
VOL. 11, NO. 10, OCTOBER 2022 739

Freely available onlineFollow us @BoneJointRes

BJR

L. Shu,
N. Abe,
S. Li,
N. Sugita

From The University of 
Tokyo, Tokyo, Japan

Correspondence should be sent to
Nobuhiro Abe; email:  
nobuabe@med.kawasaki-m.ac.jp

doi: 10.1302/2046-3758.1110.BJR-
2022-0039.R1

Bone Joint Res 2022;11(10):739–
750.

�� BiomechANicS

Importance of posterior tibial slope in 
joint kinematics with an anterior cruciate 
ligament- deficient knee

Aims
To fully quantify the effect of posterior tibial slope (PTS) angles on joint kinematics and con-
tact mechanics of intact and anterior cruciate ligament- deficient (ACLD) knees during the 
gait cycle.

methods
In this controlled laboratory study, we developed an original multiscale subject- specific finite 
element musculoskeletal framework model and integrated it with the tibiofemoral and patel-
lofemoral joints with high- fidelity joint motion representations, to investigate the effects of 
2.5° increases in PTS angles on joint dynamics and contact mechanics during the gait cycle.

Results
The ACL tensile force in the intact knee was significantly affected with increasing PTS angle. 
Considerable differences were observed in kinematics and initial posterior femoral trans-
lation between the intact and ACLD joints as the PTS angles increased by more than 2.5° 
(beyond 11.4°). Additionally, a higher contact stress was detected in the peripheral posterior 
horn areas of the menisci with increasing PTS angle during the gait cycle. The maximum ten-
sile force on the horn of the medial meniscus increased from 73.9 N to 172.4 N in the ACLD 
joint with increasing PTS angles.

conclusion
Knee joint instability and larger loading on the medial meniscus were found on the ACLD 
knee even at a 2.5° increase in PTS angle (larger than 11.4°). Our biomechanical findings 
support recent clinical evidence of a high risk of failure of ACL reconstruction with steeper 
PTS and the necessity of ACL reconstruction, which would prevent meniscus tear and thus 
the development or progression of osteoarthritis.
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Article focus
�� There is a trend of greater posterior 

femoral translation and external femoral 
rotation as posterior tibial slope (PTS) 
increases in both anterior cruciate liga-
ment (ACL)- intact and deficient knees.

Key messages
�� The joint kinematics, contact pressure, 

and meniscus horn force exhibited signifi-
cant differences between intact and ACLD 
knees as the PTS angle increased beyond 
11.4°.

�� As for the menisci and cartilage contact 
pressure, there was a greater increase in 
contact pressure in the anterior cruciate 
ligament- deficient (ACLD) knee than in 
the intact knee as the PTS increased.

Strengths and limitations
�� Newly developed computational models 

are gaining increased interest due to their 
high efficiency, low cost, and compre-
hensive insight into the biomechanics of 
joints.
�� Our novel finite element- musculoskeletal 

(FE- MS) framework model was 
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constructed based only on a single subject, and a 
population- based dynamic performance of the knee 
joint should be further analyzed.

introduction
Anterior cruciate ligament (ACL) injury is associated 
with common sports involving pivoting or twisting 
movements and is a hidden risk of developing knee 
osteoarthritis (OA). Over 50% of patients develop OA 
ten years after anterior cruciate ligament deficiency 
(ACLD).1,2 One of the main risk factors for the devel-
opment of post- traumatic knee OA is abnormal knee 
kinematics and mechanics during daily activities.3- 6 
Additionally, the meniscus sustains repetitive damage 
over several years due to ACLD, which may accel-
erate the development of OA.7 Thus, quantifying the 
dynamic environment of the ACLD knee is crucial for 
developing a successful treatment plan, considering 
factors such as the timing of surgery, meniscus injury, 
and prevention of cartilage degeneration.

