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Abstract

Purpose Injury or degeneration of the meniscus has been associated with the development of osteoarthritis of the knee joint.
Meniscal allograft transplant (MAT) has been shown to reduce pain and restore function in patients who remain symptomatic
following meniscectomy. The purpose of this study is to evaluate and compare the three-dimensional (3D) strain in native
medial menisci compared to allograft-transplanted medial menisci in both the loaded and unloaded states.

Methods Ten human cadaveric knees underwent medial MAT, utilizing soft-tissue anterior and posterior root fixation via
transosseous sutures tied over an anterolateral proximal tibial cortical bone bridge. The joint was imaged first in the non-
loaded state, then was positioned at 5° of flexion and loaded to 1x body weight (650 + 160 N) during MR image acquisi-
tion. Anatomical landmarks were chosen from each image to create a tibial coordinate system, which were then input into
a custom-written program (Matlab R2014a) to calculate the 3D strain from the unloaded and loaded marker positions. Six
independent strains were obtained: three principal strains and three shearing strains.

Results No statistically significant difference was found between the middle and posterior strains in the native knee com-
pared to the meniscus allograft. This would suggest that soft-tissue fixation of meniscal allografts results in similar time zero
principal and shear strains in comparison to the native meniscus.

Conclusion These results suggest that time zero MAT performs in a similar manner to the native meniscus. Optimizing MAT
strain behavior may lead to potential improvements in its chondroprotective effect.
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Introduction

In the face of irreparable meniscal injury, treatment options
include partial or total meniscectomy. As noted by Fairbanks
in 1948, meniscectomy causes deleterious effects on the
mechanics of the knee joint [5], resulting in pain, swelling,
and mechanical symptoms. This is due to disruption of load
distribution, increased contact stress, and loss of stability [4,
14]. Studies have shown that total meniscectomy can result
in a 14-fold increase in the development of osteoarthritis [8].
This has led to further clinical investigation on the impact of
meniscus loss, as well as further study of meniscal repair and
rehabilitative techniques to preserve meniscal function [13,
18]. As such, meniscus preservation by means of repair should
be attempted where possible, with techniques such as meniscus
transplantation considered in applicable cases [13, 14].

Meniscal allograft transplantation (MAT) has been shown
to reduce pain and help restore function in patients who are
symptomatic following a full or partial meniscectomy [4, 14].
It has been shown that MAT improves symptoms, function,
and quality of life at 7-14 years of follow-up [20]; however,
there is still a paucity of data regarding the long-term chon-
droprotective effects of MAT [12, 21].

Three broad categories of surgical technique have been
described each utilizing either bone plugs, bone bridges/slots,
or soft-tissue fixation only, to attach the meniscus roots to the
tibial plateau. To date, there is no consensus as to which tech-
nique produces the best clinical results. Cadaveric studies favor
bony fixation over suture-only fixation to ensure that tibial
contact forces and hoop stresses are recreated as accurately as
possible; however, this has only been assessed by measuring
meniscus graft extrusion and contact pressures in the tibiofem-
oral compartment under the meniscus graft [9, 16, 17]. This
is not a good measure of in-situ strain within the transplanted
tissue itself. To the authors’ knowledge, in-situ strain has never
been measured in native and transplanted menisci, particularly
under physiologic load. This study, therefore, aims to evalu-
ate and compare the three-dimensional (3D) strain in native
medial menisci and in allograft-transplanted medial menisci
in both the loaded and the unloaded states utilizing a novel 3D
imaging technique. The hypothesis of this study was that MAT
can closely recapitulate the in-situ strain distribution of the
native meniscus using an all arthroscopic soft-tissue fixation
surgical techniques.

Materials and methods

Ten fresh-frozen human cadaveric knees (5 males; mean age
67) were evaluated using a novel MRI-compatible loading
device which is capable of positioning and loading cadav-
eric knee joints using simulated quadriceps and hamstrings
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forces [7]. This loading device consists of three hydraulic
actuators which can position the joint between 0° and 110°
of flexion. The knee joint has five degrees of freedom with
load applied in a physiologically relevant way by simulating
muscle forces of the quadriceps and hamstring. Specimens
were prepared for imaging as outlined below, and then, posi-
tioned and micro-computed tomography (CT) images were
acquired with and without a simulated muscle load applied.

