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Abstract
Background: Studies have shown that medial subluxation of the tibia occurs after anterior cruciate ligament (ACL)
rupture. However, it is unclear whether anterior cruciate ligament reconstruction (ACLR) can correct tibial coronal
subluxation.
Purpose: To determine whether the tibia is medially subluxated after ACL rupture, and whether ACLR can correct
medial subluxation of the tibia.
Study design: Case series; Level of evidence, 4, Retrospective clinical study.
Methods: The distance of tibial coronal subluxation before and after ACLR surgery was measured in 48 patients with
ACL rupture and meniscus injury. Tibiofemoral subluxation was defined as the perpendicular distance between the
long axis of the tibia and a second parallel line originating at the most proximal aspect of the femoral intercondylar
notch. To determine the long axis of the tibia, two circles separated by 5 cm were centered on the proximal tibia. The
proximal circle is 5 cm from the tibial plateau, and the distal circle is 5 cm from the proximal circle. The line passing
through the center of the two circles was considered the long axis of the proximal tibia. Care was taken to ensure
that each patient lied on the back with their patellae facing upward, to minimize rotational variation among the
radiographs. At the same time, 30 patients with simple meniscus injury who underwent arthroscopy during the same
period were selected to determine the degree of tibiofemoral coronal subluxation as the baseline value. The changes
before and after operation were compared, as well as the differences with the baseline data.
Result: The average follow-up period was 21.2 ± 5.8 months. The average distance of tibial coronal subluxation
before ACLR was 5.5 ± 2.1 mm, which was significantly different from that of baseline group (7.3 ± 2.1 mm) (P < 0.001).
The tibial subluxation after ACLR was 7.7 ± 2.6 mm, which was significantly different from that before operation
(P < 0.001). There was no significant difference in the distance between postoperative tibial subluxation and baseline
group (P = 0.472).
Conclusion: The tibia was coronally medially subluxated after ACL rupture. ACLR can correct the medial subluxation
of tibia. This finding is helpful in the diagnosis of ACL rupture, and can be used to assess the imaging status of the
tibiofemoral joint on the coronal plane during or after ACLR.
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Background
The anterior cruciate ligament (ACL) rupture is a
destructive injury that can have a long-term impact on
the health of the knee and is usually treated with anterior
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cruciate ligament reconstruction (ACLR) [1]. ACLR aims
to restore knee joint function, stability and biomechanics which are compromised after ACL injury [2, 3], and
in this way to prevent the onset of early posttraumatic
articular cartilage degeneration [4–6].
The ACL is obliquely connected between the femur
and the tibia, indicating that the ACL can resist the coronal load of the tibiofemoral joint and prevent the tibia
from shifting medially [7]. Medial Subluxation of the
tibia after an ACL rupture has been observed not only on
radiographs but also in cadaver studies [8, 9]. The medial
subluxation of the tibia inevitably leads to abnormal contact stress between the tibiofemoral joint [10], and may
lead to tibial spine impact sign, resulting in complications
such as knee cartilage injury and degeneration [11, 12].
Therefore, in the process of ACLR, we should pay attention not only to the sagittal relationship of tibiofemoral
joint, but also to the coronal relationship.
Many studies have shown that replicating the angle and
size of the original ligament and reconstructing the ACL
in the anatomic footprint area can greatly improve knee
biomechanics and clinical outcomes [8, 13–15]. However,
rotational kinematics is still difficult to fully recover to
the initial state [15–18].
Recovery of tibiofemoral articulation is closely related
to recovery of knee function after ACLR [19]. However,
whether ACLR can correct tibiofemoral coronal plane
subluxation remains unclear, as no studies have been
conducted on this topic. The aim of this study was to
investigate whether ACLR can correct tibiofemoral coronal subluxation by measuring the distance of tibial coronal plane subluxation before and after ACLR in patients
with ACL rupture. It was hypothesized that ACLR could
correct tibiofemoral coronal subluxation caused by ACL
rupture.