It is technically difficult to comprehensively investi-
gate the dynamic conditions of the knee joint, such as 
joint contact and soft- tissue forces, using experiments.8 
Thus, previous studies have focused on analyzing the 
kinematic differences between intact knees and knees 
with ACLD through in vivo or in vitro approaches. 
Shabani et al5 presented an excessive internal tibial 
rotation with no significant differences in anteroposte-
rior (AP) femoral translation between an intact and an 
ACLD knee using 3D in vivo motion analysis during the 
gait cycle. However, Chen et al9 found that the tibia 
tended to shift more anteriorly in knees with ACLD 
than in intact knees. This discrepancy may be due to 
differences in anatomical factors, such as body weight, 
generalized joint laxity, foot pronation, and posterior 
tibial slope (PTS). The effect of PTS on ACLD knees has 
attracted considerable attention.10- 15 Increased PTS 
results in a greater anterior shift of the tibia during 
quadriceps contraction, which may increase the risk of 
meniscus damage and knee OA.16 Thus, it is necessary 
to clarify the effect of PTS on the joint kinetics of intact 
and ACLD knees.

In vitro experiments provide a controlled and 
repeatable tool for evaluating joint mechanics;12,17 
however, the number and type of experimental tests 
that can be performed are limited by the need for phys-
ical parts, cadaveric specimens, and time to perform 
each evaluation.18 Thus, computational models have 
generated great interest due to their high efficiency, 
low cost, and comprehensive insight into the biome-
chanics of soft- tissues and joints. Guess and Razu19 
investigated the loading difference between intact 
and ACLD knees using a multibody computational 
model under a non- weightbearing condition. Recently, 
Ali et al8,20 developed a comprehensive knee model 
including the tibiofemoral (TF) and patellofemoral 
(PF) joints with detailed ligamentous constraints based 
on the Kansas Knee Simulator. They used the model 

to investigate differences in kinematics and ligament 
loading between intact knees and knees with ACLD 
knees during the gait cycle, and found a notable 
increase in anterior tibial translation and internal rota-
tion in the ACLD knee. However, the stress pattern of 
the ACLD knee, which is one of the main evaluation 
indexes for meniscus damage and the development 
of OA, was not investigated. Furthermore, the effects 
of muscle force on joint kinematics and mechanics 
were not considered or were inconclusive. The force 
of the quadriceps is constantly overestimated during 
simulation compared to electromyographical data and 
musculoskeletal predictions.18,21,22 The integrated finite 
element- musculoskeletal (FE- MS) framework evaluates 
knee joint loading and muscle activation, and has certi-
fied consistency between predicted and experimental 
results.23,24

Herein, we aimed to develop a high- fidelity intact 
knee joint model with the TF and PF joints that could 
be dynamically integrated into a subject- specific FE- MS 
framework, to understand the effects of ACLD on joint 
dynamics with different PTS angles during the gait 
cycle.

methods
Fe-mS model. We used a subject- specific FE- MS lower 
limb model previously validated by Shu et al,23 which 
was developed to analyze the mechanics of the pros-
thetic knee after total knee arthroplasty. Further, our 
model was extended to a concurrent intact finite ele-
ment (FE) knee model to estimate joint kinematics and 
contact mechanics of the knee, which was validated by 
motion capture experiments that assessed joint kine-
matics and grand reaction forces during the gait cy-
cle,24 as shown in Figure 1.

This new generic FE- MS model was developed 
based on anatomical data from Biomechanical Data 
Resources,25 and modelled using the commercial soft-
ware Abaqus CAE v2021 (Dassault Systèmes, France). 
Static optimization was used to determine the optimal 
muscle force by minimizing the metabolic energy of 
all the muscles that contribute to the balance of the 
moment around each joint.23 Secondary knee joint 
kinematics were controlled by muscle force, ligament 
constraints, joint contact force, and the anatomical 
geometry of the knee. Thus, the PF joint in the current 
model was additionally modelled with six degrees of 
freedom, with ligament and contact constraints in 
the FE- MS model, rather than being controlled by the 
flexion- extension angle of the TF joint.
Knee model. We developed the intact knee model 
based on data from the Open Knee(s) project site.26 The 
FE knee model includes bony structures (tibia, patel-
la, and femur), major TF and PF joint ligaments (ACL, 
medial collateral ligament, lateral collateral ligament, 
posterior cruciate ligament, medial PF ligament, and 
lateral PF ligament), meniscus, and cartilage. A fine- 
meshed knee model was created using a proprietary 
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Fig. 1