Specimen preparation

The cadaveric knees were prepared as previously described
by Gonzalez-Lecuna et al. to enable insertion in the loading
device [3]. Eight Teflon beads measuring 0.8 mm in diam-
eter were then inserted in two tetrahedral formations in the
middle 1/3 and posterior 1/3 of the native medial meniscus
under arthroscopic guidance using an 18G spinal needle.
The knee was manually manipulated through ten cycles of
flexion and extension prior to testing. The joint was placed
into the loading device and set to 5° of flexion using a hand-
held goniometer.

MAT surgical technique

Meniscal allografts were sourced from the Musculoskel-
etal Transplant Foundation (MTF) and size-matched using
fluoroscopic tibial plateau coronal width measurements with
magnification marker as per the Pollard method [19]. Eight
0.8 mm Teflon beads were inserted in two tetrahedral for-
mations in the middle 1/3 and posterior 1/3 of the medial
meniscus allograft using an 18G spinal needle. The native
medial meniscus was then removed arthroscopically and
replaced with a meniscus allograft utilizing soft-tissue ante-
rior and posterior root fixation with transosseous sutures tied
over an anterolateral proximal tibial cortical bone bridge.

Imaging protocol

Micro-CT imaging was acquired using a 154 um resolu-
tion volumetric cone-beam micro-CT scanner (GE Locus
Ultra) with an approximately 16 s image acquisition time.
The specimen was imaged first in the non-loaded state, fol-
lowing which load was applied to the knee joint via the
muscle cables until a joint load of approximately 1Xx body
weight (650 + 160 N) was reached. Another image was then
acquired in the loaded state. The imaging process was then
repeated for the knee following MAT.

Meniscus strain measurement
To quantify the strain in the tissue, the centroid 3D coordinates

of each marker were recorded using MicroView 3D Image
Viewer 2.5.0-2589 [11]. To create a tibial coordinate system,
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anatomical landmarks were chosen from each image. These
landmarks were the center of the medial and lateral femoral
contact areas on the tibial plateau and the center most distal
point on the tibia. The line from the lateral to medial landmark
is the medial-lateral axis (positive medial) and the mid-point
between those two points to the distal landmark is the supe-
rior—inferior axis (positive superior). A cross product of those
two axes determines the anterior—posterior axis. Another cross
product of the superior—inferior and anterior—posterior axes is
taken to form a new medial lateral axis to ensure that all three
axes are orthonormal. Marker coordinates were then trans-
formed into the tibial coordinate system to establish anatomi-
cal directions for calculations of strain. These coordinates were
then input into a custom-written program (Matlab R2014a) to
calculate the three-dimensional strain from the unloaded and
loaded marker positions as described by Waldman et al [22].
The markers that formed the vertices of the tetrahedron were
non-coplanar and defined a volume no greater than 9 mm®
and no less than 0.1 mm®. Preliminary results showed this
to be a reasonable range of volume measurements, above or
below which the results became erratic. The tetrahedron must
be small enough that the tissue properties can be assumed to
be homogeneous throughout [22].

Six independent strains were obtained, three principal
strains, and three shearing strains, according to the following
equation:

303
As* — Asg = Z Z ZEUAal-Aaj, (1)

i=1 j=1

where As, is the original distance between the markers
prior to loading and As is the distance between the markers
after loading, E is the strain, Aq; is the distance from the first
marker to the tibial coordinate system, and Ag; is the distance
from the second marker to the tibial coordinate system [22].
This equation yields six algebraic equations which can be
solved to obtain the six strain components of the symmetric
strain tensor.

A separate knee joint (70 years, male) was used to evaluate
the repeatability of this method. Five repeated loading trials
and image acquisition sequences were conducted on this knee.
For the five repeatability trials, a maximum standard deviation
of 2.51% was found for all six directions of strain [11].

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

Statistical analysis
Ten knees were selected in this study to determine differ-

ences in principal strains, based upon a standard number of
specimens required for cadaveric testing. Statistical analysis

using repeated-measures ANOVA (IBM SPSS Statistics 22)
was conducted to determine differences in strain between
native and allograft menisci. Significance was assumed to
be present for P <0.05.

Results

Figure 1 shows the average 3D strain found in eight knees for
the middle 1/3 of the meniscus for both loaded and unloaded
conditions. Figure 2 shows the average 3D strain found in
eight knees for the posterior 1/3 of the meniscus for both
conditions. Medial-lateral (ML), anterior—posterior (AP),
and superior—inferior (SI) principal strains are shown. Direc-
tions ML/AP, ML/SI, and AP/SI indicate shearing strains.

