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Abstract 

Anterior cruciate ligament (ACL) injuries are often caused by high impact loadings during competitive sports but may 
also happen during regular daily activities due to tissue degeneration or altered mechanics after a previous knee 
injury or surgery such as meniscectomy. Most existing research on ACL injury has focused on impact loading scenar-
ios or the consequence of ACL injury on meniscus. The objective of the present study was to investigate the effects 
of varying degrees of medial meniscectomy on the mechanics of intact ACL by performing a poromechanical 
finite element analysis under moderate creep loadings. Four clinical scenarios with 25%, 50%, 75% and total medial 
meniscectomy were compared with the intact knee finite element model. Our results suggested that different medial 
meniscal resections may increase, at different extents, the knee laxity and peak tensile stress in the ACL, potentially 
leading to collagen fiber fatigue tearing and altered mechanobiology under normal joint loadings. Interestingly, 
the ACL stress actually increased during early knee creep (~ 3 min) before it reached an equilibrium. In addition, 
meniscectomy accelerated ACL stress reduction during knee creep, transferred more loading to tibial cartilage, 
increased contact pressure, and shifted the contact center posteriorly. This study may contribute to a better under-
standing of the interaction of meniscectomy and ACL integrity during daily loadings.

Keywords ACL mechanics, Creep loading, Finite element, Knee laxity, Poromechanical model

Introduction
ACL ruptures are common knee injuries in young, 
physically active individuals. Approximately 100,000 to 
200,000 ACL injuries are encountered annually in the 
United States [1]. ACL injuries are seen at high incidence 
in sports that involve pivoting and accelerating or decel-
erating, such as football, basketball, and team handball. 
The ligament is frequently subjected to dynamic loads 
during these sports activities [2]. Although ACL injuries 
are primarily seen in activities of player-to-player contact 
(42.8%), they also may occur without contact (37.9%) [3]. 

On the other hand, ACL injury is a common pathologi-
cal issue that may be associated with meniscectomy. In 
fact, ACL deficiency was observed in half the meniscec-
tomized patients [4]. While the ACL is the tissue primar-
ily responsible for the anteroposterior (AP) and rotatory 
laxity of the knee joint [5], the menisci, whose main task 
is to resist compression forces, also contributes signifi-
cantly to knee stability [6]. Several in-vivo [7, 8] and in-
vitro [9–11] studies have revealed the significance of the 
meniscus in limiting the anterior tibial translation (ATT). 
ATT has been reported to increase by 3 to 7  mm after 
meniscal resection on ACL-injured knee joints [7, 12–
15]. In addition, it was emphasized that repairing torn 
meniscus with suturing remarkably reduces ATT as com-
pared to meniscectomy [16]. Consequently, ACL inju-
ries may not simply occur at rapid and high loads during 
intensive physical activities. An inclusive perspective 
might be that ACL deficiency may also occur in impaired 
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knees, e.g., due to meniscectomy, even when high load-
ing is absent [7, 17–19]. Moreover, 77% of patients pre-
senting with acute traumatic hemarthrosis of the knee 
induced by causes such as meniscal tears are believed to 
have an ACL injury, even without readily apparent joint 
laxity [20–24].

Most published finite element studies tried to under-
stand the effect of ACL deficiency on knee joint mechan-
ics using single-phase elastic models that neglected fluid 
flow [25–27]. This model simplification is likely valid 
when examining the effect of instantaneous loads that 
may occur in extreme exercise activities on the ACL [15]. 
However, using a single-phase model to simulate daily 
activities ignores fluid pressurization and load redistribu-
tion in the joint, which can be phenomenal within sec-
onds of a load application. In fact, fluid pressure and flow 
could have a crucial role in the knee joint’s biomechanical 
behavior, given the significant poromechanical behav-
ior exhibited by cartilaginous tissues [28]. Moreover, the 
fluid flow in the soft tissue induced by loading causes 
stress redistribution and facilitates nutrient transport in 
the knee joint. Therefore, it may add knowledge to ACL 
injuries under various scenarios, if the creep behavior is 
determined to show the effect of moderate loads on ACL 
mechanics. These forces are smaller than impact forces 
experienced in competitive sports, but more frequently 
experienced by the ACL and thus may have a greater 
impact on its mechanobiology.

In brief, the mechanism between previous meniscec-
tomy and subsequent ACL deficiency remains to be fur-
ther clarified, because published studies have focused 
only on the consequence of ACL deficiency to subse-
quent meniscal injury or concurrent ACL and meniscal 
injuries [15, 29]. Furthermore, the current literature lacks 
information on the effect of load redistribution in the 
knee joint on ACL mechanics, associated with fluid pres-
surization in the intact and meniscectomized knees. In 
an attempt to bridge this knowledge gap in ACL mechan-
ics, the objective of the present study was to discover the 
effect of various medial meniscectomies on the alteration 
of loading in healthy ACL during the creep of moderate 
knee loadings. Our study may provide insight into the 
cause of ACL fatigue during low loading activities, which 
is commonly associated with meniscectomy. We hope to 
contribute to the growing understanding of the patho-
logic factors that can lead to ACL tears.

Methods
Intact and meniscectomized knees
The 3D finite element (FE) intact knee model was previ-
ously reconstructed with 3T MRI of the right knee from a 
25-year-old male participant weighing 68 kg with no his-
tory of leg deformities [30]. The tibiofemoral joint model 

consisted of distal femur, proximal tibia and fibula, all 
cartilaginous tissues in the lateral and medial compart-
ments, and the two cruciate and two collateral ligaments 
(Fig.  1a). Articular cartilage and menisci were modeled 
with four and five layers of elements, respectively. All tis-
sues were discretized using hexahedral elements (Fig. 1a), 
which normally deliver better accuracy for pore pres-
sures than tetrahedral meshes. Furthermore, hexahedral 
elements facilitate faster convergence in contact mod-
eling. Pure hexahedral porous elements with 20 nodes 
(C3D20RP in ABAQUS) were used for the tibial cartilage, 
whereas 8-node elements were used for the menisci and 
femoral cartilage (C3D8RP). Although C3D20RP ele-
ments show better pressure distribution than C3D8RP, 
they require more computational time. Solid element 
type C3D8 was used for ligaments. Because ligaments are 
subject to tensile forces, fluid pressure can be neglected. 
Rigid element type R3D4 was used for bones because the 
bony structures are much stiffer than soft tissues. The 
performance of mesh was evaluated in a previous study 
[31]. Similar meshes were evaluated and found to yield 
good numerical results in the previous study [30]. Fur-
thermore, the intact model was validated with 10-minute 
in-vivo measurement of the same participant using high-
speed video-radiography.

