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Abstract
Purpose  Meniscal graft extrusion is a concern following meniscal allograft transplantation (MAT). MAT surgical techniques 
continue to evolve in an effort to reduce extrusion; however, improvements remain difficult to measure in vivo. A novel MRI-
compatible in vitro loading device capable of applying physiologically relevant loads has been developed, allowing for the 
measurement of extrusion under a variety of controllable conditions. The objective of this study was to compare maximal 
medial MAT extrusion (1) with and (2) without an additional peripheral third point of fixation on the tibial plateau.
Methods  Twelve human cadaveric knees underwent medial MAT, utilizing soft tissue anterior and posterior root fixation via 
transosseous suture, with a third transosseous suture tied over a button providing peripheral fixation on the tibial plateau. The 
joint was positioned at 5 degrees of flexion and loaded to 1 × body weight (647.7 ± 159.0 N) during MR image acquisition, 
with and without peripheral fixation. The joint was then positioned at 30 degrees of flexion and the process was repeated. 
Maximal coronal extrusion was measured.
Results  An increase in maximal coronal meniscal extrusion was noted between the unloaded and loaded states. At 30 degrees 
of flexion, with the addition of a peripheral fixation point, a statistically significant difference in absolute extrusion (p = 0.02) 
and relative percent extrusion (p = 0.04) between the unloaded and loaded state was found. The addition of a peripheral fixa-
tion suture resulted in an overall mean percent difference of − 2.49% (SD 14.1; 95% CI − 11.95, 6.97; n.s.) in extrusion at 5 
degrees of flexion and a mean percent difference of − 0.95% (SD 7.3; 95% CI − 5.62, 3.71; n.s.) in extrusion at 30 degrees 
of flexion. These differences were not statistically significant.
Conclusion  These results suggest that the addition of a peripheral anchor in medial MAT does not reduce the amount of 
maximal coronal extrusion and, therefore, may not confer any clinical benefit. Surgical techniques utilized to reduce MAT 
extrusion need further investigation to understand if the added technical difficulty and potential expense is warranted.
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Introduction

The meniscus is one of the most commonly injured struc-
tures in the knee, resulting in pain, swelling and mechanical 
symptoms [1]. Although meniscus repair techniques have 
resulted in improved patient outcomes, partial meniscectomy 
remains one of the most common arthroscopic procedures 
performed in the knee. The loss of meniscus tissue results 
in a reduction of joint congruity and load sharing, and is 

associated with the degeneration of articular cartilage and 
premature development of osteoarthritis (OA) [2].

Meniscus allograft transplantation (MAT) has been 
advocated in the treatment of the partial or total meniscec-
tomized knee in young, active patients to provide pain relief 
and functional improvements [3]. However, MAT has not 
been shown to reduce the incidence of OA [4]. A major 
concern regarding MAT is post-operative extrusion of the 
meniscus graft, often visualized using magnetic resonance 
imaging (MRI) [5]. Graft extrusion, defined as the distance 
the meniscus graft displaces out of the joint [6], results in 
non-anatomic positioning of the allograft and can lead to 
biomechanical disadvantages such as loss of meniscal load 
sharing [5].
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As a result, the surgical technique of MAT continues 
to evolve. Early techniques involved the use of soft tissue 
anchors to attach the cadaveric meniscus graft into the 
affected compartment [7]. Later techniques employed the 
use of bone bridges or bone plugs, which retain the impor-
tant anterior and posterior meniscotibial ligaments, to pro-
vide strong attachment at these sites [8]. Recent studies have 
shown improved graft stability with bone plug fixation when 
compared to soft tissue anchor fixation [9, 10]. However, 
meniscus extrusion still remains a significant problem com-
mon to the aforementioned techniques [11]. Most recent 
techniques have attempted to employ different root fixation 
techniques again with the attempt of reducing extrusion 
[12–16].

Surgical techniques have been described in the literature, 
which may improve the incidence of extrusion. In 2003, 
Stone and Walgenbach published a technical note describ-
ing a three-tunnel technique, which involves a third fixation 
point of the meniscus graft to the tibia to increase the stabil-
ity of the graft [17]. In 2018, Masferrer-Pino et al. described 
an all arthroscopic technique that included a capsulodesis to 
try and reduce extrusion, reporting similar results to a bone 
bridge fixation, although they recognized a steep learning 
curve that may have had a negative impact on the results 
[13]. However, there is a paucity of data with regard to 
meniscus extrusion studied in a controlled, laboratory set-
ting. One major concern is that surgical techniques to reduce 
extrusion could result in over-constraining the meniscus 
graft, thereby altering the physiological loads placed on the 
graft, resulting in graft injury and, ultimately, failure of the 
MAT.

