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Featured Application: This study provides data and rationales to aid researchers in the selection
of surrogate models for in vitro assessments of surgically repaired meniscal roots. The results are
potentially applicable in experimental in vitro investigations aimed at evaluating the performance
of surgical repair both in existing approaches and emerging techniques. It could also be of interest
for studies seeking to adjust material models of the meniscal tissue around the suture area for
incorporation into computational models.

Abstract: Meniscal root repair is not routinely recommended for patients over 75 years old, yet
surrogate age-unrestricted human or porcine models are used for its evaluation. This study assesses
the suitability of older human or porcine meniscus models for in vitro testing of the sutured meniscal
horn. Three groups of menisci underwent a load-to-failure test with continuous monitoring of
the traction force and deformation around the suture: human < 75 years, human ≥ 75 years, and
porcine. Both surrogate models were compared to the younger group. The porcine group exhibited a
172.1%-higher traction force before tearing (p < 0.001) and a 174.1%-higher ultimate force (p < 0.001),
without there being differences between the human groups. At tissue level, the older group had a
28.7%-lower cut-out stress (p = 0.012) and the porcine group had a 57.2%-higher stress (p < 0.001).
Regarding elasticity at the sutured area, a 48.1%-greater deformation rate was observed in the older
group (p < 0.001), without difference for the porcine group. In conclusion, neither the porcine nor the
older human model demonstrated a clear advantage as a surrogate model for young human sutured
meniscal horns. The older human meniscus is preferable for resistance at the specimen level, while
the porcine model better represents deformation in the sutured zone.

Keywords: meniscal repair; surrogate models; human meniscal tissue; meniscal root detachment;
suture; resistance; deformation

1. Introduction

The menisci of the knee are fixed by ligamentous attachments that retain them in the
intra-articular zone while allowing the necessary mobility (up to 10 mm [1]) to be placed
between the tibia and femur at the contact area, which shifts during flexion–extension. The
meniscal roots are the only ligamentous attachments with direct insertion into the bone,
playing a crucial role in meniscal function. Complete meniscal root avulsion has been
shown to cause significant changes in the contact biomechanics of the knee, increasing
pressure and decreasing the contact area on the cartilage of the affected compartment,
changes that may be similar to those observed for total meniscectomy [2–4]. Biomechan-
ical studies have also highlighted the role of meniscal roots as secondary stabilizers of
knee kinematics, contributing to the restriction of anteroposterior translation and internal–
external rotation [5–7]. From a clinical point of view, a meniscal root detachment can
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lead to the rapid development of arthritis [8] or osteonecrosis [9] as a consequence of
biomechanical alterations. The surgical treatment of meniscal root avulsions has currently
evolved from partial meniscectomy to meniscal root reinsertion [10]. The surgical repair
can be performed using two techniques: transtibial [11,12] or in situ fixation [4,13]. In both
approaches, sutures are passed through the horn of the injured meniscus to hold it in place.

Some research studies have subjected sutured meniscal horn specimens to in vitro
tests to evaluate the performance of surgical suture materials [14–17], the effectiveness
of suture techniques [12,18–21], the validity of suturing or fixation devices [21–24], and
the suitability of surgical approaches [18,25–27]. Both the resistance of the meniscal horn
to suture traction without tear initiation and deformation at the suture area are assessed
in these studies. Knowledge of the resistance to traction of the repaired meniscus is
important in preventing the failure of surgical intervention, while monitoring post-repair
displacements generated by suture traction is needed to ensure that they remain within
clinically acceptable limits [28].

Porcine models are often chosen in experimental constructs [12,15–19,21,23,26–29]
because of their reduced variability and their similarities with human menisci in terms
of anatomical structure, vascularity, volume, and weight, although the width of porcine
menisci is greater [30]. In addition, the kinematics of the porcine knee reasonably ap-
proximates that of the human knee. Consequently, the porcine model is a practical and
economically feasible choice that finds extensive use in the biomechanical testing of menis-
cal repair and replacement techniques and allows for the reasonable translation of the
results to clinical applications [31–34]. However, it is not proven that the entire set of biome-
chanical properties of the porcine meniscus matches those of the human meniscus [33–35],
raising concerns about the use of this model as a human surrogate and underscoring
the need to evaluate its applicability in relation to the specific parameters intended to
be studied.

Other in vitro studies use human menisci [4,36–39], despite their greater heterogene-
ity among donors. And perhaps more importantly, although meniscal root repair is
indicated for non-elderly patients, with the age cut-off being increasingly high in new
paradigms [40–42], donors are not limited by age in many in vitro biomechanical studies.
Therefore, the studies sometimes involve tissue from donors of a very advanced age.