a) Finite element musculoskeletal model with an intact knee. b) The original posterior tibial slope (PTS) angle was 8.9° and was defined as the standard angle. 
LCL, lateral collateral ligament.

FE pre- processor (Hypermesh; Altair Engineering, USA). 
Bony structures were modelled as a rigid body due to 
their high stiffness compared to soft- tissues and then 
pressed using the C3D4 tetrahedron element. The 
cartilage structures and menisci were modelled as 
C3D8R hexahedral elements with lengths of 0.8  mm 
and 1.2 mm, respectively, based on the mesh conver-
gence analysis. The patellar tendon and rectus femo-
ris were modelled as 2D fibre- reinforced structures, 
which included a membrane (M3D4R) and spring el-
ement (CONN3D2), to enhance the ligament- to- bone 
or component interactions in the simulation. To reduce 
computational overflow, the ligaments were simplified 
as multisegmented 1D axial connectors with no com-
pressive stiffness instead of 3D models. The force exert-
ed by these ligaments followed a non- linear piecewise 
force- displacement relationship. The stiffness- force re-
lationship of the ligaments was modelled to produce 

non- linear elastic characteristics with respect to the 
slack region, which has been extensively used in previ-
ous studies (Table I).20,23,24,27

material property and boundary condition. We mod-
elled the articular cartilage and menisci as a nonlinear 
neo- Hookean hyperelastic isotropic material,28 and a 
Holzapfel- Gasser- Ogden hyperelastic anisotropic mate-
rial,29 respectively. The detailed constants of cartilage 
and menisci (Table  II) were established based on ex-
perimental compressive tests from Naghibi Beidokhti et 
al30 and Tissakht and Ahmed,31 respectively. The fibre 
direction of the meniscus was oriented circumferen-
tially, as shown in Figure  1. The horns of the menis-
cus were represented as bundles of non- compressible 
springs. The horn attachments were modelled with 40 
springs with an elasticity of 40 N/mm, while the ante-
rior and posterior meniscofemoral ligaments were set 
as four springs with an elasticity of 12.25  N/mm.32,33 
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Table i. Material constants for ligaments in finite element knee model.24

Ligaments aLcL mLcL pLcL amcL mmcL pmcL aPcL pPcL aAcL pAcL

Prestrain: (ε) -0.01 0.03 0.02 0.04 0.08 -0.03 -0.29 -0.14 -0.05 0.07

Stiffness- force: (N) 1,937 1,883 1,985 2,112 2,644 2,115 8,214 6,146 5,576 4,901

a, anterior; ACL, anterior cruciate ligament; LCL, lateral cruciate ligament; m, middle; MCL, medial cruciate ligament; p, posterior; PCL, posterior 
cruciate ligament.

Table ii. Material coefficients of the meniscus and cartilage.30,31

Part c10, mPa D, mPa-1 k1 k2 k

Cartilage 0.86 0.048 N/A N/A N/A

Medial meniscus 1 0.005 5.04 0.889 0

Lateral meniscus 1 0.005 8.48 1.559 0

N/A, not available.

