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Abstract

Purpose The purpose of this study was to determine the most reliable radiographic measurement method to evaluate PTS as a risk
factor for ACL reconstruction failure.

Methods Patients who underwent ACL reconstruction or ACL revision reconstruction between January 2009 and December
2014 by a single surgeon were included. Fifty-two consecutive patients who underwent ACL revision reconstruction were
compared to a random selection of 52 patients who underwent primary ACL reconstruction and a control group of 52 patients
without ACL injury. ACL reconstruction was performed using either ipsilateral (primary) or contralateral (revision) quadrupled
hamstring autograft. Lateral knee radiographs were evaluated using three methods: (1) longitudinal axis, (2) anterior tibial cortex
axis, and (3) posterior tibial cortex.

Results A significant difference was found between subjects who underwent ACL reconstruction and control knees (6.79° vs.
5.31°, p =0.046) using the posterior tibial cortex method. No other statistical significance was found between groups. A multiple
linear regression analysis found that the PTS as measured by any method was not affected by the patient’s age, sex, height,
weight, and BMI. All methods of measurement for PTS demonstrated excellent ICC > 0.90) intra-rater and inter-rater reliability,
but only the posterior tibial cortex method maintained excellent intra-rater and inter-rater reliability (ICC > 0.90) when evaluating
patients with ACL revision reconstruction.

Conclusions The posterior tibial cortex measurement is the most reliable method for analyzing the PTS on lateral knee radio-
graphs in patients undergoing ACL revision reconstruction.

Keywords Anterior cruciate ligament - Posterior tibial slope - ACL reconstruction failure - ACL reconstruction revision

Introduction

Despite significant research and interventions, non-contact
anterior cruciate ligament (ACL) tears remain common athlet-
ic injuries, leading investigators to identify risk factors that
may predispose athletes to injury [1]. Only by understanding
the factors leading to injury may successful injury prevention
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algorithms be developed. Risk factors are commonly classi-
fied into four categories: environmental, neuromuscular, hor-
monal, and anatomical [2]. While anatomy may be difficult to
modify, identifying these factors may lead to more aggressive
prevention regimens for athletes found to be at highest risk.
Studies have investigated various osseous morphologic
characteristics as they relate to anterior cruciate ligament
(ACL) injury, including notch width, Q angle, lateral femoral
condyle ratio, and posterior tibial slope [3, 4]. Posterior tibial
slope (PTS) is a non-modifiable anatomic risk factor that has
received attention in recent years. The ACL functions to pre-
vent anterior tibial translation of as well as rotational forces on
the knee [5]. Therefore, increased anterior tibial translation of
the knee joint places strain on the ACL. Dejour et al. [6]
demonstrated that for every 10° increase in posterior inclina-
tion of the tibial plateau, there was a 6-mm increase in anterior
tibial translation. In a 20-year follow-up of patients who
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underwent ACL reconstruction, Salmon et al. [7] reported that
a PTS of 12° or more was the strongest predictor of ACL
reconstruction failure.

The methods of analyzing posterior tibial slope vary
throughout the literature, including the use of radiographs ver-
sus magnetic resonance imaging (MRI) [8]. The definition of
an “at-risk” posterior tibial slope is, therefore, inconsistent and
variable based upon the method of measurement. The purpose
of this study is to determine the most reliable radiographic
measurement method to evaluate posterior tibial slope (PTS)
as a risk factor for ACL reconstruction failure.

Materials and methods

Patients who underwent ACL reconstruction or ACL revision
reconstruction between January 2009 and December 2014 by
a single senior orthopaedic surgeon at our institution were
included in this retrospective study. Primary and revision re-
construction were performed using an anatomic intraarticular
ACL reconstruction technique with ipsilateral (primary) or
contralateral (revision) quadrupled hamstring autograft.

Primary inclusion criteria were noncontact, isolated, com-
plete rupture of the ACL (verified by Arthroscopy, MRI,
physical examination).

Fifty-six consecutive patients who underwent ACL revi-
sion reconstruction with a minimum four year follow up with-
out the need of further knee were included in the analysis
(group I); however, four were lost to follow-up, leaving 52
patients available for inclusion in this study. A second group
(group II) consisted of 52 randomly selected patients who
underwent primary ACL reconstruction during the study time
frame and had a minimum four year follow-up without evi-
dence of graft failure. The third group (group III) was a control
group consisting of 52 randomly selected patients who had
obtained knee radiographs during this time period for other
medical reasons and had no clinical evidence of ACL
incompetency.