Another interesting use of experimental models of the meniscus is in computational
modeling, where material models of meniscal tissue are adjusted from properties obtained
from in vitro tests of tissue samples from various origins, including animals and older
humans. In this context, the analysis and optimization of different suturing techniques for
meniscal root repair could greatly benefit from a tissue model that incorporates the effect
induced by thread traction around the suture hole. In order to have an adequate model,
it is necessary to perform a large number of experiments, with tissue availability being a
major issue.

It is currently unknown as to whether the use of porcine or aged cadaveric material
is appropriate for studying the behavior of repaired meniscal roots in adults. To our
knowledge, their suitability as substitutes for younger human tissue has not been compared.
The objective of this study is to assess the suitability of these two models for in vitro testing
of meniscal root repair in terms of suture pull-out resistance and suture traction-induced
displacements around the suture site. Our working hypotheses in studies on the mechanical
behavior of the sutured meniscal horns in adults are the following: (1) meniscal tissue from
older donors (≥75 years old) does not adequately represent the biomechanical behavior of
the younger meniscus; (2) the porcine meniscus is a good surrogate for the human meniscus
at an age routinely eligible for repairing.

2. Materials and Methods

To test the working hypotheses, three groups of isolated sutured menisci were con-
sidered: human <75 years, human ≥75 years, and porcine. The human <75 years group
acted as the control group, while the human ≥75 years and porcine groups represented the
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experimental models under analysis. Isolated meniscus models were tested to focus the
study on the behavior of the tissue–suture interface.

After approval by the Ethical Committee of Experimentation of the University of
Malaga, to extract the menisci, 38 cryopreserved human knees from the mid-femur to the
mid-tibia with no previous history of knee osteoarthritis, knee fractures, or surgery on the
meniscus or tibial plateau, provided by a specialized company, and 22 stifle joints of adult
pigs donated by a Spanish local slaughterhouse, also from the mid-femur to the mid-tibia,
were used, complying with all legal and ethical requirements.

2.1. Specimen Preparation

Adult human knee joints were classified in two age groups, with an age limit of
75 years old. They were individually stored at a temperature of −20 ◦C in sealed plastic
bags. The age limit of 75 years old was selected, taking into account recent recommenda-
tions on age extension for meniscal repair surgery.

The day prior to testing, the knee was left to thaw at room temperature, wrapped in
dampened gauze. Once thawed, the knee was dissected, and the menisci were extracted.
They were visually inspected for any potential damage or pathology, specifically at the
roots and horns. The eligibility criteria required a minimum macroscopic quality grade
of 3, according to the scale of Pauli et al. [43]. Upon meeting this criterion, the menisci were
randomly assigned to undergo either anterior or posterior surgery. Finally, each meniscus
was wrapped in a dampened gauze and individually packed in a sealed plastic bag to keep
it hydrated in the cooler until the time of testing. Sixty-six human menisci, divided into
two groups, were included in the study.

Porcine menisci were harvested, preserved, and prepared following the same proce-
dure described for human specimens. The samples were obtained from skeletally mature,
freshly slaughtered 6-month-old pigs weighing approximately 100 kg. The required inclu-
sion criteria were the absence of macroscopic degenerative changes and traumatic damages.

At the time of testing, the meniscus was taken from the freezer and removed from the
plastic bag. Then, a surgical suture of the horn was simulated by a specialized surgeon
inserting a #2 non-absorbable, high-resistance, 100% UHMWPE, braided fiber thread (Force
Fiber™ #2, Stryker Iberia, Madrid, Spain) using the attached ½ circle tapered needle. A
single simple suture was chosen for the surgical simulation. The puncture was made at
5 mm from the internal meniscal edge and from the end of its root to be consistent with the
zone where the surgical hole is made during the surgical procedure [29,44,45]. Although it
is known that a single simple stitch is neither the most resistant nor the most commonly
applied method for repairing a complete meniscal horn tear, it was selected because the
use of multiple threads introduces uncertainty in load distribution, which hinders accurate
load determination at the meniscus–suture interface. The use of a single suture creates the
simplest tissue–suture interface, making it easier to quantify the resistant area of the tissue.

After suturing, the meniscus thickness was measured with a manual caliper at the
point where the needle had been inserted. Then, the suture–meniscus set was wrapped
again in a dampened gauze to keep it hydrated.