The hypothesis of this study was that an additional point 
of peripheral fixation of the meniscus graft to the tibial 
plateau would result in a reduction in meniscus extrusion 

during simulated joint loading following meniscal allograft 
transplantation.

Materials and methods

Twelve fresh-frozen human cadaveric knees (six males, 
mean age 67 years) underwent medial MAT using a stand-
ardized surgical procedure described below. Specimens 
were evaluated using a novel MRI-compatible loading 
device which is capable of positioning and loading a cadav-
eric knee joint using simulated quadriceps and hamstring 
forces applied via hydraulic actuators [18]. The device has 
been shown to have good repeatability and reproducibility, 
making it an effective tool for in vitro testing of soft tis-
sue repairs of the knee [18]. Magnetic resonance images 
were acquired with the joint positioned at 5 degrees and 30 
degrees of flexion, in both the unloaded and loaded states 
(Fig. 1).

Surgical technique

Knee joint specimens were prepared for the loading device 
as per a published protocol [18]. The specimens were 
size-matched to within 4 mm of fresh-frozen meniscus 
allografts via fluoroscopy using the technique described 
by Pollard et al. [19]. The native meniscus was removed 
arthroscopically by a fellowship trained knee surgeon who 
has clinical experience with MAT (blinded), preserving 
the peripheral rim. Arthroscopic medial MAT was then 
performed by the same surgeon, with fixation of the ante-
rior and posterior horns being achieved via two transos-
seous sutures tied over the anteromedial tibial cortex. The 
meniscus graft was fixated and sutured in place using a 

Fig. 1   Coronal plane MR image demonstrating medial meniscus allograft extrusion in a the unloaded state and b the loaded state, with NO ante-
rior or posterior horn fixation demonstrating the validity of the model
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standardized inside-out suture technique. A third transos-
seous tunnel was placed from the anterolateral tibial cortex 
to the periphery of the tibial plateau, at the 50% position 

on the circumference of the meniscus body as described 
by Stone and Walgenbach (Fig. 2) [17]. A suture was 
anchored to the meniscus and pulled through the tunnel; 
however, it was not fixed over a button on the anteromedial 
cortex until after the baseline MRI images were acquired 
(Fig. 3).

Imaging protocol

Knee specimens were manually cycled through ten repeti-
tions of flexion and extension prior to testing. The joint 
was loaded into the device and positioned at 5 degrees 
of flexion using a handheld goniometer. The device was 
loaded into a 3-Tesla MRI (MAGNETOM Prisma, Sie-
mens Healthcare) and T1-weighted VIBE images of the 
unloaded joint were acquired. Image acquisition time was 
approximately 6 min. Anatomical load was then applied 
in the MRI scanner via the quadriceps and hamstring 
muscle cables via hydraulic actuators until a joint load 
of approximately body weight (647.7 ± 159.0  N) was 
achieved. Another image was acquired in this loaded state. 
The knee joint was then positioned at 30 degrees of flexion 
and images were acquired in the unloaded and then loaded 
states. The peripheral, transosseous suture was then tied 
over a button and the entire series was repeated following 
manual conditioning of the knee joint.

This laboratory study was performed under the standard 
Western University institutional approval for the use of 
anonymous human cadaveric tissue.

Fig. 2   a Standard soft tissue fixation medial MAT; b addition of third 
transosseous suture to periphery (black line)

Fig. 3   Surgical technique, imag-
ing and loading order
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Data analysis

Meniscal extrusion was measured in the coronal plane 
using the technique described by Lee et al. [5] using Osi-
riX Imaging Software (Pixmeo) with a measurement accu-
racy of 0.1 mm [20]. Since maximal graft extrusion in 
the coronal plane usually occurs at the mid-body region, 
extrusion was measured on the most central coronal slice. 
Absolute meniscal extrusion, defined as the distance 
between the outer edge of the tibial plateau and the outer 
edge of the meniscus, was measured. Relative percentage 
of extrusion (RPE), defined as the width of the extruded 
menisci relative to the total width of the meniscus, was 
then calculated (Fig. 4) [5, 21].

