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Acute Repair of Meniscus Root
Tear Partially Restores Joint
Displacements as Measured With
Magnetic Resonance Images and
Loading in a Cadaveric Porcine
Knee
The meniscus serves important load-bearing functions and protects the underlying articular
cartilage. Unfortunately, meniscus tears are common and impair the ability of the meniscus
to distribute loads, increasing the risk of developing osteoarthritis. Therefore, surgical
repair of themeniscus is a frequently performed procedure; however, repair does not always
prevent osteoarthritis. This is hypothesized to be due to altered joint loading post-injury and
repair, where the functional deficit of the meniscus prevents it from performing its role of
distributing forces. The objective of this study was to quantify joint kinematics in an intact
joint, after a meniscus root tear, and after suture repair in cadaveric porcine knees, a
frequently used in vivo model. We utilized an magnetic resonance images-compatible
loading device and novel use of a T1 vibe sequence to measure meniscus and femur
displacements under physiological axial loads. We found that anterior root tear led to large
meniscus displacements under physiological axial loading and that suture anchor repair
reduced these displacements but did not fully restore intact joint kinematics. After tear and
repair, the anterior region of the meniscus moved posteriorly and medially as it was forced
out of the joint space under loading, while the posterior region had small displacements as
the posterior attachment acted as a hinge about which the meniscus pivoted in the axial
plane. Methods from this study can be applied to assess altered joint kinematics following
human knee injuries and evaluate repair strategies aimed to restore joint kinematics.
[DOI: 10.1115/1.4062524]
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Introduction

Themeniscus serves important load-bearing functions at the knee
and protects the underlying articular cartilage. Unfortunately,
meniscus tears are a common condition that impairs the ability of
the meniscus to distribute loads and, without surgical treatment,
greatly increases the risk of developing osteoarthritis (OA) [1–9].
Surgical meniscus repair is chondro-protective and can delay OA
but does not halt degeneration for many patients [10,11]. It is often
hypothesized that this is due to altered joint loading post-injury and
repair, where the functional deficit of the meniscus prevents it from

performing its role of distributing forces in the knee. Previous work
has shown that there is a relationship between greater meniscal
extrusion and joint degeneration [12–16]. Some studies have shown,
using pressure sensors (e.g., TEK-SCAN) inserted into the joint space,
that meniscus injury leads to larger peak forces and smaller contact
areas on the tibial plateau; however, these studies required
transecting the joint capsule and sometimes the lateral or medial
collateral ligaments to make the measurement [2–4,17,18]. There-
fore, as described below, noninvasive measurement of joint and
meniscus kinematics is critical to understanding the impact of
meniscus injury and repair on joint loading and chondroprotection.
Magnetic resonance images (MRI) acquired under different

loading conditions allows for noninvasive measurement of joint
kinematics without disrupting any joint tissues.While forces cannot
be measured via MRI, kinematics, including displacements and
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rotations of the meniscus and femur, can be measured in the intact
joint. This is important as the collateral ligaments and joint capsule
contribute meaningfully to joint kinematics. Two studies have
utilized MRI to measure meniscus protrusion/extrusion at various
flexion angles in healthy, uninjured subjects or in patients with OA,
but not following a diagnosed meniscus injury [19,20]. Other work
usedMRI tomeasure three-dimensional (3D) strains in themeniscus
at various degeneration levels, but either did not report femur or
meniscus displacements or only studied healthy joints [21–23].
Additional work hasmeasured cartilage deformations under loading
using MRI-compatible loading devices or exercise, but meniscus
findings were not reported [24–26]. Evaluation of meniscus repair
methods would benefit from measurement of joint kinematics after
surgery in an intact joint. Likewise, the application of novel imaging
protocols, for example, T1 vibe MRI for tracking meniscus and
femur motion, allows for better imaging of the menisci than
traditional clinicalMRI used in other studies andwould improve our
understanding of meniscus function under load. Thus, the objective
of this work was to measure changes in meniscus and femur
displacements in an intact joint, following a meniscus root tear, and
following suture repair at an acute time point using novel MRI
methods to measure kinematics with the joint under axial load in
porcine cadaver model. This in vitro work used a Yucatan minipig
stifle joint, similar to our and other established animalmodel [3,4,27].
These models are clinically relevant due to their similarity to human
joint size, load bearing, and immune systems [28–30]. Importantly,
future studies can apply these methods to the human knee. We
hypothesized that a root tear would cause meniscus extrusion and
medial displacements of the femur and that a suture anchor repair
would restore the meniscus to its near-intact position and kinematics.