2.2. Biomechanical Testing

A single-axis testing machine (Figure 1), specially designed for biomechanical tests [46],
was used to subject the sutured meniscus to a load-to-failure test. Three orthogonal axes
are defined in the testing machine, with the z-axis coinciding with the servomotor screw
that sets the direction of traction (Figure 1). The suture–meniscus set was placed in the
testing machine in two phases. First, the meniscus was fixed with a clamp at approximately
8 mm from the suture point, using sandpaper surrounding the clamping area to increase
friction. The meniscus was carefully oriented with the cranial surface facing the outer
side of the testing machine, the longitudinal fibers of the horn were aligned to the loading
direction, and the suture hole was centered with the actuator head in the loading direction.
Second, the two free ends of the suture were also wrapped in sandpaper and attached to a
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mechanical clamp on the machine head, with 55 mm between the puncture point and the
limit of the clamp when the suture is pulled manually, with just enough traction to keep it
vertical. Fifty-five millimeters were selected as representative of the expected suture length
in a transtibial meniscal horn repair [14,47]. An electronic inclinometer (Bubble Level 3D,
v. 2.2.4, Maleirbag, 2022, Puebla, Mexico, installed on the smartphone M2002F4LG, Xiaomi,
Beijing, China) was used to orient the meniscus so that its cranial and caudal surfaces
were within the plane defined by the z-axis (traction direction) and the y-axis (transverse
direction) of the testing machine as close as possible. Once the meniscus–suture set had
been placed on the testing machine, two ink points were marked with a surgical pen on the
cranial side. Aided by the inclinometer to identify the direction of traction on the meniscal
surface, the points were located along a line in that direction passing through the suture
hole: Point1 on the suture limb coincident with the meniscus–suture interface; and Point2
on the opposite side of the hole in its immediate surroundings (Figure 2). These marks were
used for videogrammetric analysis of the displacements around the hole in the direction
of traction.
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The servo controller of the testing machine (SGDH-15AE-S-OY, Yaskawa Electric,
Fukuoka, Japan) recorded the actuator displacement in the pull direction, and a 2000 N
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load cell of accuracy class 0.1 (U2B, HBM, Darmstadt, Germany) registered the applied
traction force. Both signals were sampled at 1000 Hz. For videogrammetric analysis, a
digital camera (VCXU-124C, Baumer, Frauenfeld, Switzerland) (Figure 1), synchronized
with the sensors of the testing machine, was placed facing the cranial surface of the
meniscus. For this purpose, the camera was mounted on a tripod (808RC4, Manfrotto,
Cassola, Italy) featuring three rotating orthogonal mechanisms (Figure 1), and, using the
electronic inclinometer, it was positioned to align its image plane with the plane containing
the z and y axes of the testing machine, i.e., approximately parallel to the mid transverse
plane of the meniscus. The camera was equipped with a 2.8/75 mm lens (C7528-M, Pentax,
Tokyo, Japan). Images were acquired with a 250 ms sampling period.

The sutured meniscus was initially pulled to 1 N at 0.05 mm/s, held at this load level
for 5 s to allow the specimen to stabilize, and then subjected to a displacement-controlled
load-to-failure test at 0.1 mm/s.

2.3. Data Analysis

To assess the resistance at the specimen level, the force that initiated this meniscal
tear, i.e., the meniscal cut-out force, FC, was registered for each specimen. The initiation
of meniscal tissue cut-out was identified as the point of change in the slope of the curve
representing the displacement of Point1 with respect to Point2, D, as a function of the
traction force [46]. The tearing initiation was also verified by checking the video images to
validate the accuracy of the detection. The maximum force borne by the specimen in the
load-to-failure test, i.e., the ultimate force, Fu, was also registered.

At the tissue level, the tissue cut-out stress of the meniscal horn, Sc, was calculated as
the engineering stress at the suture–meniscal interface at the tearing initiation as follows:

Sc =
FC
ϕ·h , (1)

where ϕ is the nominal diameter of the suture, and h is the meniscal thickness at the hole,
i.e., the denominator is the projected area at the meniscus–suture interface. Equation (1)
may underestimate the contact surface at the beginning of the test since the suture passage
may not be perfectly orthogonal to the meniscal surfaces despite being subjected to a tensile
force of 1 N. However, as the test progresses, the thread will rapidly orient itself to minimize
the contact area.

To evaluate tissue deformation around the suture site, an equivalent stiffness modulus
on the traction direction of the suture, m, was calculated as the slope of the linear approxi-
mation of the stress–strain curve, σ − ε, in the range of ε = [0, 0.3]. The engineering stress
in the traction direction at the meniscus–suture interface was calculated for the test points
prior to the initiation of tearing with an expression similar to the one used in Equation (2),
i.e.,

σ =
F

ϕ·h , (2)

where F is the traction force recorded by the load cell during the test. And the strain was
computed as follows:

ε =
D
D0

− 1, (3)

where D0 is the distance between Point1 and Point2 computed in the first frame of the
load-to-failure test, and D is the distance between them computed in subsequent frames.