Exclusion criteria were a history of osteoarthritis or rheu-
matoid arthritis, history of knee surgery like tibial osteotomy
and previous fracture except for ACL reconstruction, BMI >
29, age over 50 years, severe associated ligamentous injuries,
Outerbridge 3 or 4 cartilage damage, or lateral radiograph of
the knee with less than 10 cm of tibia.

All patients underwent the knee series of radiographs taken
to investigate tibial slope. It usually comprises an AP and
lateral projection. The lateral knee view is an orthogonal view
of the AP view of the knee. The patient is lying on side of
interest with the knee of interest closest to the table and the
other lower limb rolled anteriorly. Affect knee is flexed ap-
proximately 20-30° and tibial is in neutral rotation. The lat-
eral knee radiograph for each subject was evaluated by two
independent orthopaedic surgeons. Three techniques for
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posterior tibial slope measurement were performed on all sub-
jects: (1) longitudinal axis, as described by Hashemi et al. [9];
(2) anterior tibial cortex axis, as described by Chung et al.
[10]; and (3) posterior tibial cortex, as described by
Hohmann et al. [11] (Fig. 1). Measurements were performed
on dedicated digital radiology software (Centricity Imaging
PACS/AW Suite, GE Healthcare IT, Chicago, IL, USA) and
corrected for magnification.

A power analysis was performed using the following param-
eters: a posterior tibial slope difference of 1.34, power of 0.10,
and alpha error 0.05. A sample size of 52 subjects was found to
be sufficient to detect a difference between groups.
Measurements were evaluated by applying the two-tailed paired
Student’s ¢ test. A multiple linear regression analysis was per-
formed comparing posterior tibial slope to patient demographics
(SPSS 17.0, SPSS, Chicago, IL, USA). Inter-rater and intra-rater
reliability was assessed using intraclass correlation (ICC) for each
test in each group. A score of greater than 0.70 was considered
good, and a score of greater than 0.90 was considered excellent
(Stata 14.2, College Station, TX). This study was approved by
the institutional ethics committee. Informed consent was obtain-
ed from all individual participants included in the study.

Results

A total of 156 subjects were included in the study. Group I
consisted of 52 ACL revision reconstructions, average age
28.8 years (17 females, 35 males). Group II included 52 pri-
mary ACL reconstructions, average age 27.9 years (20 fe-
males, 32 males). Group III was comprised of 52 healthy
knees, average age 30.1 years (16 females, 36 males). No
significant differences were found between the groups I and
I compared to control group III in terms of age, weight,
height, BMI, and injury site (Table 1). The most common
activities leading to ACL injury in group I and group II were
soccer, basketball, and skiing.

The mean posterior tibial slope for each group is shown in
Fig. 2. Using the posterior tibial cortex method described by
Hohmann et al. [11], a significant difference was found be-
tween subjects who underwent ACL reconstruction (group II)
and control knees (group III) (6.79° vs. 5.31°, p =0.046). No
other statistical significance was found between those who
underwent ACL revision reconstruction, ACL reconstruction,
or control using any method. A multiple linear regression
analysis found that the posterior tibial slope as measured by
any method was not affected by the patient’s age, sex, height,
weight, and BML

All methods of measurement for posterior tibial slope dem-
onstrated excellent (> 0.90) intra-rater and inter-rater reliability
(Table 2). However, when comparing each group separately,
only the posterior tibial cortex method of Hohmann et al. [11]
maintained excellent intra-rater and inter-rater reliability for
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Fig. 1 Three techniques for posterior tibial slope measurement: a
Longitudinal axis as described by Hashemi is defined by 2 points
situated at a distance midway between anterior and posterior cortex
with 1 point in the lower part of the anterior tibial tuberosity and the

both revision ACL and primary ACL patients (Table 3). The
longitudinal axis method of Hashemi et al. [9] and the anterior
tibial cortex method of Chung et al. [11] did not achieve excel-
lent intra-rater and inter-rater reliability in patients who had
undergone revision ACL reconstruction (group I) (Table 3).