Two fellowship trained orthopaedic surgeons indepen-
dently evaluated all of the scans (inter-rater reliability 
0.75; 95% CI 0.61–0.84) and the average value of their 
measurements were used during the analysis.

Statistical analysis

Meniscal graft extrusion measurements with two fixation 
points only were compared to those with the third fixation 
point using paired sample t tests at both 5 degrees and 30 
degrees of flexion. All statistical analyses were performed 
using SPSS Statistics version 22 (IBM Corp., Armonk, 
NY). A p value < 0.05 was considered to be statistically 
significant. A three-way ANOVA was then performed to 
determine if there is an interaction between surgical tech-
nique, knee flexion angle and load. The inter-rater reli-
ability of graft extrusion measurements was assessed by 
calculating the interclass correlation coefficient (ICC).

Results

Absolute extrusion and relative percentage of extrusion 
(RPE) of the meniscus graft increased when the joint was 
loaded compared to the unloaded state for both fixation 
techniques (Table 1; Fig. 5). At 30 degrees of flexion, the 
increase in extrusion for the three-tunnel fixation was sta-
tistically significant.

There were no statistically significant differences 
found between the two surgical techniques in mean dif-
ference measurements comparing loaded versus unloaded 
states (Table  2). The addition of a peripheral fixation 
suture resulted in an overall mean percent difference of 
− 2.49% (SD 14.1; 95% CI − 12.0, 7.0; n.s.) in extrusion 
at 5 degrees of flexion and a mean percent difference of 
− 0.95% (SD 7.3; 95% CI − 5.6, 3.7; n.s.) in extrusion at 
30 degrees of flexion. These differences were not statisti-
cally significant.

The three-way interaction between surgical technique, 
flexion angle and load was not statistically significant 
(n.s.).

Fig. 4   Relative percentage extrusion (RPE) measured on coronal slice 
MRI

Table 1   Graft extrusion 
following meniscus allograft 
transplant (MAT) using two 
different techniques of graft 
fixation

Values are reported as mean ± standard deviation
mm millimetres, n.s. non-significant
*Statistical significance

Absolute extrusion (mm) Relative percentage of extrusion (%)

Unloaded Loaded p value Unloaded Loaded p value

Standard root fixation
 5° 2.8 ± 1.2 2.9 ± 1.1 n.s 25.8 ± 13.8 26.2 ± 14.4 n.s
 30° 2.4 ± 0.9 3.0 ± 1.1 n.s 21.0 ± 9.5 24.6 ± 10.3 n.s

Three-tunnel fixation
 5° 2.2 ± 1.2 2.6 ± 0.8 n.s 19.3 ± 12.1 22.2 ± 8.9 n.s
 30° 2.3 ± 0.9 2.9 ± 0.7 0.02* 19.8 ± 9.9 24.3 ± 8.5 0.04*
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Reliability

In the present study, the inter-rater reliability for all measure-
ments was 0.75 (95% confidence interval 0.6–0.8), indicat-
ing good reliability [22].

Discussion

The most important finding of this study was that the addi-
tion of a peripheral fixation point did not affect the degree 
of graft extrusion following medial MAT. In 2003, Stone 
and Walgenbach [17] originally suggested that the addition 
of a third peripheral fixation point of the meniscus graft to 
the tibial plateau would increase the stability of the graft. 
Using fresh cadaveric knees fixed in a MRI-compatible 

joint loading device, our study is the first to use a simulated 
physiological loading approach to provide clear empirical 
evidence to suggest that the addition of a peripheral fixation 
point does not significantly change graft extrusion compared 
with traditional methods in both the loaded and unloaded 
states. To our knowledge no other studies examining the 
addition of a third point of fixation have been published.