2.4. Statistical Analyses

Sample size was determined using G*Power 3.1.9.7 software [48] for a minimum
detectable difference of 15 N between the older human group and the younger human
group as the control group, using a t-test at α = 0.05 with a power of 0.80 and an allocation
ratio of N/Nc = 0.5 and a standard deviation of 21 N estimated from a preceding work [49].
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The resulting minimum control group size was Nc = 41. The difference of the 15 N selected
represents 25% of the Fc of the 60 N estimated for the younger human group from the data
of the aforementioned previous work. This difference was considered sufficiently large so
the adequacy of the experimental models analyzed, i.e., the human ≥75 years and porcine
groups, could not be considered representative of the control group, i.e., human <75 years.
Finally, conservative group sizes of Nc = 44 for the control group and N = 22 for the test
groups were chosen to allow for the exclusion of specimens and samples that did not meet
the criteria for parametric testing.

Descriptive statistics and comparative tests were conducted using IBM® SPSS® Statis-
tics, v.23 (IBM, Chicago, IL, USA). To assess differences in the mechanical properties at the
suture site between the younger human group and each of the groups representing a differ-
ent experimental model, non-parametric Kruskal–Wallis omnibus tests for independent
samples were carried out. When differences were detected, post hoc analysis consisted of
pre-planned comparisons of each model with the control group using Dunn–Bonferroni
tests with correction for two comparisons. These nonparametric tests were chosen be-
cause all samples failed either the normality test or the homogeneity of variances test.
p values ≤ 0.05 were regarded as significant.

3. Results

The three study groups included in the study showed the following characteristics:

• Human <75 years group: 45 younger-than-75-years-old menisci (mean age 51.00 years,
SD 13.56, range 28–67 years) obtained from 24 cadaveric knees of 24 donors after
discarding 3 menisci due to not meeting the inclusion criteria. The group consisted
of 27 menisci from men and 18 from women, 23 medial and 22 lateral menisci, 22 for
anterior and 23 for posterior surgery.

• Human ≥75 years group: 21 75-years-old-or-older specimens (mean age 84.86 years,
SD 3.82, range 82–95 years) obtained from 14 cadaveric knees of 14 donors after
discarding 7 menisci due to not meeting the inclusion criterion. The group consisted
of 9 menisci from men and 12 from women, 11 medial and 10 lateral menisci, 9 for
anterior and 12 for posterior surgery.

• Porcine group: 21 menisci from 22 6-month-old pigs. All of them met the inclusion
criteria. The group consisted of 11 medial and 11 lateral menisci, 10 for anterior and
12 for posterior surgery.

3.1. Meniscal Horn Thickness at the Suture Point, h

At the suture site, older human menisci were thicker than the younger menisci
(p = 0.012), with a 24.7%-greater mean value. The difference in thickness was even more
pronounced in the porcine group, which was 83.8% thicker (p < 0.001) (Figure 3 and Table 1).

Table 1. Meniscus thickness of the meniscal horn at the sutured area.

Human <75 Years Human ≥75 Years Porcine

Mean 2.71 mm 3.38 mm ‡ 4.98 mm ***
SD 0.60 mm 0.85 mm 1.13 mm

Significant difference compared to human <75 years: ‡ p = 0.02; *** p < 0.001.
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Figure 3. Box plot showing the meniscal horn thickness at the sutured area, h, for the test groups.
Each box represents the interquartile range (IQR) of the respective group, i.e., the 25–75% percentile,
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vertical line correspond to the maximum and minimum values excluding outliers, i.e., the points
outside 1.5 times the IQR. Dots represent all data points. Significant difference compared to human
<75 years are indicated as * p < 0.05; *** p < 0.001.

3.2. Meniscal Resistance to Cut-Out Initiation, Fc

Compared to the younger human group, the specimen resistance to cut-out initiation
by suture traction, FC, was significantly higher in the porcine group (p < 0.001), with
a 172.1% increase in the mean value (Table 2a and Figure 4a). However, no significant
difference was found between the younger and older human groups.

Table 2. Mechanical properties of the meniscal horns at the suture insertion point area: (a) specimen
cut-out force; (b) specimen ultimate force; (c) tissue cut-out resistance; (d) tissue equivalent stiffness
modulus.