General contact with a frictionless contact property 
was assigned to all contact pairs as in previous com-
putational models.12,20 We acquired the ground reac-
tion force and marker trajectory during the gait cycle 
using an optical motion capture system on a healthy 
male participant, with no previous knee surgery and 
no meniscal or cruciate ligament injury (aged 28 years; 
height, 183  cm; body weight, 65  kg). We conducted 
these datasets to evaluate the loading distribution in 
the knee joint during gait.24

Design of experiments. We investigated the effects of 
PTS on joint dynamics in intact knees and in knees with 
ACLD. The original PTS angle, characterized as the angle 
between the line perpendicular to the middle diaphy-
sis and the tangent to the medial tibial plateau of the 
knee,34 was 8.9° and was defined as the standard angle. 
We modified the PTS angle in the knee model by tilting 
the proximal tibial metaphysis like an osteotomy to inves-
tigate the effect of different PTS angles on joint dynamics 
in the knee, as shown in Figure 2. Furthermore, the co-
ordinates of muscle, ligament, and tendon attachments 
around the tibial plateau were rotated accordingly. It is 
important to determine the standard PTS angle, which 
was established according to realistic anatomical meas-
urements based on those of human subjects. To investi-
gate the effects of a steep or flat PTS on ligament loading 
and joint dynamics in intact knees and knees with ACLD, 
we incrementally increased the angle of the PTS by 2.5°. 
Therefore, in this study, we investigated four PTS angles 
ranging from 6.4° to 13.9° in increments of 2.5° (2.5° 
minus (6.4°), standard (8.9°), 2.5° plus (11.4°), and 5° 
plus (13.9°)) (Figure 2). The primary outcomes focused 
on the effect of PTS on the loading of the ACL and me-
niscus in the gait cycle. Furthermore, the corresponding 
kinematics and contact mechanics of the TF joint were 
assessed. In addition, we simulated the effect of ACLD 
on joint dynamics. We have summarized the simulated 
conditions in detail in Table III.

Results
effect of the PTS angle on AcL tensile force. The tensile 
force of the ACL increased with an increasing PTS angle, 

as shown in Figure 3. The posterolateral (PL) bundle of 
the ACL carried most of the tensile force during the gait 
cycle at a smaller PTS angle. However, we found a high-
er tensile force on the anteromedial (AM) bundle of the 
ACL with a larger PTS angle (+5°). The tensile forces 
of the ACL increased during the stance phase of the 
gait cycle. In the control group (standard), two loading 
peaks on the PL bundle were found at the left toe- off 
(15%) and right toe- off (63%) points of the gait cycle. 
However, we found a different force pattern with larger 
PTS angles (+2.5° and +5°), and the loading peak was 
found at 64% of the gait cycle. The tensile force of the 
ACL increased from 22.3 N to 298.4 N (133.8%) when 
the PTS angle changed from 6.4° to 13.9°.
Kinematics. The femur tends to translate posteriorly 
and rotate externally with an increase in the PTS angle 
in both intact and ACLD knees, as shown in Figure 4. 
We found a small kinematical difference (posterior fem-
oral translation less than 0.5 mm, external rotation less 
than 1.2°) between intact and ACLD knees in the -2.5° 
PTS angle. The largest difference in posterior femoral 
translation and external rotation was 10.8  mm and 
14.5°, respectively, which were found at +5° PTS angle. 
Furthermore, we found a smaller kinematical difference 
with +5° PTS angle compared to that with  +2.5° PTS 
angle, which may explain the different tensions in the 
meniscus in different PTS conditions.
contact pressure (compression strain). The compres-
sion of the contact contour on the intact and ACLD 
knees at the maximum axial loading (1,842.5  N) is 
shown in Figure 5. At an angle of -2.5° PTS, we did not 
observe any significant differences in the contact pat-
tern between the two knees. The highest compression 
strain was found in the medial cartilage (7.8 MPa). As 
the PTS angle increased, we observed a greater increase 
in contact pressure on the menisci and cartilage in the 
ACLD knee than in the intact knee. The maximum com-
pression strains in the ACLD knee at a +5° angle of PTS 
were found in the medial cartilage (15.3  MPa/135%) 
and in the meniscus (10.2  MPa/120%), which were 
much higher than those of the intact knee (11.3  MPa 
and 8.5 MPa, respectively). The pattern of stress con-
centration was along the radial direction at the posteri-
or root of the medial meniscus and extended broadly at 
the posterior horn of the lateral meniscus.
Tensile force of the meniscal horn root. The predicted 
tensile force on the posterior horn and the root of the 
lateral meniscus (LP) increased greatly with the angle 
of the PTS, while no significant differences were found 
on the anterior horn of the lateral meniscus (LA), as 
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Fig. 2

