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A B S T R A C T   

Meniscal extrusion treatment is a key focus area for research and clinical study of degenerative knee pathology. 
The contact forces between the meniscus and the bones cause external displacements of the meniscus that are 
resisted by the circumferential fibres. The main risk factors for the excessive deformation of the meniscus are 
meniscal root tears, disruption of the circumferential fibres, knee malalignment and high body mass index. Prior 
research has shown meniscal extrusion to be a crucial determinant of successful procedures in knee osteoarthritis 
treatment. The characteristics of medial knee osteoarthritis are an increase in varus malalignment and the load 
transferred through the medial compartment. This is associated with greatest reduction of the joint space width 
over the medial meniscus body and an increase in contact forces acting on the meniscus, which results in 
increased extrusion of the medial meniscal body. Relocating the meniscus in its anatomic position restores the 
correct distribution of contact force across the knee joint, and prevents destruction of the cartilage. Thus, clinical 
and biomechanical research focus on improving surgical techniques that allow for diminished meniscal extru-
sion. Proximal fibula osteotomy is a relatively new technique which involves the removal of a 10 mm piece of 
fibula, 4–10 cm from the fibular head. This technique has been shown to reduce the knee-lever arm, load 
transferred through the medial compartment and increase the medial joint space width. We hypothesise that 
proximal fibular osteotomy could be an effective, simple, and minimally invasive treatment for degenerative 
meniscal extrusion.   

Introduction 

Knee menisci are crescent-shaped fibrocartilaginous structures that 
play a crucial role in distributing mechanical loads on articular cartilage 
[1]. Change in the meniscus geometry and external shift of the meniscus 
(meniscal extrusion) decreases coverage of the tibial plateau, increases 
the load acting on the cartilage, and is associated with the progression of 
osteoarthritis, cartilage loss, and bone marrow lesions [2,3]. In the 
clinical point of view, meniscal body displacement beyond the periph-
eral tibial plateau margin, greater than 3 mm, is described as meniscal 
extrusion [4]. The measurement of meniscal displacement is performed 
on the MRI, in accordance with the techniques proposed by Hada et al., 
in the coronal plane at the posterior border of the medial collateral 
ligament [5]. Recently, an automated techniques have been proposed to 

fully quantify meniscal extrusion in three dimensions [6]. The main 
factors that contribute to meniscal extrusion are radial meniscal tear, 
disruption of the meniscus root attachment [7,8], varus alignment of the 
lower limb [9], and joint space narrowing in the course of knee osteo-
arthritis [10,11]. Meniscal extrusion in osteoarthritic knee joints is a 
consequence of both degenerative meniscal tear and cartilage defects 
with joint space narrowing. Moreover, meniscal extrusion is more 
strongly correlated with joint space narrowing when compared with 
meniscal tears [11,12]. Therefore, meniscal repair and other meniscal 
procedures such as partial meniscectomy or meniscal centralization 
should be cautiously considered in osteoarthritis or cartilage defects 
[13,14]. Satisfactory clinical results were reported after medial opening 
wedge high tibial osteotomy (HTO) for degenerative meniscal extrusion 
[15,16]. However, this procedure has some disadvantages, including the 
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delay of full-weight bearing, risk of bone nonunion, peroneal nerve 
paralysis, surgical wound infection [17,18]. Thus, new, less invasive 
methods for treatment of degenerative meniscal extrusion still need 
development. 

The hypothesis 

Proximal fibular osteotomy could be an effective treatment for 
degenerative meniscal extrusion. 

Evaluation of the hypothesis 

Biomechanics of the meniscus and meniscal extrusion 

The menisci are fibrocartilage structures located between femoral 
and tibial condyles. They are composed of 70% water, 22% collagen, 
and a very small proportion of proteoglycan and elastin [19]. The roles 
of the meniscus are load transmission, shock absorption, and redistri-
bution of the contact force across the knee joint. These functions are 
determined by the material structure and geometry of the meniscus. 
Histologically, the menisci consist of extracellular matrix and cells. 
Extracellular matrix consists of 75% of collagen fibres, oriented in 
circumferential, radial, and oblique directions [20]. The circumferential 

fibres function mechanically to convert compressive load into hoop 
stress. The radial and oblique fibres provide structural rigidity and 
ability to resist the large hoop stresses [21]. Disruption of the circum-
ferential fibres that counteract the external displacements of the 
meniscus may result in extrusion of the meniscus [22]. In the stance 
position, approximately 40–60% of the load that acts on the knee joint is 
transmitted through the meniscus [23]. Consequently, forces acting on 
the meniscus are proportional to the ground reaction force, and a high 
body mass index is considered a risk factor for posterior horn root tear 
[24] and meniscal extrusion [25]. 