Human <75
Years

Human
≥75 Years Porcine

(a) Fc (N) Mean 60.1 54.5 168.9 ***

SD 19.9 16.9 50.4

(b) Fu (N) Mean 75.1 70.5 205.8 ***

SD 29.6 21.9 74.3

(c) Sc (MPa) Mean 47.4 33.8 * 74.5 ***

SD 14.1 13.1 27.5

(d) m (MPa) Mean 110.7 57.5 *** 111.3
SD 55.6 32.0 52.1

Significant difference compared to human <75 years: * p < 0.05, *** p < 0.001.
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Figure 4. Box plots of the test groups showing (a) specimen cut-out force, FC; (b) specimen ultimate
force, Fu; (c) tissue cut-out resistance, SC; (d) tissue equivalent stiffness modulus, m. For each group,
the box represents the interquartile range (IQR) of the respective group, i.e., 25–75% percentile, with
the central horizontal line indicating the median value. The upper and lower limits of the vertical line
correspond to the maximum and minimum values excluding outliers, i.e., the points outside 1.5 times
the IQR. Small circles correspond to outliers, if found. Dots represent all data points. Significant
difference compared to human <75 years are indicated as * p < 0.05; *** p < 0.001.

Analysis of the video recordings confirmed that tearing was initiated slightly before the
first local maximum of the force–deformation curve, consistent with previous reports [46].

3.3. Meniscal Ultimate Force, Fu

The results of the comparison between the testing groups and the control for the
ultimate meniscal force were similar to those for Fc (Table 2b and Figure 4b): the older
human group was quite similar to the younger human group (the mean values differed by
only by 6.1%), while the porcine model was 174.1% larger (p < 0.001).

Comparing the mean values of the ultimate force and the resistance to cut-out initiation
for each group, Fu was 24.9% higher than Fc in the younger human group, 29.3% in the
older human group, and 21.9% higher in the porcine model.
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3.4. Tissue Cut-Out Resistance, Sc

When comparing the human meniscus groups, the sutured tissue in the older group
was less resistant, with a mean SC 28.7% lower than in the younger group (p = 0.012). On
the other hand, porcine tissue was more resistant than younger human tissue (p < 0.001),
requiring a 57.2%-higher mean stress value to reach the cut-in point (Table 2c and Figure 4c).

3.5. Tissue Equivalent Stiffness Modulus, m

figfig:applsci-2773800-f005a illustrates typical load–displacement curves for each of the
sample types included in the study. Figure 5b displays the corresponding stress–strain curves
for these representative samples, along with their linear adjustments in the strain interval
[0, 0.3], and indicates the adjusted R-squared values of the fittings. Similar to the curves
in Figure 5b, all meniscal horns showed highly linear behavior in the strain range [0, 0.3].
Specifically, the adjusted R-squared values for the linear fitting were within the range [0.91,
0.99] for human <75 and human ≥75 models, and in the range [0.92, 0.99] for the porcine
model. As justified in the Materials and Methods section, the equivalent stiffness modulus, m,
was computed as the slope of the aforementioned linear adjustments, resulting in the mean
values in Table 2d.
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Meniscal tissue at the sutured area was more elastic in the older group than in the
younger group (p < 0.001 for both comparisons), with m being 48.1% greater (Table 2d and
Figure 4d). In porcine specimens, the elasticity was very similar to younger human menisci,
with almost identical mean m values (difference less than 0.6%).

4. Discussion

The main result of our study is that neither the porcine model nor the human model
with cadaveric tissue from donors of advanced age (over 75 years old) can provide accurate
representations of all the mechanical properties of adult human specimens under 75 years
old. However, while neither of the two models offers a clear advantage for a general use in
biomechanical in vitro tests, each could be adequate for examining specific characteristics
of the sutured meniscal horn.

Regarding the resistance to suture-induced traction at the specimen level, no difference
was observed between the older and younger human meniscus groups, which partially
contradicts our first hypothesis that meniscal tissue from older donors (≥75 years) does not
adequately represent that of the younger menisci. On the other hand, the porcine model
was significantly more resistant than the younger human model at the specimen level, with
differences of 172.1% in Fc and 174.1% in Fu, as opposed to our second hypothesis. Upon
examining resistance at the tissue level in terms of tissue cut-out stress at the meniscus–
suture interface, Sc, both models exhibited significant differences from the younger human
group. Specifically, porcine specimens exhibited tissue with a 57.2%-greater resistance to
suture-induced tearing, whereas specimens from donors over 75 years old showed less-
resistant tissue, with a 28.7% reduction compared to the human meniscus from younger
donors. Regarding deformation, the findings from the comparison between the models
opposed those observed in specimen resistance. In particular, the equivalent stiffness
modulus, m, of the porcine model did not differ from that of the younger human models,
while the human ≥75 years model showed a 48.1% increase in this elastic parameter
compared to the human meniscus <75 years.