Adapted knee model with different posterior tibial slope (PTS) angles in the tibial plateau. The muscle, ligament, and tendon attachments around the tibial 
plateau were correlately applied with modified PTS angles. MCL, medial cruciate ligament.
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Table iii. Simulation conditions.

PTS angle Knee condition

-2.5° (6.4°) Intact, ACLD

Standard (8.9° control) Intact (control), ACLD

+2.5° (11.4°) Intact, ACLD

+5° (13.9°) Intact, ACLD

ACLD, anterior cruciate ligament deficiency; PTS, posterior tibial 
slope.

Fig. 3

Effect of the posterior tibial slope (PTS) angle on the predicted tensile force of the anterior cruciate ligament (ACL) in an intact knee joint. AM, anteromedial 
bundle; FF, foot flat; HL, heel lift; HS, heel strike; MS, midstance; PL, posterolateral bundle; TO, toe- off.

shown in Figure 6a. Furthermore, the ACLD knee had 
a much larger tensile force on the LA than the intact 
knee. In the medial meniscus, the tensile force of the 
anterior and posterior horn roots (MA and MP, respec-
tively) increased with the PTS angle. The difference in 
the tensile force of the meniscal horn roots between the 
intact and ACLD knees increased with the PTS angle, 
as shown in Figure  6b. The maximum predicted ten-
sile forces in the MP and LP were 172.3 N and 135.5 N, 
respectively, in the ACLD knee. We summarized the 
changes in the maximum tensile force on the roots of 
the meniscus horn with ACLD in Figure 7. The variation 
in the maximum tensile force changed greatly with the 
PTS angle.

Discussion
Herein, we coupled an in vivo experimental evaluation 
of the FE- MS model with a model consisting of intact 
knees and knees with ACLD to better understand the 
effects of ACLD on dynamic performance at different 

PTS angles. The numerical results suggested that the 
PTS angle plays an important role in the dynamic 
performance of intact and ACLD knees. Therefore, we 
suggest that this should be carefully considered in clin-
ical treatment and surgical planning. In ACLD, a large 
PTS angle increased the risk of chronic instability, and 
thus the contact points of the cartilage shifted to the 
extreme posterior boundary of the tibial cartilage and 
the posterior horn roots of both the medial and lateral 
menisci. This resulted in heightened contact pressures 
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Fig. 4

Predicted kinematics of the knee joint. a) Effect of the posterior tibial slope (PTS) angle on the anteroposterior (AP) translation in an intact knee and in an 
anterior cruciate ligament- deficient (ACLD) knee. b) Effect of the PTS angle on the internal or external (I- E) rotation in an intact knee and an ACLD knee. FF, 
foot flat; HL, heel lift; HS, heel strike; MS, midstance; TO, toe- off.

that may lead to secondary meniscus and cartilage 
damage following ACLD.

In the intact knee, a larger PTS angle significantly 
increased the tensile force of the ACL, which may lead 
to an increased risk of ACL injury (Figure 3). Todd et al35 
investigated the relationship between the PTS angle 
and ACLD by digitally measuring the PTS angle in 140 
non- contact ACLD knees and in 179 intact knees. Their 
results regarding changes in the ACL force in response 
to changes in the PTS angle demonstrated that knees 
with a non- contact ACL injury had a larger mean PTS 
angle (9.8° (standard deviation (SD) 2.6°) than intact 
knees (8.2° (SD 2.4°)).35 Furthermore, a slope- reducing 
anterior wedge osteotomy could reportedly improve 
long- term outcomes of patients and may be benefi-
cial in protecting the ACL graft in cases of second revi-
sion surgery.10,36 In agreement with previous studies, 
our results also demonstrated that the AM bundle 
controls knee stability to a greater extent than the 
PL bundle at a larger PTS angle.37- 39 Our study results 
suggested that the AM bundle encountered a signif-
icant force as the PTS angle increased beyond 11.4°. 
Samuelsen et al40 also highlighted that the increase in 
the angle of PTS would lead to a linear increase in the 
ACL graft force; this effect is magnified in the concom-
itant medial meniscus posterior root tear (MMPRT). A 
slope- changing osteotomy should be considered in 
the setting of an ACL reconstruction surgery if the PTS 