Methods
Patients

This retrospective case-control study was conducted
in the department of orthopedics at authors’ hospital.
After obtaining the approval of the ethical review committee, we searched and collected the data of patients
with ACL rupture who completed magnetic resonance
imaging (MRI) examination of the knee joint and
underwent arthroscopic ACLR in our hospital from
January 2015 to January 2020, a total of 59 cases. Inclusion criteria for the study were (1) aged 20 to 60 years
old; (2) standard anteroposterior knee radiographs are
available; (3) patients with complete ACL rupture and
meniscus injury confirmed by arthroscopic examination. Exclusion criteria were (1) inflammatory arthropathy; (2) combined knee fracture; (3) history of surgical
procedure on the same knee; (4) multiligament knee
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injury; (5) Osteoarthritis of the knee, Kellgren-Lawrence grade III or higher; and (6) congenital or secondary malformation deformities. In addition, 30 patients
with simple meniscus injury who completed MRI examination of the knee joint and underwent arthroscopy in
our hospital during the same period were selected to
determine the degree of tibiofemoral joint coronal subluxation as the baseline value, and compared with the
patients with ACL rupture combined with meniscus
injury. The inclusion criteria of this group of patients
were (1) age 20–60 years old; (2) standard anteroposterior knee radiographs are available; (3) medial or lateral
meniscus injury confirmed by arthroscopy. Exclusion
criteria included (1) inflammatory joint disease; (2)
combined with knee ligament injury; (3) combined
with knee fracture; (4) Osteoarthritis of the knee, Kellgren-Lawrence grade III or higher; and (5) congenital
or secondary malformation deformities.
A total of 11 patients were excluded, including 4
patients with knee fracture, 3 patients with severe osteoarthritis, 3 patients with multiple knee injuries, and
1 patient with inflammatory joint disease. A total of 48
patients met the inclusion and exclusion criteria and
were included in the study, including 35 males and 13
females, with a mean age of 37.3 ± 9.9 years and a mean
follow-up of 22.3 ± 6.2 months. In the baseline group,
there were 30 patients, including 23 males and 7 females,
with a mean age of 37.6 ± 10.1 years and a mean followup of 21.2 ± 5.8 months.
Procedures

Single-bundle ACL reconstruction was performed after
resecting the native ACL by drilling in the center of the
ACL footprints. A quadrupled semitendinosus and gracilis autograft measuring 9 cm in length and 8 to 10 mm
in diameter was prepared using an Endobutton (Smith
& Nephew Inc., Andover, Massachusetts) and 15-mm
loop. The tibial tunnel was created on a plane (tibial tunnel plane) at an angle of 40° from the sagittal plane and
should be at an angle of 50° from the tibial axis. The
entrance of the lateral femoral bone tunnel is located
in the ACL footprint area, and the exit is located above
the lateral femoral epicondylar, with a length of about
25-30 mm. Proximal suspension fixation was completed
by tying the sutures on a mini plate (Smith & Nephew
Inc., Andover, Massachusetts) over the lateral orifice. The
tibial side graft was fixed with PEEK interference screw
(Smith & Nephew Inc., Andover, Massachusetts) after the
femoral notch impingement was excluded. The operation
was performed by the same experienced sports medicine
surgeon Dr. JZ, he is one of the authors. The meniscus
injury was repaired during arthroscopy.
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Radiographic measurement