In comparison to clinical studies we found lower abso-
lute values of graft extrusion. Ha et al. [21] found an aver-
age of 4.18 ± 1.44 mm of extrusion in medial MATs and 
3.65 ± 2.06 mm in lateral MATs. Lee et al. [5] found aver-
age values of 4.29 ± 1.39 mm and 2.74 ± 1.05 mm of abso-
lute extrusion in medial and lateral MATs, respectively. 
The largest value of extrusion in the current study was only 
3.02 ± 1.1 mm and it occurred in the loaded condition. This 
suggests that meniscus extrusion may gradually increase 

Fig. 5   Example of one specimen under all surgical and loading conditions. a–d The unloaded state. e–h The loaded state. a, e 5°, no peripheral 
fixation; b, f 5°, with peripheral fixation; c, g 30°, no peripheral fixation; e, h 30°, with peripheral fixation

Table 2   Mean differences in 
graft extrusion comparing 
loaded versus unloaded joints 
following MAT using two 
different techniques of graft 
fixation

Values are reported as mean difference ± standard deviation.
Mm millimetres, n.s. non-significant

Mean difference in absolute extrusion (mm) Mean difference in relative percentage of extrusion 
(%)

Standard root 
fixation

Three-tunnel 
fixation

p value Standard root fixation Three-tunnel 
fixation

p value

5° 0.1 ± 1.3 0.4 ± 0.8 n.s 0.4 ± 13.1 2.9 ± 7.5 n.s
30° 0.6 ± 1.2 0.6 ± 0.8 n.s 3.6 ± 10.2 4.5 ± 6.7 n.s
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over time and may indicate a combined mechanical and bio-
logical cause requiring further clinical investigation.

Numerous other studies examining meniscus extrusion 
following MAT have been published [5, 9, 21, 23–26]. 
Noyes and Barber-Westin [26] performed a systematic 
review to determine the incidence and clinical significance 
of meniscus extrusion following MAT. Seven studies found 
no significant association between extrusion and patient-
reported outcomes. However, most studies report short-term 
results following MAT.

It is hypothesized that meniscus extrusion results in the 
loss of articular surface cover and loss of contact with the 
joint surfaces resulting in reduced joint congruency, which 
in turn leads to increased contact pressures over the joint 
surface. This can potentially lead to the loss of chondropro-
tection and result in increased wear. Extrusion of the native 
meniscus has a high association with meniscal tears, and it 
has been associated with the development of osteoarthritis 
[27]. Therefore, extrusion following MAT may result in graft 
failure and the early development of osteoarthritis.

This is the first study to quantitatively study menis-
cal graft extrusion under simulated physiological loading 
in a controlled, laboratory setting. The ability to show an 
increase in extrusion under load and the high inter-rater reli-
ability (ICC 0.75) suggest this is an acceptable method for 
examining meniscus extrusion out of the knee joint. The 
ability to compare surgical techniques in a simulated, labo-
ratory setting is of huge benefit to the surgical community.

This study is limited by its small sample size, resulting 
in high variability and inadequate power to draw definitive 
conclusions. However, in vitro testing is both costly and 
time consuming, and this exploratory study of 12 cadaveric 
knee joints offers an initial baseline of the magnitude of 
graft extrusion following MAT. Furthermore, due to limited 
resources not all allografts were perfectly size-matched to 
the knee specimens. In the clinical setting, MAT would only 
proceed when a perfect size-match was found. Knee flexion 
angles were set using a handheld goniometer which has been 
shown to have an error of anywhere between five and ten 
degrees [28]. Lastly, some of the knees had prior meniscal 
damage with the peripheral rim not fully intact. This may 
have a significant effect on post-op extrusion and requires 
further study.

The clinical relevance of this study pertains to the extra 
point of fixation of a medial MAT. Following on from 
Stone’s original paper [17], there have now been a number of 
technical studies describing the use of peripheral fixation in 
MAT. To date, none of these techniques have actually been 
investigated as to whether they actually reduce extrusion, 
and whether this has an effect on clinical outcome following 
MAT. Until that time, this current shows that the addition 
of peripheral fixation may not be worth the added techni-
cal complexity, expense of fixation, and potential further 

surgical morbidity. Translation into common clinical prac-
tice should, therefore, be guarded until clinical studies have 
investigated its utilization and efficacy more rigorously.

Conclusions

The present study provides evidence to suggest that the addi-
tion of a peripheral anchor does not significantly change the 
amount of maximal coronal extrusion of a medial meniscal 
allograft, and is thus not recommended when performing 
MAT. Furthermore, using an MRI-compatible joint loading 
device, our study provides the first example of specimen-
matched, radiographic surgical assessment of human joints 
during unloaded and physiologically loaded condition states.
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