It is believed that medial meniscectomy has a greater 
effect on altered joint mechanics than lateral meniscec-
tomy [9, 29, 32–34] which is attributed to the firmer 
attachment of the medial meniscus to the tibial plateau 
by capsular components [35]. On the other hand, the 
lateral meniscus may bear a greater portion of the ver-
tical force shared by the lateral compartment than the 
medial meniscus does in the medial compartment [36, 
37]. The present study addressed compromised knee 
joint mechanics due to medial meniscectomy because 
of its more frequent prevalence as compared to lateral 
meniscectomy and the function of medial meniscus as a 
secondary restraint to ATT [38]. Thus, only the effect of 
medial meniscectomies on ACL mechanics was investi-
gated in this study, including four clinical scenarios simi-
lar to that evaluated by a team of 12 orthopedic surgeons 
and researchers [39]. The sizes and locations for partial 
meniscectomy are shown in Fig.  1a, which was imple-
mented by removing the corresponding elements (dark 
in Fig.  1a) that were carefully meshed to represent 25, 
50, and 75% of the meniscus as similarly defined in the 
reference [39]. The mechanical changes in the ACL were 
evaluated by comparing the intact and meniscectomized 
knees.

Soft tissue model
The solid phase was modeled by introducing fibrillar and 
non-fibrillar matrices to consider their distinct properties: 



Page 3 of 11Uzuner and Li  BMC Musculoskeletal Disorders           (2024) 25:94  

the collagen fibrillar matrix is critical in resisting tensile 
loadings, while the proteoglycan matrix plays an essential 
role in compressive forces. The fibril-reinforced porome-
chanical model was previously published [40] and provided 
here briefly for easy reading. The equation below defines 
the tensile stress (Cauchy stress) that arises in the fibril 
matrix when subjected to a load,

which is a function of time associated with the reduced 
relaxation function denoted with Gx . Collagen fiber ori-
entation was implemented based on the split-line pattern 
[41]. Equation (1) was defined concerning the local x axis, 
but a similar formulation was applied in the y and z direc-
tions. The elastic response in Eq. (1) was defined as

(1)σ
f
x(t) = σ

f
x(0)+

t

0
Gx(t− τ)

∂σex

∂ǫx

∂ǫx

∂τ
dτ

Fig. 1 Schematic of finite element model of the knee and loading: a knee, intact medial meniscus and three cases of partially resected medial 
meniscus; b ramp and creep loading protocol. The black area indicates the amount of medial meniscectomy with approximately 25, 50 or 75% 
resection in the three cases. The total medial meniscectomy was also modeled.  Fc and  Fd denote the compressive and drawer forces, respectively. 
The ramp compression force reached the maximum at 12 s, while drawer force was applied at 12 s and ramped in 1 s
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Here, Ax and Bx are material constants acquired from 
the uniaxial tensile tests [42, 43]. The reduced relaxation 
function took the following form,

where gmx  and �mx  represent, respectively, the weight con-
stants and characteristic times for the viscoelastic dissi-
pation. The Neo-Hookean hyperelastic model was used 
to describe non-fibrillar matrices.

C10 and D1 are material constants [42, 43]. In Eq. (4), I is 
the unit tensor, J stands for Jacobian, and B is the distor-
tional component of the left Cauchy-Green deformation 
tensor [35]. Darcy’s law is used to describe the solid-fluid 
interaction in soft tissues,

Here k and p are permeability and fluid pressure, 
respectively. The void ratio, φf  , is assumed to be the ratio 
of fluid and solid volumes.

Ligaments were modeled with the same material law, 
neglecting fluid pressurization. The material properties 
of the soft tissues used in the present study were derived 
from the in-vivo measurement performed on the same 
participant in the previous study [30] and provided in 
Table 1. When fitting the in-vivo measurement to extract 
the properties, past in-vitro test data from the literature 
were referenced in order to choose the range of variation 
appropriately. The tissue model has been validated with 
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various experiments and the material properties shown 
in Table 1 were found to be reasonable [44, 45].

Loading and boundary conditions
Body weight induces both vertical compression and 
drawer forces within the knee [46]. The compression 
force of 520  N and drawer force of 104  N were applied 
to the femur at full extension (Fig. 1b). The compressive 
force was the ground reaction force obtained during the 
participant’s 10-minute standing in an in-vivo experi-
ment [30]. The drawer force was calculated as 20% of the 
compression force, which was suggested in a published 
study [47]. While the drawer force was applied to the 
anterior-posterior, the compression force was involved 
in the proximal-distal directions. In the present study, to 
maintain unconstrained mobility by avoiding any adverse 
consequences of load positioning on joint kinematics, the 
femur was set free to translate all three directions while 
not allowed to rotate in any direction. No rigid-body 
motion was allowed in the tibia and fibula. These bound-
ary conditions may be sufficient to understand the funda-
mental function of ACL in restricting ATT [5]. The TIE 
contact definition option in ABAQUS was used to attach 
the femoral cartilage to the femur, the tibial cartilage to 
the tibia, the meniscal horns to the tibial plateau, and 
lastly, the ligaments to the corresponding bones. Six con-
tact pairs were defined among the meniscus, femoral, and 
tibial cartilages. Three were in the lateral, while the oth-
ers were in the medial compartment. Contact pairs were 
defined to simulate the mechanical interactions among 
the menisci, femoral, and tibial cartilages. A surface-to-
surface hard contact was used with the linear penalty 
method. The contact pairs were specified with a friction 
coefficient of 0.02, as established in the literature [48]. 
The large deformation option, NLGEOM in ABAQUS, 
was utilized to integrate geometric nonlinearity into the 

Table 1 Material properties of fibrillar and non-fibrillar matrices in all soft tissues

Fibrillar matrix Eqs. (1,2) Non-fibrillar matrix Eq. (4)

Primary fibrillar 
direction (x)
(MPa)

Perpendicular 
directions (y,z)
[MPa]

C10
(MPa)

D1
(MPa-1)

A B A B

Femoral Cartilage 2 1000 0.9 480 0.096 0.310

Tibial Cartilage 2 1000 2 1000 0.096 0.310

Menisci 12 1500 2 750 0.183 0.595

Ligaments 46 1118 0 0 0.769 1.660

Weight constants  (gm), character-
istic times (λm)

Eq. (3) g1=0.870; λ1=10
g2=0.036; λ2=100
g3=0.273; λ3=1000

Permeability  [mm4/Ns] Eq. (5) kx= 0.002,  ky=kz=0.001
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finite element analysis. Pore pressure was set to zero as 
the initial condition to allow fluid to exit from the non-
contact surface of soft tissues.

The pre-strain was 2% for medial and lateral collateral, 
2.5% for anterior cruciate, and zero for posterior cruci-
ate ligaments, as pre-strains in ligaments may alter the 
load distribution in the knee joint [49]. The knee model 
was validated with the in-vivo study on the same man’s 
knee [30].