Methods

To measure the effect of injury and repair on meniscus and femur
displacements with loading, each joint was loaded and imaged in
three experimental states: intact, tear, and repair.

Sample Preparation. Seven fresh-frozen Yucatan minipig
hindlimbs, harvested from 12–18month-old castrated males, were
obtained (Sierra Medical for Sciences, Whittier, CA2). We chose

this age range because the animals are skeletally mature and it
matches the age of pigs that we have previously used in our live
animal model [3,4]. After thawing for two days at 4 �C, all skin and
musculature were removed from the stifle joint, with special care
taken to preserve the joint capsule, lateral collateral ligament, and
medial collateral ligament. The femur and tibia were then cut
approximately 4 in. from the joint line to obtain an intact joint. From
this point forward, the joint was maintained in phosphate buffered
saline (PBS) soaked gauze to avoid dehydration.
The femur and tibia were potted in ortho-jet acrylic resin

(polymethyl methacrylate, from Lang Dental, Wheeling, IL) using
Delrin molds for gripping in an MRI-compatible custom-built
loading frame (Fig. 1(a)). The embedded tibia is secured via plastic
set screws in a cup attached to the bottom of the frame, and the
embedded femur is secured in a cup attached to a threaded rod that
slides freely through a hole in the top of the frame. The displacement
of the rod and hence the femur are fixed in place via lock nuts. For
this study, the tibia cup was angled to produce 30 deg joint flexion to
match previous studies because this is approximately the maximum
extension in the pig, representing 0 deg flexion in a standing human
[22,31]. Fluoroscopywas used to adjust and confirm joint alignment,
including parallel alignment of the tibia and femurwithin themolds.
The intact case was an intact joint, where the joint capsule and

lateral and medial collateral ligaments were preserved and the
musculature removed, prepared as described above. In the tear case,
amedialmeniscus root tearwas created by transection of the anterior
attachment (destabilization of the medial meniscus, DMM, a
frequently used animal model of OA) using a minimally invasive
anterior approach to limit the size of the incision in the joint capsule
[3,4,27,28]. The attachmentwas severed via a horizontal cut along the
bone insertion. The attachments are shown by the arrows in Fig. 1(b),
and the cut was made inferior to this imaging plane along the bone.
The repair was done by an experienced veterinary surgeon (TPS)
using a SwivelLock suture anchor (Arthrex) placed into the bone such
that themeniscuswas restored to its original intact positionvia sutures
running from the anchor through the anterior attachment. This is a
technique used for root tear surgical repair in humans [32–34].

Joint Loading and Magnetic Resonance Images. To non-
invasively measure joint kinematics, MRI were acquired at two
loading states. For this experiment, we used a preload (low load) of
44.5N (10 lbf) and a high load of 850N or approximately 1.5� body