angle is greater than 12°. Additionally, the boundary 
condition in most of the previous in vitro experi-
mental studies was controlled with a constant load in 
the static condition.10,35,41 For instance, compressive 
loading in the study by Bernhardson et al10 was 200 N, 
which is much less than the loading in the knee joint. 
The maximum joint loading during the gait cycle and 
squatting is approximately 2.67 and 3.1 times greater 
than that of body weight, respectively.42 The high- 
fidelity computational model provides easy access and 
facilitates a low- cost and comprehensive approach to 
preclinical analysis and planning.

The change in kinematics between intact and ACLD 
knees can have a great impact on knee stability and 
result in cartilage damage and OA.43 Here, we observed 
a similar kinematic pattern in the control group (PTS 
angle: 8.9°) between the predicted results and the 
previous state- of- the- art 3D fluoroscopic measure-
ments in vivo taken during the gait cycle.19 Overall, 
ACLD resulted in greater posterior femoral translation 
and external rotation. We also found that the change in 
kinematics due to ACLD was highly dependent on the 
PTS angle. This explains the contradictory conclusions 
in clinical studies. Shabani et al5 found slightly more 
posterior femoral translation during most of the gait 
cycle, while no significant differences were reported 
in knee joint translation compared to intact knee joint 
using 3D in vivo motion analysis during the gait cycle. 
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Fig. 5

Comparison of the contact pressure on cartilage and menisci among different simulation conditions at maximum axial loading of the knee (19% of the gait 
cycle). ACLD, anterior cruciate ligament- deficient.
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Predicted tensile force at the horn root of the meniscus. a) Effect of the posterior tibial slope (PTS) angle on the predicted force of the anterior and posterior 
horns of the lateral meniscus in intact and anterior cruciate ligament- deficient (ACLD) knees. b) Effect of the PTS angle on the predicted force of the anterior 
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posterior horn of lateral meniscus; MA, anterior horn of medial meniscus; MP, posterior horn of medial meniscus; MS, midstance; TO, toe- off.

These findings are consistent with the predicted results 
at low PTS angles (6.4° and 8.9°), as shown in Figure 4. 
Furthermore, the co- contraction of muscle around 
the knee in patients with ACLD may also stabilize the 
knee.44,45 In knees with large PTS angles, a much larger 
tensile force can be found on the ACL during the gait 
cycle (Figure 3). Thus, the excessive posterior femoral 
translation would occur due to excessive laxity resulting 
from ACLD. We observed much smaller differences in 
AP translation and internal or external (I- E) rotation 
between intact and ACLD knees at a PTS angle of 13.9°, 
rather than that of 11.4°. This can be explained by the 
constraints on the menisci due to the large initial poste-
rior translation (Figure 4).

Contact pressure is the most direct factor to evaluate 
the risk of tissue damage. The contact areas on the tibial 
cartilage and menisci are different due to variations in 

joint kinematics under different conditions of the knee. 
We observed a level of contact pressure on cartilage 
that was similar to findings of previous in vitro studies. 
Bedi et al46 reported a mean lower maximum contact 
pressure (7.4 MPa (SD 0.6)) compared to the current 
study in in vitro experimental tests on a cadaver knee 
joint with an array of piezoelectric pressure- sensing 
elements contained within a thin sealed sheet of plastic 
(4010N; Tekscan, USA) under the guidelines of the Inter-
national Organization for Standardization (ISO number 
14243- 1) loading conditions. Degenerative changes 
in the medial compartment are frequently compen-
sated by the posterior aspect of the meniscus,17,47 
which is consistent with the findings of our study. The 
medial meniscus has a greater contact pressure than 
the lateral side, which may suggest a higher risk of 
medial meniscus tear in the ACLD knee accompanied 
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Fig. 7