Results
With the compression force alone, the femur in all knee 
models moved anteriorly (Fig.  2), noting that the tibia 
was fixed in the modeling. However, the femur in all knee 
models started to move posteriorly with the addition of 
the drawer force, and continued to move posteriorly dur-
ing creep till equilibrium. The increase in resection of 
the medial meniscus did not change the anterior femoral 
translation during the compression force but increased 
posterior femoral translation with the addition of the 
drawer force. Posterior femoral translation increased 
by 6.2% in partial50, 8.5% in partial75, and 9.8% in total 
meniscectomized knees at the 1000th second (Fig. 2).

During the ramp compression (0-12  s), the femur 
shifted towards the medial side in all knee models 
(Fig. 3). Total medial meniscectomy caused the femur to 
move 4.6% more to the medial side than the intact case at 

the end of ramp compression. However, the application 
of the drawer force caused the femur in all models to slide 
to the lateral side. Then, the femur in all models shifted 
to the medial side again as creep developed. Increasing 
the amount of meniscal resection increased the displace-
ment of the femur towards the lateral at 60 s by 39% in 
partial50, 46% in partial75, and 55% in total meniscecto-
mized knees (Fig. 3).

The increase in the medial meniscal resection increased 
the vertical displacement of the femur (Fig. 4). At 12 s, the 
vertical displacement of the femur increased by 5.5% in 
partial25, 6.5% in partial50, 7.1% in partial75 and 7.6% in 
total meniscectomized knees, as compared to the intact 
knee. The drawer force augmented these differences. The 
distal movement (downward) of the femur at 1000 s was 
increased by 9.2% in partial25, 11.3% in partial50, 12.2% 
in partial75, and 13.0% in total meniscectomized knees, 
as compared to the intact knee joint.

The compressive force naturally did not produce much 
tensile stress in the ACL (Fig. 5). The tensile force in the 
ACL started to increase with the application of drawer 
force. As the amount of medial meniscal resection 
increased, the stress in the ACL increased. Compared to 
the case of the intact knee, the peak ACL tensile stress 
increased by 25% in partial25, 34.5% in partial50, 25% 
in partial75, and 31.5% in total medial meniscectomized 
knees. The standard deviation in ACL tensile stress of 

Fig. 2 Anterior-posterior femoral translation of intact and medial meniscectomized knees under the combined forces. On the vertical axis, 
the negative values depict the anterior direction, while the positive values represent the posterior direction



Page 6 of 11Uzuner and Li  BMC Musculoskeletal Disorders           (2024) 25:94 

the partial meniscectomy models compared to the intact 
model was 9.03, while that of the total meniscectomy was 
13.77. This means that the effect of total meniscectomy 

was more significant than that of partial meniscectomy. 
The peak tensile stresses occurred at different times 
in each case. Total medial meniscectomy elevated the 

Fig. 3 Lateral-medial femoral translation of intact and medial meniscectomized knees under the combined forces. On the vertical axis, the negative 
values depict the lateral direction, while the positive values represent the medial direction. The displacement was increased above 1.5 mm for all 
cases at 10,000 s when the equilibrium was far from reached

Fig. 4 Proximal-distal femoral translation of intact and medial meniscectomized knees under the combined forces. On the vertical axis, the positive 
values represent the downward direction

Fig. 5 Tensile stress of ACL in the longitudinal direction. The peak tensile stress for each model may occur at different times
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maximum contact pressures in both tibial plateaus and 
further augmented the difference between the two com-
partments (Fig. 6b vs. a).

Discussion
While literature studies have focused on cartilage defor-
mation after ACL injury, the present study has examined 
the effect of knee laxity resulting from altered cartilage 
contact on the mechanics of intact ACL, which were pre-
dicted with FE simulations of meniscectomy at different 
degrees. The unique outcomes of the present study may 
be summarized as follows.

1) Knee laxity increased as the amount of meniscec-
tomy increased even when the ACL remained intact 
(Figs. 2, 3 and 4). The peak tensile stress in the ACL 
increased accordingly with the amount of meniscec-
tomy (Fig. 5), which could have implications in colla-
gen ruptures in the ACL under normal joint loadings.

2) The ACL stress increased during the early knee creep 
regardless of meniscectomy before decreasing toward 
equilibrium (Fig. 5), which indicated the necessity of 
creep modeling used in the present study.

3) Meniscectomy accelerated ACL stress reduction 
during knee creep (Fig.  5), forcing the tibial carti-
lage to absorb more loading, and thus increasing the 
maximum contact pressure with a shift in its contact 
center to the posteromedial side.

Augmenting the meniscal resection resulted in an 
increased anterior-posterior femoral translation, which 
was increased by 9.5% at 20 s in the total medial menis-
cectomized knee as compared to the intact knee (Fig. 2). 
Similarly, an increased resection of the medial menis-
cus led to more lateral-medial translation of the femur 
(Fig. 3). For example, at 60 s, the femur shifted 55% more 
laterally in the total meniscectomized knee comparing 
to the intact knee (Fig.  3). The differences in the trans-
lations predicted for different models became smaller 
with creep, e.g., the difference between the intact and 
partial50 models was 28.9% at 16  s, whereas 6.6% at 
1000  s. The increased meniscal resection also increased 
the vertical displacement of the femur (Fig. 4). At 1000 s, 
the vertical displacement in the total meniscectomized 
model increased by 12.5% compared to that of the intact 
model. In conclusion, knee stability was compromised 
more with the amount of meniscal resection.

Fig. 6 Contact pressure distribution in tibial cartilage in (a) the intact and (b) total meniscectomized knees at 60 s. The black square shows 
the location of peak contact pressure. Superior view
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The translation of the femur was reversed in all three 
directions once the drawer force was added (ramped 
from 12 to 13  s) (Figs.  2, 3 and 4), which may not have 
been captured with an elastic analysis. In particular, 
the femur moved anteriorly with the compressive force 
only but posteriorly consistent with the direction of the 
drawer force (t ≥ 12 s) (Fig. 2). The motion of the femur in 
the other two directions was only reversed momentarily 
during the ramp loading phase of the drawer force (12–
13 s) and resumed the original moving directions during 
creep (t ≥ 13 s) (Figs. 3 and 4), another indication of nec-
essary creep analysis.

The overall ACL strain was around 5.5% (Table  2) 
in all knee models and did not differ significantly with 
meniscectomy, but there was a substantial difference in 
the local strain at the ACL insertion point to the femur 
(36% in intact vs. 43% in total). The differences in the 
local stress were shown in Fig. 5. This result may help 
us understand why 77% of patients with acute trau-
matic knee hemarthrosis may have experienced ACL 
injuries [20–23], even though it is not evident during 
clinical assessment [24]. The larger medial meniscal 
resection, the more increased ACL stress, e.g., total 
medial meniscectomy increased ACL tensile stress by 
30% (Fig. 5). These results may explain meniscectomy-
related ACL tears.