All patients were taken anteroposterior radiographs in
the supine position according to our standard method
before and the second day after operation. Care was
taken to ensure that each patient lied on the back with
their patellae facing upward, to minimize rotational variation among the radiographs. The x-ray beam was centered on the distal pole of the patella and oriented so that
the image was aligned parallel to the tibial joint line in the
frontal plane. Source to image distance was standardized
to 60 cm, and the image included the lower femur and
the upper tibia. To assess rotation of the tibia, we used
a method based on overlap of the fibula head and tibia
previously published by Maderbacher et al. [20]. If the
difference between preoperative and postoperative tibial
rotation was greater than 5°, the patient was excluded.
Tibiofemoral subluxation was previously defined as the
perpendicular distance between the long axis of the tibia
and a second parallel line originating at the most proximal aspect of the femoral intercondylar notch [21]. To
determine the long axis of the tibia, two circles separated
by 5 cm were centered on the proximal tibia. The proximal circle is 5 cm from the tibial plateau, and the distal
circle is 5 cm from the proximal circle. The line passing
through the center of the two circles was considered the
long axis of the proximal tibia [22] (Fig. 1). If the line
from the apex of the intercondylar notch fell medial to
the tibial mechanical axis, the tibiofemoral subluxation
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was assigned a (+) value (if lateral to the tibial mechanical axis, then a (−) value was assigned). In order to determine whether ACLR can correct the coronal subluxation
of tibiofemoral joint after ACL rupture, we measured
and compared the coronal subluxation of tibiofemoral
joint before and after ACLR. At the same time, we measured the coronal subluxation of tibiofemoral joint in 30
patients with simple meniscus injury. These measurements were performed to provide a baseline value of tibiofemoral subluxation in patients without ACLR.
All radiographic measurements were independently
measured by two observers (Li RB and Fu P), and the
results were assessed for interobserver reliability. The
measurement of radiographs was carried out by the
Picture Archiving and Communication System (PACS,
Chongqing, China).
Statistical methods

Quantitative data were expressed as the mean ± standard
deviation. After the Kolmogorov-Smirnov test was used
to check for normality, 2-tailed paired t tests were used
to compare the preoperative and postoperative values for
tibiofemoral subluxation. After the Kolmogorov-Smirnov
test was used to check for normality, independent sample t-test was used to compare the degree of tibiofemoral joint subluxation in the surgery group with that in the
baseline group. A t test sample size estimation yielded a
group size of 34 patients (alpha, 0.05; power, 0.8; effect

Fig. 1 Anteroposterior radiograph of knee. The tibia was displaced medially after anterior cruciate ligament rupture (A) and laterally after anterior
cruciate ligament reconstruction (B). The white arrow points to the line that identifies the long axis of the tibia. The black arrow points to a line
parallel to the long axis of the tibia that passes through the most proximal aspect of the femoral intercondylar notch
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size 0.5). Differences were considered significant when
P < 05. All Statistical analyses were performed using SPSS
software (version 25; IBM).

Results
Demographic data of age, sex, and BMI showed no significant differences between the two groups (Table 1).
The mean tibia lateral subluxation was 5.5 ± 2.1 mm
before ACLR, and 7.7 ± 2.6 mm after ACLR, which was
significantly different from that before surgery (P < 0.001).
The lateral tibial subluxation in the baseline group was
7.3 ± 2.1 mm, which was significantly different from that
before ACLR (P < 0.001), but not significantly different
from that after ACLR (P = 0.472) (Table 2).
The interobserver correlation coefficients of tibial subluxation before and after ACLR and baseline group were
0.79 (95%CI, 0.76–0.83), 0.81 (95%CI, 0.77–0.86) and
0.85 (95%CI, 0.79–0.91), respectively.
Discussion
There are two important findings in this study, one is that
the tibia will be subluxated to the medial side after ACL
rupture, and the other is that ACLR will make the tibia
shift to the lateral side, so as to correct the subluxation of
the tibia and restore the tibiofemoral joint to the coronal
state before ACL rupture.
The changes in kinematics and the resulting changes in
the position of the joint contact points can be explained
by the anatomy of ACL. The ACL runs from the superomedial aspect of the lateral femoral condyle in the intercondylar notch to the anterior aspect of the tibial plateau,
with an oblique orientation [23]. Because the ACL is
oblique, a complete ACL prevents the tibia from moving medially. If the ACL rupture, the tibia will subluxate
medially [24]. Previous studies in vivo and in vitro have
confirmed that ACL can inhibit medial tibial subluxation
[25, 26]. Increased medial translation of the tibia might
cause the contact points in the medial and lateral compartments to shift laterally [9]. Increased medial tibial
translation could also cause contact between the tibial
spine and the medial femoral condyle, elevating the contact stresses in the cartilage. These abnormal contact
Table 1 Demographic data
ACLR group (n = 48)
Age (years) a