Consequently, the adequacy of these two models depends on the interest of the study, a
result that partially contradicts both of our initial hypotheses that the meniscal tissue from
older donors (≥75 years) does not adequately represent that of the younger menisci and
that the porcine meniscus is a good surrogate for the human meniscus at an age routinely
eligible for repairing. In research on mechanical properties at the specimen level, to analyze
the resistance of sutured meniscal roots, the older human meniscus model resulted to be a
preferable surrogate model to the porcine model; conversely, if the focus is on issues related to
deformation before cut-out initiation in the sutured root zone, the porcine model offers a more
accurate representation. For studies at the tissue level, as experimental tests to determine
material properties around the sutured root area, neither model resulted to be a reliable
surrogate in terms of resistance; but in tests where only tissue deformation prior to cut-out
initiation is of interest, opting for the porcine model may be preferable. However, caution is
advised in the latter case, as the tissue stresses would be inadequately characterized.

The differences found in the suitability of the surrogate models when used in studies
evaluating meniscal root resistance at the specimen level or tissue level may be partially
attributed to differences in thicknesses observed among the groups. The porcine model
offers a surrogate for the human meniscus <75 years, which has a more resistant tissue, with
a 57.2% higher Sc. This difference is further accentuated at the specimen level due to the
thicker root of the porcine meniscus, resulting in a 172.1%-higher Fc and a 174.1%-higher
Fu. Conversely, when employing an older human meniscus model as a surrogate, although
the tissue is less resistant, with a 28.7%-lower Sc, this effect is offset at the specimen level.
Likely, the reason is that the meniscal root of the older group was thicker than that of the
younger group, resulting in the vanishing of differences at the specimen level.

Large animal models are valuable tools in biomechanical engineering, finding applica-
tions in both preliminary in vitro testing and in vivo testing. These models, including dogs,
rabbits, cows, sheep, and pigs, have been extensively utilized in research on the natural
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meniscus, the study of its kinematic behavior, the assessment of the biomechanics of knee
joint contact, the validation of engineered tissues proposed for total or partial replacement
of the meniscus, and the evaluation of the efficacy of surgical meniscal repairs. The canine
model, historically employed in studies, has experienced a decline in usage, potentially
due to increasing pressure from animal advocacy groups. Moreover, from a technical
perspective, the majority of surgical procedures on the canine meniscus require arthrotomy,
often accompanied by medial collateral ligament rupture, deviating from arthroscopic
procedures in humans. The rabbit model exhibits significant differences in vascularity,
collagen orientation, and glycosaminoglycan content of the meniscus compared to hu-
man menisci. Additionally, the kinematics of the rabbit’s femorotibial joint significantly
differ from those of the human knee [31,34,50]. The bovine model, significantly larger
than the human meniscus, has limited application in biomechanical studies due to the
size discrepancy [34,50]. The ovine meniscus, while anatomically similar to the human
meniscus, differs in kinematics and contact force distribution, making it unsuitable for
non-isolated studies of the repaired meniscus [30,31,34]. Regarding the porcine model, it
closely resembles the human model in terms of anatomical structure, vascularity, volume,
and weight [30,31,34], although the width of the meniscus is greater, as demonstrated in
the present study. The kinematics of the porcine knee reasonably approximate those of the
human knee. As a result of the aforementioned arguments, the porcine model is the pre-
dominant surrogate for in vitro tests of the young human meniscus [12,15–19,21,23,26–29],
widely applied in biomechanical testing for meniscal repair and replacement techniques,
allowing for effective translation to clinical applications.

Surgical repair of meniscal root avulsions has been traditionally limited to patients
under the age of 35–40. However, there is a paradigm shift, with a contemporary inclination
towards meniscus preservation through the utilization of repair techniques whenever
feasible. The 2019 consensus of the European Society for Sports Traumatology, Knee Surgery
and Arthroscopy (ESSKA) [42], drawing from a compilation of studies encompassing
patients from 9 to 58 years of age, ‘clearly states that numerous meniscus tears that were
considered irreparable should be repaired, e.g., older tears’. This shift is substantiated by
recent follow-up studies that report the advantages of extending the range for surgical
intervention to over 60 years of age [41,51]. Hence, this matter was carefully considered,
and we decided to expand the age range of the young group to 75 years old, aligning with
the aforementioned findings and to conform to the criteria of the orthopedic surgeons who
are part of our research team. We consider that menisci from donors who are older than
75 years of age are representative of a group of patients who are too advanced in age to be
routinely considered eligible for meniscal root repair surgery.