Fig. 1 (a) MRI compatible loading frame in the mechanical testing instrument (TA Electro-Force
3510). T1 vibe MRI of knee in (b) axial plane with 3D segmentation of medial meniscus overlayed,
and (c) midcoronal plane with outlines of meniscus (gold) and tibial plateau (blue) overlayed.
(Color version online.)
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weight (15-month-old male Yucatan weighs�60 kg). The low load
ensured the joint was in contact, and the high load ensured a
physiologic loading to produce joint displacements. Low load was
applied by placing a mass on the upper nut on the threaded rod, then
immediately locking in the displacement using the bottom nut. For
high load, the joint was loaded using a mechanical test instrument
(TAElectro-Force 3510, TA Instruments, NewCastle, DE) pressing
on the threaded rod. Load was applied by manually moving the
crosshead at �0.05mm/s until the target 850N load was reached,
holdingdisplacement for 10 s to check the loadingdevice alignment, and
reapplying the target load.At this point, thenuts on the threaded rodwere
immediately tighteneduntil zero loadswere readby the test instrument’s
load cell. This resulted in complete load transfer to the loading frame and
locked in the applied displacement, preventing further tissue deforma-
tion, although stress relaxation continued to occur.MRIwas consistently
acquired 30min after the displacement was locked to allow time to
transfer from the mechanical tester to the MRI center.
MRI was performed on each joint after low load and high load

using the same protocol. Two four-channel surface coils were
wrapped around the joint using Velcro, and a T1 vibe sequence was
run to image the joint at high resolution (repetition time¼ 10ms,
echo time¼ 3.45ms, voxel size¼ 0.2mm� 0.2 mm� 0.2 mm,
runtime¼ 18min, Figs. 1(b) and 1(c)). This sequence was adapted
from bone MRI [35,36], and new parameters used here were
developed in pilot studies by optimizing the sequence for meniscus
signal intensity. After high load imaging, residual (relaxed) loadwas
measured by remounting the loading frame in the TA Electro-Force
3510 (New Castle, DE) and releasing the lock nuts.
Each joint was loaded and imaged in three different experimental

states: intact, tear, and repair. After initial loading and MRI in the
intact state, joints were wrapped in PBS-soaked gauze and
refrigerated at 4 �C overnight to equilibrate under zero applied
load. The next day, the tear case was created via release of the
anterior attachment 30min before loading, and loading and MRI
were repeated using the same protocol as above. Joints were frozen
after tear MRI so that repairs could be done as a batch. Loading and
MRI protocols were repeated on the repaired joints either on the
same day as the repair procedure or the following day after overnight
refrigeration.

Magnetic Resonance Image Analysis. Displacements of the
medial meniscus and femoral condyles in the intact, tear, and repair
conditionsweremeasured from theMRI images relative to the intact
low load position. First, the intact low load image was resliced into

the scanner RASþ (right, anterior, and superior positive) coordinate
system, with 0.2 mm isotropic voxels. Next, a tibia-aligned
coordinate system was defined. Then, a partial segmentation of the
tibia was made using ITK-SNAP’s active contour semi-automatic
segmentation tool [37]. The tibia coordinate system and segmenta-
tion were created in the intact low load image, and the five other
images (intact high load, tear low and high load, and repair low and
high load) were aligned to this coordinate system by rigid
registration of the tibia, using the segmentation as a registration
mask [21,22,38]. All registrations were visually checked to confirm
alignment of the tibia across all six conditions. All meniscus and
femur displacements were calculated in tibia-aligned coordinates
with medial, anterior, and inferior assigned as the positive
directions. After coordinating alignment, displacements were
measured as described below.
To measure meniscus displacement, the outer edge of the medial

meniscus was traced in 3D following a line on the outer surface
halfway between the superior and inferior rims. This labeling was
done for all conditions in the tibia aligned coordinate system.
Displacements were measured from intact low load to each high
load condition by matching points at the same % arc length along
the traced outer edge lines and subtracting their positions. To
measure the change in starting position due to treatment,
displacements were also measured in the same way for tear and
repair low load relative to intact low load. For regional analysis, the
points comprising the outer edge line and their associated
displacement values were grouped into equal thirds: the anterior
region (AR), medial region (MR), and the posterior region (PR)
(Figs. 2(c)–2(e)).
Displacements of the medial and lateral femoral condyles were

measured at the points where the condyles contacted the tibial
plateau in the intact low load image. These contact points were
labeled using 3D SLICER in the aforementioned tibia-aligned
coordinate system [39]. The femur was then automatically
segmented, and the segmentation was used as a mask for rigid
registration of the femur between the intact low load condition and
the other five conditions. The resulting rigid transform matrices
were applied to the intact low load positions of the two condylar
contact points to calculate their displaced positions. Displacements
were then calculated by subtracting the intact low load positions
from the positions in each other condition.
A repeated measures analysis of variance was used to test for the

effect of treatment (intact, tear, repair) on the meniscus and femoral
condyle displacements using JMP 16 (JMP,Cary, NC). If significance
was met, a posthoc Tukey-test was carried out to test for differences