A reduction in peak tensile stress of 13.5% occurred in 
the ACL of the intact joint during knee creep from 180 
to 1000  s (Fig.  5). In comparison, it was around 18% in 
meniscectomized knees (Fig. 5). Accelerated ACL stress 
reduction during the creep of the meniscectomized 
knees may mean a larger load redistribution in cartilagi-
nous tissues as indicated by the contact pressure changes 
(Fig. 6). Peak contact pressure increased by 12.9% in the 
medial and 18% in the lateral cartilages with total medial 
meniscectomy as compared to that of the intact knee.

The maximum contact pressure in the lateral was 
about three times higher than that in the medial tibial 
cartilages (Fig.  6 at 60  s), because the drawer force 
moved the femur toward the medial side (Fig.  3) and 

thus shifted the contact center of the lateral tibial pla-
teau. The contact center was formed at the point where 
the lateral tibial cartilage contacted the lateral intercon-
dylar eminence (Fig. 6a, b). As the femur moved toward 
the medial side (Fig. 3), the part of lateral tibial cartilage 
mating the intercondyloid eminence was subjected to 
more stress than that in the medial cartilage. Moreover, 
since medial meniscectomy increased the displacement 
of the femur to the posteromedial side (Figs.  2 and 3), 
it also shifted the contact pressure to the posteromedial 
side (Fig. 6a vs. b).

The knee joint is a complex structure, and its mechan-
ics can be altered by injuries of their components, 
including the patella [55] and collateral ligaments [56]. 
The patella acts as a fulcrum for the quadriceps tendon, 
enhancing the lever arm of the quadriceps muscles. In 
addition, patella provides stability to the knee joint by 
preventing lateral dislocation and improving the effi-
ciency of quadriceps contraction [57]. However, ATT 
modeled in the present study is more related to ACL and 
meniscus than patella when knee is in extension [58]. In 
this study, therefore, we focused on the tibiofemoral joint 
with all intact tissues except for medial meniscal resec-
tion. Individuals with pre-existing knee injuries, such as 
ACL tears, may experience compounded effects or more 
significant changes in joint contact mechanics when 
combined with meniscectomy.

A combined 520  N axial compressive load and 104  N 
drawer force (or 20% × 520 N) was applied in this model 
study. The axial force was obtained from a measurement 
we used previously for the model validation when the 
participant applied approximately 3/4 of the body weight 
to his right leg [47]. While some studies suggested that 
vertical compression can reduce ACL laxity [59–62] and 
promote ACL health [63], other studies indicated that 
it can increase ACL tensions [15, 61, 62, 64]. The gen-
eral perspective is great forces exerted on the knee joint 
may amplify the vulnerability to the tensile stress in 
ACL [15, 60]. However, the displacement of the femur 
(Figs. 2, 3 and 4) and the tensile stress in the ACL (Fig. 5) 

Table 2 Comparison of the predicted anterior tibial translation and ACL strain at 13 s, when the drawer force reached the maximum, 
with the in-vivo and in-vitro experimental results for the intact knee joint. APFT = anterior-posterior femoral translation

Method AP force  (AP moment) Compression force APFT ACL strain  (%)

Present study FEA 108 N (45Nm) 520 N 4.2 mm 5.5

Papageorgiou et al. [50] Experimental 134 N 200 N 4.9 mm ―
Lin et al. [51] Experimental 134 N 490 N 6.0 mm ―
Fleming et al. [52] Experimental (24Nm) 240 N ― 3.1

Asaeda et al. [53] Experimental 146 N 732 N 4.2 mm ―
Rudy et al. [54] Experimental 100 N nil 5.4 mm ―
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determined in the present study showed that medial 
meniscectomy could produce similar deformations in the 
ACL even under low-rate forces, which is supported by a 
published in-vitro study [60]. In their study, a combined 
100 N drawer and 925 N (applied at 185 N/sec) axial com-
pressive load was applied to the intact knee joint. The 
anterior-posterior translation was 5.6  mm. The present 
study showed a 5.4-mm anterior-posterior translation at 
60  s for the total medial meniscectomized knee (Fig.  2). 
Another study suggested that the force of the ACL graft 
increases by 30–50% after medial meniscectomy under a 
combined 134 N drawer and 200 N axial compressive load 
[50]. In our case, the ACL tensile stress was increased by 
approximately 30% (Fig.  5) after total medial meniscec-
tomy under a combined 108 N drawer and 520 N.

The results presented here may only be quanti-
tively correct for the research participant we modeled. 
Research suggests that older patients [65] and athletes 
[66] may exhibit a higher prevalence of meniscectomy 
deformities, with gender-specific variations in degen-
eration and recovery rates [67]. In addition, the geomet-
ric variations within the human knee joints may play a 
critical role in shaping knee biomechanics [68–70]. The 
structural difference in the knee may be another factor 
influencing fluid and contact pressures. For example, 
contact behavior may be sensitive to meniscal transverse 
and cross-sectional parameters [68]. The implication 
of population diversity in knee joint geometry may be 
addressed with statistical shape modeling.

The posterior laxity was found to be more significant 
than the medial and distal laxities in a finite element 
study of an intact knee under drawer forces up to 100 N 
[71]. Our model, which had comparable knee alignment, 
force, and boundary conditions, exhibited a similar trend 
(Fig.  2 versus Figs.  2 and 3) as compared to that study. 
However, there were differences in the magnitudes of 
knee laxities between the results of our and their intact 
models. This difference may be attributed to the use of an 
elastic model in their study, whereas a poromechanical 
model in the present study.

The main limitation of this study was the absence of 
rotational loadings in knee joint modeling, which may 
produce additional strains. A comprehensive study of 
ACL mechanical response to knee kinematics can be per-
formed by considering the combination of axial and rota-
tional loadings. Another limitation was that the model 
predictions were not compared with the experimental 
data obtained from the patients with the pathological sce-
narios simulated. Nevertheless, the intact FE knee joint 
model used in this study was previously validated with 
in-vivo data from high-speed video-radiography meas-
urements performed on the same participant from whom 
the model was built [30]. Moreover, the results of ATT 

and ACL strain obtained in the study were compared 
with similar results in the literature to show some evi-
dence of the validity of the modeling approach (Table 2).

In conclusion, the present study investigated possible 
changes in ACL mechanics that may be caused by medial 
meniscectomy. Results suggest that increased menis-
cal resection may increase knee laxity and ACL stress, 
which have implications to collagen ruptures and altered 
mechanobiology in ACL under repeated daily loadings. 
Meniscectomy also shifted loading from the meniscus to 
the tibial cartilage, increasing contact pressure and shift-
ing contact center. The findings may help understand 
ACL injury and its mechanobiology with a better under-
standing of the mechanical interactions between menis-
cectomy and ACL integrity. Our results may also help 
surgeons to choose among partial, and total meniscec-
tomy, and meniscal repair. The modeling approach may 
be used to design mechanical loadings in physiotherapy 
for patients to best adapt the altered mechanics of their 
knee joints after meniscectomy.

Acknowledgements
SU was awarded a grant by The Scientific and Technological Research Council 
of Türkiye (TUBITAK) to visit the University of Calgary.

