anterior
tibial translation in comparison to males.

The study describes the medial tibial slope as a ref-
erence as it was described by Dejour and Bonnin [3].
Those authors showed that the measurement of medial
compartment translation was more informative and sus-
ceptible to less variability than the lateral compartment
and demonstrated a strong correlation between the ante-
rior tibial translation and the posterior tibial slope in a

increases the ATT (p <0.05). Similar results were obtained
by Dejour et al. [4] who described a significant increase of
the static ATT in MTS greater than 7° (p =0.002) and in
dynamic ATT greater than 12° (p =0.041). Galano et al. [5]
and Ryan et al. [18] found no significant correlation between
medial or lateral slope, and anterior tibial translation in a
morphological study. However, that was a cadaveric study
with few cases (22 knees).

The present study describes that a greater MTS correlates
with increased ATT in females (r=0.37, p <0.001) but not
in males (n.s).This is supported by Yue et al. [29] who, in the
analysis of 150 knees, found an influence of the medial tibial
slope on anterior tibial translation only in females. Two other
recent studies also found a significant influence of the tibial
slope on ACL rupture [9, 24], with no significant findings in
males. A large series of 544 patients published by Hohmann
[10] identified the medial tibial slope as a risk factor for
ACL rupture only in women. Increased MTS is reported as a
predisposition for ACL injury in females [30], and also iden-
tified as a risk factor for residual laxity and poorer outcome
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after reconstruction of ACL in a recent meta-analysis [23].
In contrast, Hashemi et al. [7] described greater medial tibial
slope as a risk factor for ACL rupture only in males but the
sample was 55 patients (33 women and 22 men).

Similar correlation between MTS and medial anterior
tibial translation in a cadaveric study was described by Gif-
fin et al. [6] who studied ATT in flexion and extension of the
knee, and showed that the maximum anterior tibial transla-
tion of 3.6 mm was obtained during complete extension.
This greater slope results in an increase in the anterior tibial
translation during quadriceps contraction [9, 14], leading to
an increased stress on the ACL and a high risk of rupture.
The loading of the tibiofemoral joint and quadriceps contrac-
tion also produces an anterior shear force, leading to anterior
tibial translation.

The results of this study could be due to a quadriceps/
hamstring imbalance in females. The ability of the ham-
string muscles to compensate for ATT due to ACL defi-
ciency seemed to be affected by the tibial slope especially
in females. Liu and Maitland [14] demonstrated in a math-
ematical model that the ability of the hamstrings to com-
pensate for ATT due to ACL deficiency during walking was
adversely affected by the tibial slope. In an ACL-deficient
knee with a tibial slope of 4°, only 24% of the maximal
hamstring muscle force was required to completely restore
the tibia to its normal position. The required muscle force
increased to 66% when the tibial slope was 8°. In an ACL-
deficient knee with 12° of tibial slope, anterior displacement
of the tibia could not be completely compensated by ham-
string muscle force.

Females did not have greater posterior tibial slope than
males but the difference in ATT could also be explained by a
decreased congruency of the medial compartment in female
patients [20] or lower ability of the soft tissues (joint capsule
especially) to compensate for ACL deficiency.

Additionally, increased tibial slope affects the post-oper-
ative stabilization of ACL reconstructions like Li et al. [13]
described. Webb et al. even found a risk of repeat rupture
of the ACL when the medial tibial slope was greater than
12° [28]. This is because greater tibial slope would increase
the stress on the graft and its fixation, resulting in elonga-
tion and a risk of early failure [22]. These results can make
us think about the selection of the graft. Thus, knowing
the influence of the inclination of the tibial plateau allows
the development of specific rehabilitation programs preop-
eratively and postoperatively, dedicated and individualized
especially according to the different parameters of the articu-
lar geometry.

The study demonstrated no gender-specific difference
in the rates of meniscus tears, and that MTS is influential
in ATT regardless of the presence or absence of menis-
cal lesions. This could be explained because of the differ-
ent force vector during the laximetry similar to what was
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described by Dejour et al. [4] or by questioning the role of
the menisci in limiting ATT, contrary to Trojani et al. [25]
demonstrated in their study.

This is the largest series analysing anterior tibial transla-
tion on ACL-deficient patients supported by a CT scan anal-
ysis. A homogeneous and equal proportion of individuals of
both genders makes the statistical analysis stronger. Most
previous studies used images acquired via MRI to describe
knee joint geometry, but could only subjectively determine
for each compartment a sagittal cut passing through the cen-
tre of the compartment because 3D reconstruction is gener-
ally not available for MRI.

There are several limitations to the current study. First,
blinding according to gender was not ensured because first
names were visible during measurements. Including chronic
ACL injuries can also create a bias due to secondary causes
of instability. The decision to explore articular geometry by
CT-based method did not allow us to account for the influ-
ence of the soft tissues on joint congruence and slope. Both
articular cartilage and the menisci may alter joint congru-
ity and slope and differences in these structures may exist
between men and women. Lustig et al. [15] reported a reduc-
tion of the tibial slope of 1.8° in the medial compartment
and 5.5° in the lateral compartment when considering the
meniscus. However, this finding was not influenced signifi-
cantly by the gender.

Measurement of the tibial slope in daily clinical prac-
tice is usually performed on strictly contoured knee radio-
graphs. MRI and CT are more interesting alternatives than
simple radiographs, and although they are more expensive,
they offer the possibility of a combined measurement of the
medial tibial slope and other radiologically identifiable fac-
tors of articular geometry due to bone superposition.

Finally, a consistent limitation was the evaluation of pre-
operative laxity. Stress radiographs investigate postero-ante-
rior laxity and are highly dependent on patient cooperation
and muscle relaxation, to the same extent as clinical exami-
nation manoeuvers. Panisset et al. [17] showed that an evalu-
ation of preoperative laxity combining clinical manoeuvers
(Lachman-Trillat test, pivot shift test) and instrumental
laximetry was more informative than an isolated clinical or
laximetric evaluation. Beldame et al. [1] demonstrated the
superiority of the passive Telos system (at 250 Newtons of
thrust) compared to Franklin’s active radiological system.

Conclusions

Greater medial tibial slope is associated with increased
anterior tibial translation in females with ACL-deficient
knee when compared to males. Greater medial tibial slope
plays a significant role in the anterior translation only in
females, whether or not meniscal lesions are present.
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This could be due to a quadriceps/hamstring imbalance
in females and the ability of the hamstring muscles to
dampen ATT. An increased MTS in females should be a
factor in the preoperative planning and graft selection as
it can affect postoperative residual laxity and the risk of
re-rupture after ACL reconstruction.
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