Fig. 2 Representative example of meniscus displacements at high load with each treatment. (a) Midcoronal
outlines show that the tear allowed the meniscus to be pushed out of the joint space passed the edge of the tibia,
while the repair partially restored the meniscus position toward the intact case. (b) Axial plane outlines show the
same, while also illustrating that the anterior part of themeniscus is displacedmore than the posterior. (c) Region
labels (AR,MR,andPR) for a representativesampleofdisplacements from intact low load to treatmenthigh load for
(c) intact, (d) tear, and (e) repair treatment. The anterior region of the meniscus had large medial displacements
following tear that were reduced with repair. The MR had moderate displacements that increase with tear and
moved posteriorly, while the PR had small displacements.
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between treatment groups. Pearson’s correlationswere performed to
test for relationships of the displacements between regions and
between the meniscus and femoral condyle. Significance was set at
p< 0.05. A priori power analysis concluded that n¼ 7 samples were
sufficient for a repeated measures design with power¼ 0.8 and
alpha¼ 0.05 to detect effect sizes of 0.5.

Results

Meniscus Displacements. Qualitatively, the midcoronal outline
(Fig. 2(a)) and outer boundary (Fig. 2(b)) of the meniscus under
loading revealed that the meniscus was extruded outside of the joint
space passed the edge of the tibia following tear. Repair partially
restored the original position of the meniscus within the joint space.

In all treatment groups, high load caused the meniscus to partially
extrude from the joint space, consistent with uninjured human
studies (Figs. 2(a) and 2(b)) [19,20]. The midcoronal slice was
defined in the intact low load case, then the same slice was traced for
all other conditions. The largest intact low load ! treatment high
load displacements occurred in the anterior meniscus, which moved
medially out of the joint space passed the edge of the tibia, whereas
the posterior meniscus showed little displacement, probably due to
the still-intact posterior attachment (Fig. 2(b)). Based on this, the
meniscus displacements were averaged within three regions of
interest: AR, MR, and PR (Fig 2(c)). Quantitative analyses
supported these observations, as shown by the displacement vectors
from intact low load to intact high load (Fig. 2(c)), tear high load
(Fig. 2(d)), and repair high load (Fig. 2(e)) for a representative

Fig. 3 Meniscus position at high load (arrow head) and low load (arrow origin) averaged in the (a) anterior region (AR),
(b) midbody region (MR), and (c) posterior region (PR). Arrowhead size is related to displacement distance. The dashed
lines in (a–c) show displacement from the intact low load position to the tear and repair low load initial positions
(additional information provided in Supplemental Materials on the ASME Digital Collection). The total displacement
vector for each case, intact low load to intact/tear/repair high load, is decomposed into (d–f) anterior displacement
components and (g–i) medial displacement components. All meniscus regions displaced posteriorly after the tear (d–f)
and theARandMRdisplacedmedially (g–i). The repair generally reduced the largedisplacements inducedby the tear but
did not completely restore the intact displacements.
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sample. For the AR, at intact high load, displacements were small
and mostly uniform (Fig. 2(c)). However, following tear and repair
therewere largemedial displacements at this location (Figs. 2(d) and
2(e)). In addition, small anterior displacements in the intact case
changed direction for tear and repair and were on average posterior
in both the AR and MR regions. In contrast, the PR had small
displacements in all conditions (Figs. 2(c) and 2(e)).
Average displacement vectors of the outer meniscus boundary in

each regionwere quantified under high load relative to the intact low
load (Figs. 3(a)–3(c), arrowhead size is related to displacement
distance.). For statistical analyses, we considered each vector
component (anterior and medial directions) (Figs. 3(d)–3(i)). The
AR and MR had significant effects of treatment in both directions
(p< 0.05), but the PR only had a significant effect of treatment in the
anterior direction (p¼ 0.02 for anterior direction and p¼ 0.06 for
medial direction), posthoc statistics are described below.
For the intact case, the AR moved 0.97mm anteriorly and