Authors’ contributions
SU initiated the study, obtained all numerical results, wrote, and revised 
the manuscript. LPL provided insight into the study, wrote, and revised the 
manuscript.

Funding
The study was supported by the Natural Sciences and Engineering Research 
Council (NSERC), Canada.

Availability of data and materials
The MRI data obtained in the current study are not available for sharing due to 
research ethics restrictions, but model data are available from the correspond-
ing author on reasonable request.

Declarations

Ethics approval and consent to participate
REB15-1165, University of Calgary, for the use of MRI of human subjects. 
Informed consent was obtained from all subjects. All participant data were 
processed on the Calgary campuses.

Consent for publication
Not applicable (no human data are included in the manuscript).

Competing interests
SU has no competing interests. LPL is a senior editorial board member of this 
journal.

Received: 16 October 2023   Accepted: 12 January 2024

References
 1. Evans J, Nielson J. Anterior cruciate ligament (ACL) knee injuries. J Stat-

Pearls Treasure Island: StatPearls Publishing; 2020. Available from: https:// 
www. ncbi. nlm. nih. gov/ books/ NBK49 9848/. Accessed 2023.

https://www.ncbi.nlm.nih.gov/books/NBK499848/
https://www.ncbi.nlm.nih.gov/books/NBK499848/


Page 10 of 11Uzuner and Li  BMC Musculoskeletal Disorders           (2024) 25:94 

 2. Brasileiro JS, Pinto OM, Ávila MA, Salvini TF. Functional and morphological 
changes in the quadriceps muscle induced by eccentric training after 
ACL reconstruction. Braz J Phys Ther. 2011;15(4):284–90. https:// doi. org/ 
10. 1590/ S1413- 35552 01100 50000 12.

 3. Joseph AM, Collins CL, Henke NM, Yard EE, Fields SK, Comstock RD. A mul-
tisport epidemiologic comparison of anterior cruciate ligament injuries 
in high school athletics. J Athl Train. 2013;48(6):810–7. https:// doi. org/ 10. 
4085/ 1062- 6050- 48.6. 03.

 4. Guess TM, Razu S. Loading of the medial meniscus in the ACL deficient 
knee: a multibody computational study. Med Eng Phys. 2017;41:26–34. 
https:// doi. org/ 10. 1016/j. meden gphy. 2016. 12. 006.

 5. Girgis F, Marshall J, Monajem A. The cruciate ligaments of the knee joint. 
Anatomical, functional and experimental analysis. Clin Orthop Relat Res. 
1975;106:216–31.

 6. McDermott ID, Masouros SD, Amis AA. Biomechanics of the menisci of 
the knee. Curr Orthop. 2008;22(3):193–201. https:// doi. org/ 10. 1016/j. cuor. 
2008. 04. 005.

 7. Zaffagnini S, Signorelli C, Bonanzinga T, Grassi A, Galan H, Akkawi I, et al. 
Does meniscus removal affect ACL-deficient knee laxity? An in vivo study. 
Knee Surg Sports Traumatol Arthrosc. 2016;24(11):3599–604. https:// doi. 
org/ 10. 1007/ s00167- 016- 4222-y.

 8. Van Der Hart CP, Van Den Bekerom MP, Patt TW. The occurrence of osteo-
arthritis at a minimum of ten years after reconstruction of the anterior 
cruciate ligament. J Orthop Surg Res. 2008;3(1):1–9. https:// doi. org/ 10. 
1186/ 1749- 799X-3- 24.

 9. Allen CR, Wong EK, Livesay GA, Sakane M, Fu FH, Woo SL. Importance of 
the medial meniscus in the anterior cruciate ligament-deficient knee. J 
Orthop Res. 2000;18(1):109–15. https:// doi. org/ 10. 1002/ jor. 11001 80116.

 10. Hanley ST, Warren RF. Arthroscopic meniscectomy in the anterior cruciate 
ligament—deficient knee. Arthroscopy. 1987;3(1):59–65. https:// doi. org/ 
10. 1016/ S0749- 8063(87) 80012-9.

 11. Levy IM, Torzilli P, Gould JD, Warren R. The effect of lateral meniscectomy 
on motion of the knee. J Bone Joint Surg. 1989;71(3):401–6. https:// doi. 
org/ 10. 2106/ 00004 623- 19897 1030- 00014.

 12. Musahl V, Citak M, O’Loughlin PF, Choi D, Bedi A, Pearle AD. The effect of 
medial versus lateral meniscectomy on the stability of the anterior cruci-
ate ligament-deficient knee. Am J Sports Med. 2010;38(8):1591–7. https:// 
doi. org/ 10. 1177/ 03635 46510 364402.

 13. Seon JK, Gadikota HR, Kozanek M, Oh LS, Gill TJ, Li G. The effect of ACL 
Reconstruction on kinematics of the knee with combined ACL injury and 
subtotal medial meniscectomy-an in-vitro robotic investigation. Arthros-
copy. 2009;25(2):123. https:// doi. org/ 10. 1016/j. arthro. 2008. 09. 020.

 14. Warren RF. Meniscectomy and Repair in the anterior cruciate ligament-
deficient patient. Clin Orthop Relat Res. 1990;252:55–63.

 15. Shirazi R, Shirazi-Adl A. Analysis of partial meniscectomy and ACL reconstruc-
tion in knee joint biomechanics under a combined loading. Clin Biomech. 
2009;24(9):755–61. https:// doi. org/ 10. 1016/j. clinb iomech. 2009. 07. 005.

 16. Lorbach O, Kieb M, Herbort M, Weyers I, Raschke M, Engelhardt M. The 
influence of the medial meniscus in different conditions on anterior 
tibial translation in the anterior cruciate deficient knee. Int Orthop. 
2015;39:681–7. https:// doi. org/ 10. 1007/ s00264- 014- 2581-x.

 17. Krych AJ, LaPrade MD, Cook CS, Leland D, Keyt LK, Stuart MJ, et al. Lateral 
meniscal oblique radial tears are common with ACL injury: a classification 
system based on arthroscopic tear patterns in 600 consecutive patients. 
Orthop J Sports Med. 2020;8(5):2325967120921737. https:// doi. org/ 10. 
1177/ 23259 67120 921737.

 18. Rodríguez-Roiz JM, Sastre-Solsona S, Popescu D, Montañana-Burillo J, 
Combalia-Aleu A, Research. The relationship between ACL reconstruc-
tion and meniscal repair: quality of life, sports return, and meniscal failure 
rate—2-to 12-year follow-up. J Orthop Surg Res. 2020;15(1):1–11. https:// 
doi. org/ 10. 1186/ s13018- 020- 01878-1.

 19. Yammine K. Effect of partial medial meniscectomy on anterior tibial 
translation in stable knees: a prospective controlled study on 32 patients. 
Sports Med Arthrosc Rehabil Ther Technol. 2013;5:1–5. https:// doi. org/ 10. 
1186/ 2052- 1847-5- 17.