The experimental design involved testing isolated meniscus–suture constructs instead
of menisci attached to tibial bones. This setup is consistent with prior works on the same
topic [29,37,38,52]. It was selected to specifically focus on the behavior of the tissue–suture inter-
face, excluding factors dependent on tibial fixation. Also in line with previous
studies [29,37,38,52], the suture was oriented with the loading direction, eliminating shear
friction and concentrating the tensile effect on the meniscus–suture interface, which was our
area of interest. This orientation of the meniscal horn aimed to maximize tissue damage, repre-
senting a conservative criterion for detecting the maximum load the repair could withstand.

A single simple suture was utilized at the meniscal horn, deviating from common
surgical options. This choice facilitates computation of the forces acting on the tissue–suture
interface. Multiple stitches distribute the pulling load among them, posing challenges for
achieving uniform distribution under laboratory conditions. Despite neither being the
most resistant nor the most common suture technique for meniscal root repair, the use of
a simple stitch eases the quantification of the meniscus–thread contact area, essential for
calculating stress at the suture–meniscus interface. This simplicity minimizes the impact of
meniscus anatomy or surgeon performance compared to more complex suture techniques.

To accurately detect cut-out initiation, automatic detection using a previously validated
method [46] was utilized and further verified by checking the recorded video images. The
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results confirmed that, as formerly reported [46], tearing was initiated slightly before the
first local maximum of the load–deformation curve. In the scientific literature, the maximum
force borne by the specimen, Fu, has usually been selected as the parameter to characterize
the failure of repaired menisci under suture-induced traction. The authors consider it more
relevant to study the cut-out initiation point, i.e., Fc at the specimen level or Sc at the tissue
level, although Fu has also been calculated for comparison purposes. Fu was found to be
higher than Fc by nearly 30% for older human menisci and approximately 20% for the
porcine group. After cut-out initiation, the progression of the tear may follow different
paths within the meniscus of variable thickness. Consequently, the load–deformation curve
exhibited a highly heterogeneous pattern from cut-out initiation to the absolute maximum
force. This heterogeneity under laboratory conditions is expected to be more pronounced
In a repaired knee subjected to physiological loads. Therefore, we believe that the cut-out
initiation provides a better basis for comparing results between different groups because it
is the starting point of the loss of structural integrity of the sample and it is less influenced
by the post-tearing initiation trajectory.

Cryoprotectant solutions have been proposed to preserve biological tissues from
damage caused by freezing, but we discarded their use for two main reasons. Primarily,
they are not customarily used for preserving specimens in either of the two surrogate
models of the human meniscus that our study focuses on. Additionally, there is a lack of
data on their ability to maintain the mechanical properties of the suture meniscal horn better
than the preservation method we used, particularly concerning elasticity and resistance.

Some studies have examined the resistance of meniscal horns to suture-induced trac-
tion, focusing on assessing various suturing techniques and devices for root reattachment.
Antz et al. conducted a load-to-failure test on human menisci aged 46–64 years using two
simple stitches with a #2 UHMWPE surgical suture on the posterior horn [37]. Despite
differences in testing protocols, their reported values align with our findings for the young
group, with a mean initial peak force of 137 ± 49 N for two stitches compared to our Fc of
60.13 ± 19.91 N with a single stitch. In accordance with our results, the initial peak force
must be very close to our Fc. Vertullo et al. reported an ultimate load of 94.29 ± 7.99 N
for a group of posterior medial menisci with a mean age of 54 ± 4 years using two simple
#2 sutures [52]. This result is also compatible with our findings, considering Fu values of
75.08 ± 26.62 N for the young group and 70.49 ± 16.92 N for the older group, acknowledg-
ing the use of two stitches and prior sample weakening by 1000 cycles of under-critical
load. It must be highlighted that in cases where more than one suture is employed, in-
evitable asymmetries in traction distribution may occur. Consequently, when the interface
of one stitch reaches the tension threshold, initiating tearing, it is highly probable that
the other stitches are at a lower load level. Mitchell et al. found a mean ultimate force of
58.2 ± 29.6 N when testing posterior horns of human medial menisci (ages 48 to 88 years)
with one simple stitch [38]. The lower values observed may be attributed to their use of a
#0 UHMWPE surgical suture, implying a thinner suture diameter and resistant area than in
our study. Unfortunately, meniscus thickness was not reported, which does not permit us
to estimate Sc in that study. Kopf et al. tested posterior human menisci aged 18–51 years
in a load-to-failure test with two #2 single UHMWPE sutures, finding an ultimate load of
64.10 ± 22.50 N [53]. This value is considerably lower than other works and our younger
group, factoring in the difference from the use of a single stitch.