0.43mm medially (Figs. 3(d) and 3(g)). With a tear, the AR moved
0.85mm predominately posteriorly (similar magnitude but in the
opposite direction compared to intact, p< 0.05) and 4.96mm
medially out of the joint space (11.5-fold intact, p< 0.05, Figs. 3(d)
and 3(g)). With repair, the AR displacements were smaller, moving
only 0.19mmposteriorly (p< 0.05) and 3.19mmmedially (7.4-fold
intact, p< 0.05). While the repair reduced the meniscus displace-
ment, it did not return to intact levels. The vector visualization shows
that in the AR the tear caused large medial displacements and small
posterior displacements and that the medial displacements were
partially restored with repair (Fig. 3(a)).
The meniscus displacement changes were similar in the MR

compared to the AR, but with lower magnitudes overall (Figs. 3(e)
and 3(h)). For the intact case, the MR displaced 1.19mm anteriorly
and 0.54mmmedially, and with the tear the MR displaced 1.66mm
predominately posteriorly (opposite direction from intact, p< 0.05)
along with 1.89mm of medial displacement (3.5-fold intact,
p< 0.05). With repair, the displacement again decreased compared
to tear, but the MR still displaced 0.72mm predominately
posteriorly (opposite of intact, p< 0.05) and 1.34mm medially
(2.5-fold intact, p< 0.05). TheMRmovedmore posteriorly and less
medially than the AR. The vector visualization demonstrates that in
the MR, the tear caused large posterior displacements that were
partially restoredwith repair and that themedial displacements were
overall smaller than in the AR region (Fig. 3(b)).
The PR had the smallest displacement in both directions, with

statistical significance between treatments only in the anterior
direction (p¼ 0.02 for anterior direction and p¼ 0.06 for medial
direction). The intact PR only displaced 0.99mm anteriorly and
0.76mmmedially (Figs. 3(f) and 3(i)). With a tear, the PR displaced
0.88mm posteriorly (opposite direction from intact, p< 0.05), but
little medially (0.16mm, 0.2-fold intact). With the repair, the

displacements were more similar to intact, with 0.36mm predom-
inately posteriorly (opposite direction from intact, p< 0.05) and
0.48mm medially (0.6-fold intact). The vector visualization
demonstrates that, in the intact case, the PR displacements are
similar to the AR and MR, but with both tear and repair, PR
displacements were much smaller (Fig. 3(c)).
We next evaluated correlations between anterior and medial

displacements and between regions. Anterior and medial displace-
ment components were strongly correlated in the AR (R2¼ 0.85,
p< 0.05, Fig. 4(a)) and the MR (R2¼ 0.52, p< 0.05) but not in the
PR (R2¼ 0.11, p¼ 0.15). With high medial displacements, the
meniscus moved posteriorly. In contrast, lowmedial displacements,
as in the intact case, caused anterior meniscus displacements. In
terms of comparison between regions, the anterior displacement
component was strongly correlated between all regions: AR andMR
(R2¼ 0.88, p< 0.05, Fig. 4(b)), AR and PR (R2¼ 0.75, p< 0.05),
MR and PR (R2¼ 0.90, p< 0.05). For the medial displacement
component, there was a significant relationship only between AR
and MR (R2¼ 0.70, p< 0.05, Fig. 4(c)), while the AR to PR
(R2¼ 0.08, p¼ 0.22) and MR to PR (R2¼ 0.00, p¼ 0.94) had no
relation, likely due to the small displacement magnitudes in the PR.