37.3 ± 9.9

Baseline group
(n = 30)
37.6 ± 10.1

P
0.9

Male/ female

35/13

23/7

0.712

BMI (kg/m2) a

21.7 ± 1.3

21.2 ± 1.5

0.399

P values refer to Student t test

ACLR anterior cruciate ligament reconstruction
a

Values are expressed as mean ± standard deviation

Table 2 Coronal plane subluxation and interobserver correlation
coefficients
interobserver
correlation
coefficientsa

Coronal plane
subluxation,
mmb

P-value

Before ACLR

0.79 (0.76–0.83)

p<0.001 *

After ACLR

0.81 (0.77–0.86)

5.5 ± 2.1 (4.1–5.9)

Baseline group

0.85 (0.79–0.91)

7.7 ± 2.6 (6.0–8.1)
7.3 ± 2.1 (6.6–8.1)

p = 0.472 **
p<0.001 ***

P-values represent the comparison of coronal plane subluxation in each group
ACLR anterior cruciate ligament reconstruction
a
b
*

Values are presented as correlation coefficients (95% CI)
Values are presented as mean ± SD (95% CI)

Before ACLR vs. After ACLR

**

After ACLR vs. Baseline

***

Before ACLR vs. Baseline

mechanics might predispose the knee to degenerative
arthritis [27].
Understanding the change of tibiofemoral joint relative
position and cartilage contact stress after ACL rupture
is of great significance for ACLR. Reconstruction of the
ACL restores the geometry of the ACL and the pulling
effect of the ACL in the coronal plane, allowing the tibia
to gain traction and shift medially [10]. In this case, it is
reasonable for the knee to return to the coronal plane
position it had before the ACL was ruptured.
Although ACLR can reduce the high contact stress of
the knee joint with ACL defects, it is still difficult to completely restore the normal mechanical structure of the
knee joint, and there is still some residual abnormal contact stress of the knee joint [10, 28]. In ACLR surgery, we
usually evaluate the immediate stability of the knee and
the tension of the ACL after ACLR according to the distance of tibial forward displacement (e.g., anterior drawer
test) [29]. However, it is difficult to find an effective
method to evaluate the lateral stability, that is, the movement of the coronal plane of the tibia. Previous studies
have shown that the abnormal contact stress of the knee
joint after ACLR is not only related to the anteroposterior displacement of the contact point of the knee joint,
but also has an important relationship with the coronal
plane displacement. Therefore, intraoperative measurement of the degree of tibiofemoral joint coronal subluxation is also of great significance for evaluating the effect
of ACLR. In this study, we found that the tibia would
shift laterally after ACLR. If we can get the distance of
tibial coronal plane displacement by C-arm radiographs
during ACLR surgery, it will be very meaningful to evaluate the effect of ACLR.
This study has several limitations: (1) a prospective
study including radiographs of the limb before and after
ACL injury would be superior to our retrospective study.
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There is no way to obtain routine knee radiographs of
patients before ACL injury. (2) Since the number of
patients with simple ACL rupture was very small, the
patients included in our study were patients with ACL
rupture combined with meniscus injury. However, we
selected 30 patients with simple meniscus injury and
measured baseline data for tibiofemoral joint coronal
subluxation. The design of baseline control group was
able to offset the confounding factor of meniscus injury.
(3) The meniscus injury types were not grouped in this
study. It is not clear whether different types of meniscus
injuries have different effects on tibiofemoral joint coronal subluxation. (4) measurement of subluxation on radiographs is an imperfect way of evaluating the structural
pathology within the knee and more accurate techniques
for assessing subluxation are warranted. (5) The sample
size of this study was smaller than the estimated sample
size, which affected the effect size of the test. In subsequent studies, we will increase the sample size, improve
the effect size of the test, and analyze the differences
between genders.

Conclusions
This study showed that the tibia can be subluxated medially after ACL rupture. ACLR can correct the medial subluxation of tibia. This finding is helpful in the diagnosis
of ACL rupture, and can be used to assess the imaging
status of the tibiofemoral joint on the coronal plane during or after ACLR.
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