 20. Major BCB, McGinty JB. Acute hemarthrosis of the knee: indications for 
diagnostic arthroscopy. Arthroscopy. 1990;6(3):221–5. https:// doi. org/ 10. 
1016/ 0749- 8063(90) 90078-R.

 21. Hardaker W Jr, Garrett W Jr, Bassett F 3. Evaluation of acute traumatic 
hemarthrosis of the knee joint. South Med J. 1990;83(6):640–4. https:// 
doi. org/ 10. 1097/ 00007 611- 19900 6000- 00011.

 22. Maffulli N, Binfield P, King J, Good C. Acute haemarthrosis of the knee 
in athletes. A prospective study of 106 cases. J Bone Joint Surg Br. 
1993;75(6):945–9. https:// doi. org/ 10. 1302/ 0301- 620X. 75B6. 82450 89.

 23. Noyes FR, Bassett R, Grood E, Butler D. Arthroscopy in acute traumatic 
hemarthrosis of the knee. Incidence of anterior cruciate tears and other 
injuries. J Bone Joint Surg. 1980;62(5):687–95.

 24. Van de Velde SK, DeFrate LE, Gill TJ, Moses JM, Papannagari R, Li G. The 
effect of anterior cruciate ligament deficiency on the in vivo elonga-
tion of the medial and lateral collateral ligaments. Am J Sports Med. 
2007;35(2):294–300. https:// doi. org/ 10. 1177/ 03635 46506 294079.

 25. Andriacchi TP, Briant PL, Bevill SL, Koo S. Rotational changes at the 
knee after ACL injury cause cartilage thinning. Clin Orthop Relat Res. 
2006;442:39–44. https:// doi. org/ 10. 1097/ 01. blo. 00001 97079. 26600. 09.

 26. Yao J, Snibbe J, Maloney M, Lerner AL. Stresses and strains in the medial 
meniscus of an ACL deficient knee under anterior loading: a finite ele-
ment analysis with image-based experimental validation. J Biomech Eng. 
2006;128(1):135–41. https:// doi. org/ 10. 1115/1. 21323 73.

 27. Mesfar W, Shirazi-Adl A. Biomechanics of changes in ACL and PCL mate-
rial properties or prestrains in flexion under muscle force-implications 
in ligament reconstruction. Comput Methods Biomech Biomed Eng. 
2006;9(4):201–9. https:// doi. org/ 10. 1080/ 10255 84060 07959 59.

 28. Kazemi M, Li LP, Buschmann MD, Savard P. Partial meniscectomy changes 
fluid pressurization in articular cartilage in human knees. J Biomech Eng. 
2012;134(2):021001. https:// doi. org/ 10. 1115/1. 40057 64.

 29. Grassi A, Di Paolo S, Lucidi GA, Macchiarola L, Raggi F, Zaffagnini S. The 
contribution of partial meniscectomy to preoperative laxity and laxity 
after anatomic single-bundle anterior cruciate ligament reconstruction: 
in vivo kinematics with navigation. Am J Sports Med. 2019;47(13):3203–
11. https:// doi. org/ 10. 1177/ 03635 46519 876648.

 30. Uzuner S, Kuntze G, Li L, Ronsky J, Kucuk S. Creep behavior of human 
knee joint determined with high-speed biplanar video-radiography and 
finite element simulation. J Mech Behav Biomed Mater. 2022;125:104905. 
https:// doi. org/ 10. 1016/j. jmbbm. 2021. 104905.

 31. Uzuner S, Li L, Kucuk S, Memisoglu K. Changes in knee joint mechanics 
after medial meniscectomy determined with a poromechanical model. J 
Biomech Eng. 2020;142(10):101006. https:// doi. org/ 10. 1115/1. 40473 43.

 32. Butler D, Sheh M, Stouffer D, Samaranayake V, Levy MS. Surface strain vari-
ation in human patellar tendon and knee cruciate ligaments. J Biomech 
Eng. 1990;112(1):38–45. https:// doi. org/ 10. 1115/1. 28911 24.

 33. Liu X, Zhang H, Feng H, Hong L, Wang X, Song G. Is it necessary to repair sta-
ble ramp lesions of the medial meniscus during anterior cruciate ligament 
reconstruction? A prospective randomized controlled trial. Am J Sports Med. 
2017;45(5):1004–11. https:// doi. org/ 10. 1177/ 03635 46516 682493.

 34. Kwon HM, Kang K-T, Kim JH, Park KK. Medial unicompartmental knee 
arthroplasty to patients with a ligamentous deficiency can cause 
biomechanically poor outcomes. Knee Surg Sports Traumatol Arthrosc. 
2020;28(9):2846–53. https:// doi. org/ 10. 1007/ s00167- 019- 05636-7.

 35. Xu C, Zhao J. A meta-analysis comparing meniscal repair with menis-
cectomy in the treatment of meniscal tears: the more meniscus, the 
better outcome? Knee surgery, sports Traumatology. Arthroscopy. 
2015;23(1):164–70. https:// doi. org/ 10. 1007/ s00167- 013- 2528-6.

 36. Seedhom BB, Hargreaves DJ. Transmission of the load in the knee joint 
with special reference to the role of the menisci: part II: experimental 
results, discussion and conclusions. Eng Med. 1979;8(4):220–8.

 37. Peña E, Calvo B, Martinez MA, Palanca D, Doblaré M. Why lateral menis-
cectomy is more dangerous than medial meniscectomy. A finite element 
study. J Orthop Res. 2006;24(5):1001–10. https:// doi. org/ 10. 1002/ jor. 20037.

 38. Lyman S, Hidaka C, Valdez AS, Hetsroni I, Pan TJ, Do H, et al. Risk factors for 
meniscectomy after meniscal repair. Am J Sports Med. 2013;41(12):2772–
8. https:// doi. org/ 10. 1177/ 03635 46513 503444.

 39. Kopf S, Beaufils P, Hirschmann MT, Rotigliano N, Ollivier M, Pereira H, et al. 
Management of traumatic meniscus tears: the 2019 ESSKA meniscus con-
sensus. Knee Surg Sports Traumatol Arthrosc. 2020;28:1177–94. https:// 
doi. org/ 10. 1007/ s00167- 020- 05847-3.

 40. Kazemi M, Li LP. A viscoelastic poromechanical model of the knee joint in 
large compression. Med Eng Phys. 2014;36(8):998–1006. https:// doi. org/ 
10. 1016/j. meden gphy. 2014. 04. 004.