Discussion

The posterior tibial cortex measurement is the most reliable
method for analyzing the posterior tibial slope on lateral knee
radiographs in patients undergoing ACL revision reconstruction.
This could be because of the presence of the tibial tuberosity of
the anterior tibial cortex regarding the method described by
Chung. Regarding the longitudinal axis, as described by
Hashemi, it is necessary to take into consideration a greater num-
ber of anatomical landmarks which can determine a greater error

other 10 cm below it [9]; b anterior tibial cortex axis as described by
Chung is defined as line drawn over the anterior border of tibial cortex
axis [10]; and ¢ posterior tibial cortex as described by Hohmann is defined
as line drawn over the posterior border of tibial cortex axis [11]

rate. But we have to admit that all the three methods were affect-
ed by the length of the proximal tibial bone.

However, in our cohort of patients, the posterior tibial slope
of patients who underwent ACL reconstruction and revision
reconstruction were not significantly different from patients
with no previous ACL injuries. Only one measurement meth-
od found a significant difference of 1.48° between patients
who underwent ACL reconstruction and controls, but the clin-
ical significance of this measurement is unclear. No differ-
ences were found between patients who underwent ACL re-
construction and those who underwent ACL revision recon-
struction. Posterior tibial slope therefore may not be a risk
factor for ACL revision reconstruction in this patient cohort.

Currently, there is no consensus regarding the measure-
ment method for posterior tibial slope, including the use of
lateral radiograph versus magnetic resonance imaging [8]. In
this study, we evaluated three methods that have been de-
scribed in the literature to determine posterior tibial slope.

Table 1  Baseline characteristics

Variable Group 1 Group 11 Group III p value
(ACL revision reconstructions) (Primary ACL reconstructions) (Control group—healthy knees)

Number of patients 52 52 52

Age 28.8 27.9 30.1 n.s

Sex (M; F) 35,17 32;20 36;16 n.s

BMI 24.9 253 24.7 n.s

Side (right; left knee) 28:24 30;22 2725 n.s

Dominant side involvement 30 27 31 n.s
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Fig. 2 Posterior tibial slope 13
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methods. Results are reported as
mean + standard deviation. A
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All measurement techniques had good to excellent intraclass
correlation coefficients, but only the posterior tibial cortex
method of Hohmann et al. [11] was found to retain excellent
intra- and inter-rater reliability for group I, patients who had
undergone ACL revision reconstruction. In contrast, a study
performed by Zeng et al. [12] previous reported that the lon-
gitudinal measurement technique for posterior tibial slope was
the most reliable in patients who were undergoing primary
ACL reconstruction (longitudinal axis, 0.928 intra-rater, and
0.898 inter-rater reliability versus posterior tibial cortex, 0.916
intra-rater and 0.871 inter-rater reliability). Our data similarly
found higher intra-rater and inter-rater reliability for the lon-
gitudinal axis method versus the posterior tibial cortex method
for patients undergoing primary ACL reconstruction
(Table 3). However, in patients who underwent revision
ACL reconstruction, the intra-rater and inter-rater reliability
was higher for the posterior tibial cortex method versus the
longitudinal axis method (intra-rater, 0.977 and inter-rater,
0.939 versus intra-rater 0.958 and inter-rater 0.773,

respectively). Therefore, the posterior tibial cortex method of
measuring posterior tibial slope should be considered when
utilizing lateral knee radiographs to determine posterior tibial
slope in patients with ACL deficiency and, specifically, in
patients with ACL graft failure (Table 3).

A plethora of research has been performed both clinically
and biomechanically to identify anatomic risk factors of non-
contact ACL failure and subsequent graft failure or contralat-
eral ACL failure [13, 14]. By identifying those athletes at
higher risk, ACL tear prevention programs and patient-
specific counseling regarding risk of injury may be individu-
alized. However, the measurement techniques for similar
structures vary within the published literature. Several
methods of measuring PTS have been described using either
standard lateral radiograph or MRI, with conflicting results.
Previous reports state that posterior tibial slope may be con-
sidered excessive when the PTS is measured to be greater than
12° [5, 14-16]. This has led to the use of high tibial
osteotomies to alter anatomic variations that may place excess

Table 2 Intraclass correlation
(ICC) for each posterior tibial
slope measuring technique for all
subjects