The change in maximum predicted tensile force in anterior cruciate ligament- deficient (ACLD) knees at the meniscus horn root with the posterior tibial slope 
(PTS) angle. LA, anterior horn root of the lateral meniscus; LP, posterior horn root of the lateral meniscus; MA, anterior horn root of the medial meniscus; MP, 
posterior horn root of the medial meniscus.

by a large PTS angle. Mehl et al48 reported a higher risk 
of medial meniscus injuries compared to that of the 
lateral side after reviewing 40 clinical articles related to 
ACLD knees. The flexibility and mobility of the medial 
meniscus are much lower than those of the lateral 
side due to its anatomical characteristics. The medial 
meniscus tends to restrict the posterior femoral transla-
tion to maintain knee stability in ACLD, and this effect is 
magnified with a larger PTS angle. Furthermore, similar 
to our findings, Markolf et al41 highlighted that ACLD 
knees were particularly susceptible to medial meniscus 
posterior horn (MP) injury after applying an anterior 
tibial force, while the anterior tibial force increases 
significantly with the PTS angle. A much higher tensile 
force was found in the posterior horn in radial orien-
tation, as shown in Figure  6. This pattern of stress 
concentration is related to MMPRT, a characteristic of 
degenerative knee OA. Okazaki et al49 suggested that 
the increased posterior slope of the medial plateau is a 
risk factor for MMPRT.

With steep PTS and ACLD, we observed a higher 
tensile force on the posterior LP of the lateral meniscus, 
especially in the inner position, as shown in Figures 5 
and 6. This result confirms the clinical finding in which 
the lateral meniscus showed more flap tears than the 
medial meniscus. Articular and meniscal pathologies 
are associated with primary ACL reconstruction;50 
moreover, radial tears were common in the lateral 
meniscus.51 More specifically, in the lateral compart-
ment, an increase in slope may have caused rotatory 
movement under load,52 and therefore the shear force 
was concentrated in the inner position of the LP, which 
is a stabilizer.53

This study has some limitations. First, in this study, 
we did not consider changes in ground reaction forces 
under different experimental conditions. Second, the 
gait pattern is affected by ACL injury, which conse-
quently affects the ground reaction force and joint kine-
matics. These changes should be considered in future 
studies. Third, this FE- MS framework model system 
was constructed from only one subject and validated 
in previous experimental studies.22–24 Joint kinematics 
and contact mechanics are subjective and, therefore, 
can vary between populations. The effect of subjec-
tive differences and population- based dynamic perfor-
mance of the knee joint should be further analyzed. 
Fourth, we changed the PTS angle by altering the orien-
tation of the tibial plateaus, and the remaining anatom-
ical characteristics were left unchanged. The detailed 
geometry of the tibial bone, such as shallowness, size, 
and curvature, may also affect the predicted results.

In conclusion, our study provides fundamental 
information regarding the effects of the PTS angle 
on intact and ACLD knees during the gait cycle. We 
noted a major difference in joint kinematics, contact 
pressure, and meniscus horn force between the intact 
and ACLD knees as the PTS angle increased beyond 
11.4°, even 2.5° greater than the control. We found 
that contact pressure increased on the posterior aspect 
of the medial meniscus and tibial cartilage, which is 
consistent with the location of degenerative changes 
following meniscus tear that are frequently found in 
patients with ACLD. Meniscus injuries are more likely 
to occur with a larger PTS angle in patients with ACLD 
during the gait cycle. Our findings provide fundamental 
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information for optimal ligament reconstruction and 
OA prevention.
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