Concerning meniscal horn elasticity, few studies have specifically addressed defor-
mation at the sutured horn [29,46]. While some biomechanical works have reported
on meniscus–suture construct stiffness, the results vary widely, even when restricted to
UHMWPE threads. Stiffness for two simple sutures ranged from 774 ± 730 N/mm [38]
using suture #0 to 24.55 ± 4.05 N/mm [52] with #2 sutures. Dispersion may be due to
differences in suture thread lengths, which are often unreported, and varied cyclic loading
histories before the load-to-failure test, which are known to influence the elasticity of
surgical sutures if insufficient resting time is allowed [54].
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Our results for the porcine model fall within the previously published range of failure
loads. However, it is noteworthy that the range of published data is considerably wide.
In a study where a meniscus was also sutured with a single simple stitch, utilizing a
UHMWPE #2 suture [17], an ultimate load of 169 ± 73.4 N was reported. The result
aligns with our outcome of 206.79 ± 74.31 N, considering that in that study, the specimens
were pre-weakened with 1000 cycles of load between 5 and 20 N. In contrast, other tests
involving porcine models yielded results for two sutures ranging from 129.8 ± 14.6 N [19]
to 221.67 ± 43 N [29], although various suturing techniques and suture materials were
employed. Beyond the variations attributed to different testing protocols, these disparities
may be attributed to the diverse origin of the animal. While animal surrogate models
provide the advantage of ensuring uniformity among donors, variations in breeds, types of
feeding, stabling conditions, etc., can introduce significant differences between groups of
diverse origins, even if they belong to the same species. This concern has been previously
raised, and we believe it warrants further investigation [55].

In a study by Camarda et al., a comparison of the cyclic stiffness and ultimate load in
load-to-failure tests on posterior horns of humans aged 50–70 years and porcine samples was
undertaken [35]. Specimens sutured with three simple stitches using #2 UHMWPE threads
were subjected to 1000 cycles of loading ranging from 10 N to 30 N, followed by a load-to-
failure test. The study reports a 2.4-times-higher ultimate load for the porcine model compared
to the human model, which is consistent with our findings of a 2.7-times-higher Fu for the
porcine model compared to the younger human model, with no previous cyclic loading that
may have weakened the tissue. Their human model also exhibited lower cyclic stiffness of
the meniscus–suture construct in contrast to our results, which did not find any differences in
deformation. However, the parameters are not comparable because our study was limited to
the meniscus around the suture area, and we performed a direct load-to-failure test.

The mechanical properties of sutured meniscal tissue have not been studied so far.
With the data extracted from this study, it becomes possible to fit the material properties
of meniscal tissue of different origins in the area surrounding the suture hole, thus con-
tributing to the development of computational models with more realistic behavior. On the
other hand, the study highlights the need for further research to analyze the mechanical
behavior of the sutured meniscal horn in situations where the viscoelastic nature of the
meniscal tissue has a significant influence, such as in the case of dynamic impact loads or
quasi-stationary loads maintained over a long period of time. Additionally, the authors
maintain it will be interesting to conduct a thorough study of the alteration that the suture
produces in the mechanical behavior of the meniscal root in the immediate postoperative
period. Furthermore, in vivo studies could allow for an assessment of the progress of the
mechanical properties of the sutured root as healing progresses, evaluating whether its
natural meniscal properties can be fully restored.

This study is subjected to inherent limitations associated with in vitro testing, notably
the absence of the healing effect observed over time. The use of an isolated meniscal setup
implies a deliberate exclusion of the influences from surrounding soft tissues, ligaments,
cartilage, and bones. The rationale for this decision has been discussed above. A single
simple suture was employed, as also previously justified. Therefore, the cut-out and ul-
timate forces reported in the results section do not quantitatively reflect the maximum
traction forces that the clinically repaired meniscus, using other more-common suturing
techniques, might withstand. The load-to-failure test was conducted at 0.1 mm/s, repre-
senting a quasi-static displacement velocity lower than expected for knee movement in
daily activities [54]. However, given the viscoelastic behavior of the meniscus reported in
compression tests [55,56], further research is warranted to comprehensively understand
the dynamic response of the sutured meniscal tissue.

This minimizes the potential influence of viscous effects on the test, a characteristic not
addressed in this study. All the animals came from the same local slaughterhouse, which
may raise questions about whether porcine models from other origins would give different
results [57].
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5. Conclusions

In in vitro experimental tests to analyze the mechanical behavior of the sutured horn
of the adult human meniscus at an eligible age to be routinely repaired (below 75 years
old), neither the porcine tissue nor the cadaveric tissue from donors of advanced age
(over 75 years old) could provide accurate models. However, each one could be adequate
for examining specific characteristics depending on the interest of the study; the older
human meniscus model is a preferable surrogate model in studies on the resistance of
sutured meniscal root specimens; conversely, porcine models provide a more accurate
representation in works involving deformation-related properties of the meniscus around
the suture site at the tissue level.
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