 41. Below S, Arnoczky SP, Dodds J, Kooima C, Walter N. The split-line pattern 
of the distal femur: a consideration in the orientation of autologous 
cartilage grafts. Arthroscopy. 2002;18(6):613–7. https:// doi. org/ 10. 1053/ 
jars. 2002. 29877.

https://doi.org/10.1590/S1413-35552011005000012
https://doi.org/10.1590/S1413-35552011005000012
https://doi.org/10.4085/1062-6050-48.6.03
https://doi.org/10.4085/1062-6050-48.6.03
https://doi.org/10.1016/j.medengphy.2016.12.006
https://doi.org/10.1016/j.cuor.2008.04.005
https://doi.org/10.1016/j.cuor.2008.04.005
https://doi.org/10.1007/s00167-016-4222-y
https://doi.org/10.1007/s00167-016-4222-y
https://doi.org/10.1186/1749-799X-3-24
https://doi.org/10.1186/1749-799X-3-24
https://doi.org/10.1002/jor.1100180116
https://doi.org/10.1016/S0749-8063(87)80012-9
https://doi.org/10.1016/S0749-8063(87)80012-9
https://doi.org/10.2106/00004623-198971030-00014
https://doi.org/10.2106/00004623-198971030-00014
https://doi.org/10.1177/0363546510364402
https://doi.org/10.1177/0363546510364402
https://doi.org/10.1016/j.arthro.2008.09.020
https://doi.org/10.1016/j.clinbiomech.2009.07.005
https://doi.org/10.1007/s00264-014-2581-x
https://doi.org/10.1177/2325967120921737
https://doi.org/10.1177/2325967120921737
https://doi.org/10.1186/s13018-020-01878-1
https://doi.org/10.1186/s13018-020-01878-1
https://doi.org/10.1186/2052-1847-5-17
https://doi.org/10.1186/2052-1847-5-17
https://doi.org/10.1016/0749-8063(90)90078-R
https://doi.org/10.1016/0749-8063(90)90078-R
https://doi.org/10.1097/00007611-199006000-00011
https://doi.org/10.1097/00007611-199006000-00011
https://doi.org/10.1302/0301-620X.75B6.8245089
https://doi.org/10.1177/0363546506294079
https://doi.org/10.1097/01.blo.0000197079.26600.09
https://doi.org/10.1115/1.2132373
https://doi.org/10.1080/10255840600795959
https://doi.org/10.1115/1.4005764
https://doi.org/10.1177/0363546519876648
https://doi.org/10.1016/j.jmbbm.2021.104905
https://doi.org/10.1115/1.4047343
https://doi.org/10.1115/1.2891124
https://doi.org/10.1177/0363546516682493
https://doi.org/10.1007/s00167-019-05636-7
https://doi.org/10.1007/s00167-013-2528-6
https://doi.org/10.1002/jor.20037
https://doi.org/10.1177/0363546513503444
https://doi.org/10.1007/s00167-020-05847-3
https://doi.org/10.1007/s00167-020-05847-3
https://doi.org/10.1016/j.medengphy.2014.04.004
https://doi.org/10.1016/j.medengphy.2014.04.004
https://doi.org/10.1053/jars.2002.29877
https://doi.org/10.1053/jars.2002.29877


Page 11 of 11Uzuner and Li  BMC Musculoskeletal Disorders           (2024) 25:94  

 42. Yoo L, Kim H, Gupta V, Demer JL. Quasilinear viscoelastic behavior 
of bovine extraocular muscle tissue. Investig Ophthalmol Vis Sci. 
2009;50(8):3721–8. https:// doi. org/ 10. 1167/ iovs. 08- 3245.

 43. Sarver JJ, Robinson PS, Elliott DM. Methods for quasi-linear viscoelastic 
modeling of soft tissue: application to incremental stress-relaxation 
experiments. J Biomech Eng. 2003;125(5):754–8. https:// doi. org/ 10. 
1115/1. 16152 47.

 44. Woo SLY, Akeson WH, Jemmott GF. Measurements of nonhomogeneous, 
directional mechanical properties of articular cartilage in tension. J Bio-
mech. 1976;9(12):785–91. https:// doi. org/ 10. 1016/ 0021- 9290(76) 90186-X.

 45. Tissakht M, Ahmed A. Tensile stress-strain characteristics of the human 
meniscal material. J Biomech. 1995;28(4):411–22. https:// doi. org/ 10. 1016/ 
0021- 9290(94) 00081-E.

 46. Herzog W. Mechanisms of enhanced force production in lengthening 
(eccentric) muscle contractions. J Appl Physiol. 2014;116(11):1407–17. 
https:// doi. org/ 10. 1152/ jappl physi ol. 00069. 2013.

 47. Kutzner I, Heinlein B, Graichen F, Bender A, Rohlmann A, Halder A, et al. 
Loading of the knee joint during activities of daily living measured in vivo 
in five subjects. J Biomech. 2010;43(11):2164–73. https:// doi. org/ 10. 
1016/j. jbiom ech. 2010. 03. 046.

 48. Mow VC, Ateshian GA, Spilker RL. Biomechanics of diarthrodial joints: a 
review of twenty years of progress. J Biomech Eng. 1993;115(4B):460–7. 
https:// doi. org/ 10. 1115/1. 28955 25.

 49. Robertson DJ, Von Forell GA, Alsup J, Bowden AE. Thoracolumbar spinal 
ligaments exhibit negative and transverse pre-strain. J Mech Behav Biomed 
Mater. 2013;23:44–52. https:// doi. org/ 10. 1016/j. jmbbm. 2013. 04. 004.

 50. Papageorgiou CD, Gil JE, Kanamori A, Fenwick JA, Woo SL, Fu FH. The 
biomechanical interdependence between the anterior cruciate liga-
ment replacement graft and the medial meniscus. Am J Sports Med. 
2001;29(2):226–31. https:// doi. org/ 10. 1177/ 03635 46501 02900 21801.

 51. Lin H-C, Lai W-H, Shih Y-F, Chang C-M, Lo C-Y, Hsu H-C. Physiological ante-
rior laxity in healthy young females: the effect of knee hyperextension 
and dominance. Knee Surg Sports Traumatol Arthrosc. 2009;17:1083–8. 
https:// doi. org/ 10. 1007/ s00167- 009- 0818-9.

 52. Fleming BC, Ohlén G, Renström A, Peura GD, Beynnon BD, Badger GJ. The 
effects of compressive load and knee joint torque on peak anterior cruci-
ate ligament strains. Am J Sports Med. 2003;31(5):701–7. https:// doi. org/ 
10. 1177/ 03635 46503 03100 51101.

 53. Asaeda M, Deie M, Fujita N, Kono Y, Terai C, Kuwahara W, et al. Gender 
differences in the restoration of knee joint biomechanics during gait 
after anterior cruciate ligament reconstruction. Knee. 2017;24(2):280–8. 
https:// doi. org/ 10. 1016/j. knee. 2017. 01. 001.

 54. Rudy TW, Sakane M, Debski RE, Woo SL-Y. The effect of the point of 
application of anterior tibial loads on human knee kinematics. J Biomech. 
2000;33(9):1147–52. https:// doi. org/ 10. 1016/ S0021- 9290(00) 00065-8.