Intraclass correlation (ICC)

Longitudinal axis

Anterior tibial cortex

Posterior tibial cortex

Intra-rater (95%CI) Inter-rater (95%CI)
Absolute 0.985 (0.978,0.989) 0.921 (0.893,0.943)
Consistency 0.985 (0.979,0.990) 0.925 (0.899,0.945)
Absolute 0.962 (0.927,0.978) 0.910 (0.860,0.940)
Consistency 0.968 (0.954,0.978) 0.924 (0.898,0.944)
Absolute 0.976 (0.965,0.983) 0.938 (0.917,0.955)
Consistency 0.976 (0.965,0.983) 0.938 (0.917,0.955)

All three techniques demonstrated excellent (> 0.90) intra-rater and inter-rater reliability
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Intraclass Correlation (ICC) for each posterior tibial slope measuring technique based on group

Table 3

Posterior tibial slope measurement intraclass correlation (ICC)

Posterior tibial cortex

Anterior tibial cortex

Longitudinal axis

Inter-rater (95% CI)
0.939 (0.898, 0.966)
0.938 (0.896, 0.965)
0.915 (0.859, 0.952)
0.914 (0.857,0.951)

Intra-rater (95% CI)
0.977 (0.957, 0.988)

Inter-rater (95% CI)
0.792 (0.671, 0.879)

Intra-rater (95% CI)

Inter-rater (95% CI)
0.773 (0.649, 0.866)
0.769 (0.644, 0.863)
0.939 (0.898, 0.966)
0.939 (0.898, 0.966)
0.917 (0.564, 0.972)
0.973 (0.954, 0.985)

Intra-rater (95% CI)
0.958 (0.921, 0.978)

0.897 (0.771, 0.950)

Absolute

Group I

0.807 (0.697, 0.887) 0.977 (0.956, 0.988)

0.914 (0.842, 0.955)
0.984 (0.967, 0.992)
0.986 (0.972, 0.993)
0.982 (0.946, 0.992)
0.986 (0.974, 0.993)

0.957 (0.919, 0.977)

Consistency
Absolute

0.958 (0.920, 0.978)
0.957 (0.919, 0.978)

0.951 (0.901, 0.975)

0.986 (0.974, 0.993)

Group 11

0.961 (0.934, 0.978)
0.944 (0.878, 0.973)

0.986 (0.973, 0.993)
0.976 (0.922, 0.990)
0.983 (0.968, 0.991)

Consistency
Absolute

0.951 (0.918, 0.973)
0.953 (0.921, 0.974)

0.987 (0.975, 0.993)

Group III

0.987 (0.974, 0.993)

0.959 (0.931, 0.977)

Consistency

The posterior tibial cortex method demonstrated excellent (> 0.90) intra-rater and inter-rater reliability for all groups, while the longitudinal axis and anterior tibial cortex methods were unable to maintain

excellent intra-rater and inter-rater reliability for patient who had undergone ACL revision (group I)

stress on the ACL reconstruction graft [17]. A meta-analysis
and systematic review performed by Wordeman et al. in 2012
[8] reviewed the literature for studies that compared posterior
tibial slope in ACL-injured groups and control groups using
MRI or radiographic measurement techniques. In their study,
they found that almost all studies found a higher posterior
tibial slope in patients with ACL rupture; however, the
amount of posterior tibial slope that places a patient “at risk”
was inconsistent between studies. As shown in this study and
in previous reports, the measurement method can significantly
alter this numerical value.

In an attempt to quantify the interaction of the medial and
lateral tibial slope as well as the coronal plane alignment and
contribution of soft tissues to these measurements, authors
have utilized MRI measurement techniques [18-21]. While
Elmansori et al. [18] and Hudek et al. [20] did not find a
significant difference in these MRI parameters in patients with
ACL injury and those without, Grassi et al. [19] determined
that patients who had recurrent ACL tears had significantly
steeper posterior tibial slope than patients with a single ACL
reconstruction and a control group. Patients with recurrent
ACL tears may need to be analyzed separately in order to
determine potential anatomic risk factors.