The geometry of the meniscus has greater influence on the stresses 
transmitted through the meniscus than its material properties [26]. In 
each cross-section of the meniscus, the contact forces Nfem, Ntib, between 
the meniscus and the bones generate a horizontal resultant force Fe that 
acts on the meniscus in a radial direction (Fig. 1a). The resultant force Fe 
is proportional to the slope angle of the meniscus in the cross-section 
plane, and causes the meniscus to deform radially, which may result 
in meniscal extrusion [27]. Excessive deformation of the meniscus is 
resisted by the circumferential fibres and the meniscotibial ligament 
attached to the meniscal body. Hence, any disruption or lesion of the 
meniscotibial ligament is a risk factor for isolated meniscal extrusion 
[28]. Analysis of the extrusion force acting on the meniscus showed a 
correlation between meniscal external shift in the coronal plane and the 

Fig. 1. Forces acting on the knee joint and the medial meniscus in a coronal cross sectional plane: (a) healthy knee joint; (b) osteoarthritic knee joint; (c) predicted 
state of knee joint after PFO. W, body weight transmitted through the tibiofemoral joint; a, knee lever arm; KAM, knee adduction moment; Fmed, force in the medial 
compartment; Flat, force in the lateral compartment; Nfem, contact force from femoral condyle; Ntib, contact force from tibial plateau; Fe, resultant (extrusion) force; u, 
external shift of the meniscus (meniscal extrusion). 
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slope angle of the meniscal midbody [29]. The finite element study [30] 
confirmed that the risk of meniscal extrusion increases with the 
meniscus height and thus the slope angle [27]. The medio-lateral rela-
tive bone translation may also influence meniscal external shift [30,31]. 

Biomechanics of the meniscus in osteoarthritic knee joints 

Medial knee osteoarthritis (OA) causes a nonuniform reduction in 
the thickness of the articular cartilage [32], and decrease in the 
compressive stiffness of soft tissues [33,34]. The characteristics of 
medial knee OA are joint space narrowing and greater reduction in 
cartilage thickness in the medial compartment [35]. This is associated 
with an increase in varus malalignment, which increases knee adduction 
moment (KAM) and the load transferred through the medial compart-
ment Fmed [36]. An increase in contact forces Nfem, Ntib, and extrusion 
force Fe acting on the meniscus (Fig. 1b) was observed especially in the 
medial meniscus body due to greatest reduction of the joint space width 
in this region. This mechanism caused a 57% increase in the medial shift 
of the medial meniscus midbody in the stance phase of the gait cycle, 
and a significant increase in the maximum hoop stress in the posterior 
horn [37]. An increased load on the circumferential fibres coupled with 
degenerative changes in the collagen bundles may result in microscopic 
damage and lesions, leading to meniscal extrusion. In contrast, a 
decrease in the compressive stiffness of menisci and cartilage resulted in 
decrease of medial shift of the medial meniscus midbody due to twofold 
greater reduction in the meniscal body width than in an intact knee [37]. 
Crema et al., evaluating 2131 knees with or at risk of osteoarthritis using 
validated scores, found that varus malalignment and cartilage damage 
are associated with meniscal extrusion [38]. The above results confirm 
that changes in geometry of articular cartilage, causing varus mala-
lignment, increase medial meniscal extrusion in the medial knee OA 
[31,37–39]. 

Biomechanics of proximal fibular osteotomy 

Proximal fibula osteotomy (PFO) is a relatively new technique in the 
management of medial compartment knee osteoarthritis. It involves the 
removal of a 10 mm piece of fibula, 4–10 cm from the fibular head 
[40–42]. In 2014, Yazdi et al. revealed that PFO has a protective effect 
on the knee joint by reducing the pressure over the medial compartment 
[43]. One year later, Yang et al. demonstrated the effectiveness of upper 
partial fibulectomy for patients with moderate radiographic medial knee 
osteoarthritis [42]. In further studies, many authors confirmed 
improvement in long-term clinical outcomes after PFO surgery [44–46]. 
Nie et al., analysing biomechanical properties of the knee in response to 
upper partial fibulectomy, revealed that PFO caused the transfer of load 
from the medial to the lateral tibia by increasing hip-knee-ankle angle 
from 177.12 ± 2.16 to 178.36 ± 1.92, and a 19.2 % reduction of the 
knee lever arm [40]. Significant reduction of the stresses in the medial 
compartment of the knee joint after PFO was observed in finite element 
study of 10 patients [47]. The mechanism by which upper partial fibu-
lectomy improved the hip-knee-ankle angle and reduced the knee-lever 
arm is still not sufficiently elucidated. Qin et al. revealed that clinical 
improvement after PFO is proportional to the amount of distalization of 
the proximal fibula [48]. They conceptualized that after PFO, the soleus 
and peroneus longus pulled the fibular head down distally, creating 
traction in the lateral compartment and valgus rotation. Dong et al. 
presented another theory stating that removal of the proximal fibula 
resulted in less support of the lateral condyle and greater settlement of 
the lateral side of the tibial plateau [49]. Although the mechanism of 
these changes following a PFO is not clear, this procedure undoubtedly 
reduces knee lever arm and adduction moment, rebalances the biceps- 
proximal fibula–peroneus longus complex, and reduces the forces over 
the medial meniscus body (Fig. 1c). Consequently, we hypothesized that 
increase in medial joint space width after PFO would diminish meniscal 
extrusion. 