 55. Mayo BC, Amirouche F, Koh JL. Patellofemoral biomechanics. In: The 
patellofemoral joint: a case-based approach. Springer; 2021. p. 3–20.

 56. Nagai K, Nakanishi Y, Kamada K, Hoshino Y, Kuroda R. Anatomy and 
biomechanics of the collateral ligaments of the knee. In: Orthopaedic 
Biomechanics in sports medicine. 2021. p. 311-20. https:// doi. org/ 10. 
1007/ 978-3- 030- 81549-3_ 24.

 57. Redziniak DE, Diduch DR, Mihalko WM, Fulkerson JP, Novicoff 
WM, Sheibani-Rad S, et al. Patellar Instability. J Bone Joint Surg. 
2009;91(9):2264–75.

 58. Macchiarola L, Jacquet C, Dor J, Zaffagnini S, Mouton C, Seil R. Side-to-
side anterior tibial translation on monopodal weightbearing radiographs 
as a sign of knee decompensation in ACL-deficient knees. Knee Surg 
Sports Traumatol Arthrosc. 2022;30(5):1691–9. https:// doi. org/ 10. 1007/ 
s00167- 021- 06719-0.

 59. Hsieh HH, Walker P. Stabilizing mechanisms of the loaded and unloaded 
knee joint. J Bone Joint Surg. 1976;58(1):87–93.

 60. Markolf KL, Bargar W, Shoemaker S, Amstutz H. The role of joint load in 
knee stability. J Bone Joint Surg. 1981;63(4):570–85.

 61. Torzilli PA, Deng X, Warren RF. The effect of joint-compressive load and 
quadriceps muscle force on knee motion in the intact and anterior 
cruciate ligament-sectioned knee. Am J Sports Med. 1994;22(1):105–12. 
https:// doi. org/ 10. 1177/ 03635 46594 02200 117.

 62. Li G, Rudy TW, Allen C, Sakane M, Woo SLY. Effect of combined axial com-
pressive and anterior tibial loads on in situ forces in the anterior cruciate 
ligament: a porcine study. J Orthop Res. 1998;16(1):122–7. https:// doi. org/ 
10. 1002/ jor. 11001 60121.

 63. Markolf KL, Gorek JF, Kabo JM, Shapiro MS. Direct measurement of result-
ant forces in the anterior cruciate ligament. An in vitro study performed 
with a new experimental technique. J Bone Joint Surg. 1990;72(4):557–67.

 64. Fleming BC, Renstrom PA, Beynnon BD, Engstrom B, Peura GD, Badger 
GJ, et al. The effect of weightbearing and external loading on anterior 
cruciate ligament strain. J Biomech. 2001;34(2):163–70. https:// doi. org/ 10. 
1016/ S0021- 9290(00) 00154-8.

 65. Chatain F, Robinson A, Adeleine P, Chambat P, Neyret P. The natural his-
tory of the knee following arthroscopic medial meniscectomy. Knee Surg 
Sports Traumatol Arthrosc. 2001;9:15–8. https:// doi. org/ 10. 1007/ s0016 
70000 146.

 66. Jorgensen U, Sonne Holm S, Lauridsen F, Rosenklint A. Long-term follow-
up of meniscectomy in athletes. A prospective longitudinal study. J Bone 
Joint Surg Br. 1987;9(1):80–3.

 67. Johnson RJ, Kettelkamp DB, Clark W, LeaVerton P. Factors affecting late 
results after meniscectomy. J Bone Joint Surg. 1974;56(4):719–29.

 68. Donahue TLH, Hull ML, Rashid MM, Jacobs CR. The sensitivity of tibi-
ofemoral contact pressure to the size and shape of the lateral and medial 
menisci. J Orthop Res. 2004;22(4):807–14. https:// doi. org/ 10. 1016/j. orthr 
es. 2003. 12. 010.

 69. Madeti BK, Chalamalasetti SR, Bolla Pragada SS. Biomechanics of knee 
joint—A review. Front Mech Eng. 2015;10:176–86. https:// doi. org/ 10. 
1007/ s11465- 014- 0306-x.

 70. Hashemi J, Chandrashekar N, Gill B, Beynnon BD, Slauterbeck JR, 
Schutt RC Jr, et al. The geometry of the tibial plateau and its influence 
on the biomechanics of the tibiofemoral joint. J Bone Joint Surg Am. 
2008;90(12):2724. https:// doi. org/ 10. 2106/ JBJS.G. 01358.

 71. Moglo K, Shirazi-Adl A. Biomechanics of passive knee joint in drawer: load 
transmission in intact and ACL-deficient joints. Knee. 2003;10(3):265–76. 
https:// doi. org/ 10. 1016/ s0968- 0160(02) 00135-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1167/iovs.08-3245
https://doi.org/10.1115/1.1615247
https://doi.org/10.1115/1.1615247
https://doi.org/10.1016/0021-9290(76)90186-X
https://doi.org/10.1016/0021-9290(94)00081-E
https://doi.org/10.1016/0021-9290(94)00081-E
https://doi.org/10.1152/japplphysiol.00069.2013
https://doi.org/10.1016/j.jbiomech.2010.03.046
https://doi.org/10.1016/j.jbiomech.2010.03.046
https://doi.org/10.1115/1.2895525
https://doi.org/10.1016/j.jmbbm.2013.04.004
https://doi.org/10.1177/03635465010290021801
https://doi.org/10.1007/s00167-009-0818-9
https://doi.org/10.1177/03635465030310051101
https://doi.org/10.1177/03635465030310051101
https://doi.org/10.1016/j.knee.2017.01.001
https://doi.org/10.1016/S0021-9290(00)00065-8
https://doi.org/10.1007/978-3-030-81549-3_24
https://doi.org/10.1007/978-3-030-81549-3_24
https://doi.org/10.1007/s00167-021-06719-0
https://doi.org/10.1007/s00167-021-06719-0
https://doi.org/10.1177/036354659402200117
https://doi.org/10.1002/jor.1100160121
https://doi.org/10.1002/jor.1100160121
https://doi.org/10.1016/S0021-9290(00)00154-8
https://doi.org/10.1016/S0021-9290(00)00154-8
https://doi.org/10.1007/s001670000146
https://doi.org/10.1007/s001670000146
https://doi.org/10.1016/j.orthres.2003.12.010
https://doi.org/10.1016/j.orthres.2003.12.010
https://doi.org/10.1007/s11465-014-0306-x
https://doi.org/10.1007/s11465-014-0306-x
https://doi.org/10.2106/JBJS.G.01358
https://doi.org/10.1016/s0968-0160(02)00135-7

	Alteration in ACL loading after total and partial medial meniscectomy
	Abstract 
	Introduction
	Methods
	Intact and meniscectomized knees
	Soft tissue model
	Loading and boundary conditions

	Results
	Discussion
	Acknowledgements
	References