No statistically significant difference was found between
the middle and posterior strains in the native knee compared
to the meniscus allograft.

Discussion

The most important finding of this study is that, at time
zero, contemporary soft-tissue surgical techniques of MAT
result in similar principal and shear strain values to that of
native menisci. To our knowledge, this is the first study to
quantitatively study regional 3D meniscal strain in human
knees under the simulated physiological loading with the
purpose of evaluating differences between native menisci
and MAT. This could lead to a more standardized method
of comparison to elucidate the efficacy of different surgical
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Fig. 1 Strain profile in the mid-body position of the medial meniscus.
a Intact meniscus; b medial MAT using soft-tissue anterior and pos-
terior root fixation via transosseous tunnels tied over a cortical bone
bridge. Positive bars represent tensile strain, whereas negative bars
represent compressive strains
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Fig.2 Strain profile in the posterior horn position of the medial
meniscus. a Intact meniscus; b medial MAT using soft-tissue anterior
and posterior root fixation via transosseous tunnels tied over a corti-
cal bone bridge. Positive bars represent tensile strain, whereas nega-
tive bars represent compressive strains

fixation techniques for MAT, as well as for the development
of meniscal prostheses or scaffolds.

The results for the MAT, especially for the middle posi-
tion, seem to follow the same pattern as the intact meniscus
in which the meniscus responds and deforms in response to
tibiofemoral loading. This causes hoop stresses [13], which
may result in fibers in the ML direction being compressed
and fibers in the AP direction being tensioned as the menis-
cus is mainly anchored at the anterior and posterior horn
attachments. The tensile strain in the middle region of the
meniscus in the SI direction is accompanied by the compres-
sive strain in the ML direction. In the posterior region of the
meniscus, the SI compression is accompanied with tensile
strains in the AP direction. These results and the similarities
in the strain distributions between intact and medial MAT
are corroborated by other research showing positive out-
comes with soft-tissue fixation alone [1, 2, 6, 14, 20].

Whilst some biomechanical studies comparing bone and
soft-tissue fixation have shown favorable results with bone
fixation, clinical studies have shown that both methods
alleviate symptoms and produce good mid-to-long-term
results [10]. Literature reviews of studies evaluating the
different methods have yet to determine which fixation
technique is most efficacious [10, 12, 19]. It has been sug-
gested that soft-tissue fixation techniques may be superior
to bone fixation techniques in causing less intra-articu-
lar damage, as well as the ability to be conducted fully
arthroscopically [1]. In addition, the use of bone fixation
requires a higher degree of accuracy in size-matching
of the allograft. Accurate size-matching is crucial pre-
operatively, and an inaccurately size-matched graft may
significantly affect the outcomes of the procedure [12].
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Establishing which fixation method has the best results
could lead to the standardized protocols to help improve
outcomes following MAT, and potentially result in greater
chondroprotective effects.

The limitations of this study include the limited sample
size of knees tested given the variability of the results. How-
ever, in-vitro testing is both costly and time-consuming, and
this initial study of ten cadaveric knee joints offers an initial
baseline of the magnitude and distribution of strain in the
native meniscus. There was also variability in the state of
the meniscus of each knee; four of the ten knees had notice-
able deterioration or tears in the tissue, and the average age
of the specimens (67 years) represented an older popula-
tion. There was also some variability in the location of the
markers placed in the meniscus as the markers were placed
manually using arthroscopy. However, efforts were made to
ensure that the markers were as equidistant as possible and
tetrahedron volume was no greater than 9 mm? to ensure that
the tissue contained within the tetrahedron can be assumed
homogeneous [22]. The knee flexion angle of 5° was set
using a hand-held goniometer which has been shown to have
variability of only +1.56° [15].

The clinical relevance of this study is that following
MAT, utilizing a soft-tissue only fixation technique, time
zero-strain behavior of the transplanted tissue behaves in a
similar manner to that of the native meniscus. It is unclear
what effects cyclic loading over time would have on this
model in an in-vivo environment. As such, further work
is required to establish what surgical techniques may best
recapitulate normal physiological strains in the meniscal
allograft over time. This model may assist in determining
this information.

Conclusion

A new method of measuring of 3D strain in an in-vitro
cadaveric model is presented which can be used to compare
differences in surgical fixation techniques for MAT. Strain
measurements for medial MAT were found to replicate the
range found within the native menisci and no significant dif-
ferences in the distribution of strain were uncovered.
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