Recently, biomechanical testing has attempted to further
quantify the effect of posterior tibial slope on anterior tibial
translation and its effect on graft strain. Bates et al. [22], who
measured posterior tibial slope using MRI, found that sagittal
and coronal tibial slope measurements did not account for
peak ACL strain prior to graft failure in a cadaveric specimen.
However, Bernhardson et al. [23] measured posterior tibial
slope radiographically and found that tibial slope had indepen-
dently significant effect on graft force in a cadaveric knee
specimen. Furthermore, Imhoff et al. [24] utilized cadaveric
knee specimens with the highest measured posterior tibial
slope on computer tomography (CT) scan and measured the
effect of a slope reducing osteotomy to anterior tibial transla-
tion in ACL deficient and ACL reconstructed knees. They
found that slope reducing osteotomies of 10° significantly
reduced anterior tibial translation in ACL deficient knees
and significantly reduced graft forces on the ACL graft under
axial loading.

Dejour et al. in two reports [25, 26] found that patients who
had undergone ACL reconstruction and had an increased pos-
terior tibial slope, as measured on a lateral radiograph, has
increased anterior tibial translation on standing lateral knee
radiograph. Furthermore, in those patients with ACL recon-
struction and medial meniscectomy, posterior tibial slope ad-
ditional increased anterior tibial translation on stress radiogra-
phy. Strain on the ACL graft, as measured by the anterior
tibial translation, may not only be affected by posterior tibial
slope but a combination of anatomic factors and loss of sec-
ondary stabilizers may put patients at risk for further ACL
graft failure.
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A recent report by Salmon et al. [7] examined the 20-year
follow-up clinical outcomes in patients who had undergone
ACL reconstruction, with 90% follow-up. Patients who were
< 18 years old at the time of surgery with a posterior tibial
slope of > 12° were 11 times more likely to rupture the ACL
graft and 7 times more likely to rupture the contralateral graft
than those > 18 years old with tibial slopes < 12°.
Furthermore, patients > 18 years old with a posterior tibial
slope of > 12° were 7 times more likely to rupture the contra-
lateral ACL. Identifying these individuals pre-operatively
with a reliable measurement of the posterior tibial slope may
allow surgeons to counsel them about their post-operative
course and potentially consider procedures such as a high
tibial osteotomy for those at risk and desiring to return to
sport.

This study attempted to identify reliable radiographic mea-
surements of the posterior tibial slope using three measure-
ments reported in the literature. In comparison to previous
studies, we attempted to identify differences in posterior tibial
slope for patients who had multiple ACL injuries, primary
ACL injury, and patients without ACL injury. Three common
measurements for posterior tibial slope using the lateral radio-
graph were compared, and measurements demonstrated very
good to excellent intra- and inter-rater reliability (> 0.9 over-
all). The main limitation of this study is the retrospective de-
sign. Secondly, this study does not correlate how posterior
tibial slope change affects knee biomechanics and clinical
evaluation. Confounding factors such as contact versus non-
contact injuries, the prior method of reconstruction for patients
who underwent ACL revision reconstruction was not included
in the analysis. Furthermore, the patients included in the pri-
mary ACL reconstruction (group II) and control (group III)
may have unknown clinical difference from the entire group
as they were not selected in continuity as with those who
underwent ACL revision reconstruction (group I). Due to
the use of lateral radiographs, we were unable to distinguish
the bony medial and lateral tibial slope or the meniscal lateral
and medial tibial slope for comparison, as can be possible
using MRI measurement techniques. We were able to identify
a single measurement that allowed for a more reliable mea-
surement of the posterior tibial slope. Furthermore, while clin-
ically significant differences in posterior tibial slope between
the cohorts in this study were not found, we propose that
future studies identify patients with multiply injured ACL
and contralateral ACL tears as a separate cohort when evalu-
ating anatomic variables related to the risk of ACL tear.

Conclusions
Investigators should consider utilizing the posterior tibial cor-

tex measurement method when analyzing the posterior tibial
slope on lateral knee radiographs, but the use of posterior tibial
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slope as a risk factor for ACL rupture and reconstruction fail-
ure should be considered with caution. In our cohort, the pos-
terior tibial slope measurement was not found to be associated
with incidence of ACL revision reconstruction when com-
pared to patients undergoing primary ACL reconstruction,
and a control patient population without ACL injury even if
a significant difference was found between primary ACL re-
construction and control group using the posterior tibial cortex
method.
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