Consequences of the hypothesis and discussion 

Meniscal extrusion is found in several knee disorders, among which 
meniscal tears and OA are prominent. Thus, treatment is primarily based 
on the cause of meniscal external shift [8]. Although direct repair a 
detached meniscotibial ligament, meniscus root repair and restoration 
of the meniscus to its native position on the tibial plateau have been well 
established in the treatment of traumatic meniscal tears and meniscal 
extrusion, none of these methods have long-term follow-up data evalu-
ating efficacy [15,50–52]. Moreover, systematic review showed that 
reduction of meniscal extrusion was obtained in only 56% of patients 
[53]. Degenerative meniscal extrusion is usually a chronic process that is 
part of the progression of knee joint arthrosis. Conservative treatment 
with chondroitin sulfate, glucosamine, physical therapy or lateral wedge 
insoles may lead to alleviation of knee pain with minimal influence on 
meniscal extrusion [54–56]. In past decades, partial meniscectomy was 
considered as one of the options for treatment of meniscal tears. In 1948 
Fairbank, for the first time described the radiological changes occurring 
after meniscectomy [57]. Nowadays it is well established that menis-
cectomy leads to cartilage degeneration and osteoarthritis, even after a 
small resection of the meniscus [58]. Clinically, in the case of degen-
erative medial meniscus lesions, large medial meniscal extrusion and 
varus alignment are poor prognostic factors for arthroscopic partial 
meniscectomy [59]. 

The medial meniscal extrusion force has been shown to be correlated 
with the KAM and meniscal slope angle [29,60]. Solmonow-Awnon et al. 
reported that KAM depends on the value of ground reaction force and 
the distance from the centre of the knee joint to the centre of pressure of 
the foot (knee lever arm) [61]. Assuming that ground reaction force is 
constant, the only way to diminish the value of extrusion force and 
meniscal extrusion is to reduce the knee lever arm or meniscal slope 
angle. Astur et al. verified this hypothesis by performing 66 medial tibial 
opening osteotomies, with medial meniscal extrusion greater than 3 
mm, medial compartment knee pain and varus knee malalignment [17]. 
Measurements of meniscal extrusion, pre- and postoperatively, were 
made on MRI coronal view. They found out that at 6 weeks, post-
operatively, meniscal extrusion had decreased from 3.9 ± 0.6 mm to 0.9 
± 0.5 mm. Similarly, Lee et al. observed a decrease in medial meniscal 
extrusion from 3.6 ± 1.8 mm to 2.8 ± 1.5 mm after medial opening 
wedge HTO [62]. In addition, they found that a reduction in medial 
meniscal extrusion was correlated with preoperative varus alignment. 
Although medial opening wedge HTO is a common procedure for 
reduction of the knee lever arm, it has some disadvantages, including 
increased risk of nonunion and delayed union, peroneal nerve paralysis, 
surgical wound infection, deep vein thrombosis, vascular injury, and 
compartment syndrome [18,19]. 

Zou et al., in a prospective comparison study of 40 patients with PFO, 
and 52 patients with HTO for unilateral varus knee osteoarthritis, found 
significantly decreased operation time, perioperative bleeding, time to 
full weight-bearing, pain VAS score, and complications in the PFO group 
[63]. Wu et al. reported in meta-analysis of ten studies that PFO treat-
ment has the lower complications rate (7.7%) than HTO treatment 
(11%) [64]. The most serious complications include transient peroneal 
nerve injury, which resolved within 2–18 months, and peroneal nerve 
palsy [45]. Based on the above data, one can hypothesise that PFO may 
be considered a valuable, inexpensive, and safe option for meniscal 
extrusion treatment. The main advantage of this procedure is minimal 
surgical trauma, low costs of operation, little postoperative pain, fast 
rehabilitation, early weight-bearing and low rate of complications. 
Certainly, PFO is more invasive than pharmacological treatment. On the 
other hand, PFO treatment resulted in more favorable outcomes with 
less pain and better knee functions than other methods [45]. The main 
disadvantage of this procedure is a relatively small degree of hip-knee- 
ankle angle improvement. Therefore, the proposed indications for PFO 
surgery are degenerative meniscal extrusion with medial compartment 
knee pain and varus knee malalignment less than 5 degree [44]. The 
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literature presents no evidence for the direct influence of PFO on 
meniscal extrusion. The initial Author‘s observations allow to confirm 
the hypothesis presented above although further clinical trials are 
necessary to assess the influence of PFO on the amount of meniscal 
extrusion. 
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