Femoral Condyle Displacements. In addition to meniscus
displacements, we also evaluated the 3D displacements of the
medial and lateral femoral condyles at their contact point with the
tibial plateau (Fig. 5). For the medial condyle (Fig. 5(a)), intact low
load ! treatment high load displacements were in the anterior,
medial, and inferior directions for all treatments. Differences
between treatment groups were nonsignificant, but barely so
(p¼ 0.06 anterior direction, p¼ 0.08 medial direction, and
p¼ 0.11 inferior direction). Anterior displacement of the medial
condyle was 2.76mm for the intact case. This was reduced to
2.03mm with tear but returned to 2.53mm with repair, nearly the
intact value. Medial displacement in the intact case was 0.42mm,
which was 3.5-fold larger with tear (1.54mm). With repair, medial
displacement was partially restored (1.23mm), but was still three-
fold larger than intact. In the inferior direction, the medial condyle
displacement was 1.26mm for intact. While not significant, in the
tear and repair cases, the inferior displacement was slightly larger
than intact (1.40mm and 1.51mm, respectively). The lateral
condyle, similar to the medial condyle, displaced in the anterior,
medial, and inferior directions for all treatments, and there were no
significant differences with treatment (p¼ 0.08 anterior direction,
p¼ 0.08 medial direction, and p¼ 0.09 inferior direction). Lateral
condyle displacement results are provided in the Supplemental
Materials on the ASME Digital Collection. Overall, despite lack of
significance, these results suggest that severing the anterior medial
meniscus attachment (tear group) likely altered the displacement of

Fig. 4 (a) Relationship between AR anterior and medial displacement. Greater medial displacement caused posterior
displacement. (b) Relationship between AR and MR anterior displacement. (c) Relationship between AR and MRmedial
displacement.
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the femur relative to the tibia, and repair appears to have partially
restored the kinematics toward that of the intact condition.
There was a strong correlation between the medial condyle’s

anterior and medial displacement components (R2¼ 0.80, p< 0.05,
Fig. 5(b)), similar to themeniscus.While there was a low correlation
between the anterior and inferior displacement (R2¼ 0.27,
p< 0.05), there was a moderate correlation between the medial
and inferior displacement (R2¼ 0.47, p< 0.05), likely related to the
slope of the tibial plateau. The lateral condyle exhibited similar
correlations between displacement components. As expected for a
rigid body, displacements of the medial and lateral condyle were
significantly correlated in all directions, including anterior
(R2¼ 0.41, p< 0.05), medial (R2¼ 0.99, p< 0.05, Fig. 5(c)), and
inferior (R2¼ 0.60, p< 0.05).

Correlations Between Meniscus and Femur Displacement.
Finally, we evaluated correlations between themeniscus regions and
the medial femoral condyle displacements. Considering the
meniscus AR, the anterior displacement components of the
AR and femoral condyle were correlated (R2¼ 0.57, p< 0.05,
Fig. 6(a)). In the tear and repair groups, the meniscus moved
posteriorly while the medial condyle moved anteriorly. In the intact
case, however, the meniscus moved anteriorly, and the medial
condyle moved anteriorly to a greater degree. The medial displace-
ment components of theARand themedial condylewere also highly
correlated (R2¼ 0.65, p< 0.05, Fig. 6(b)). In the tear and repair
groups, themeniscusmovedmuch furthermedially than the condyle
(up to 7.4mmversus up to 3.0mm, respectively), however, the intact
group lies mostly along the 1:1 line where meniscus and condyle
motion were equal.
Considering the meniscus MR, the anterior displacement

components of the MR and medial condyle were significantly
correlated (R2¼ 0.38, p< 0.05, Fig. 6(c)). Menisci in the intact
group moved anteriorly, but in the tear and repair groups, the MR
moved posteriorly. Themedial displacement components of theMR
and the femoral condylewere not correlated as strongly as in theAR,
but in contrast to the AR region, their relationship followed the
1:1 line very closely, with only slightlymoremeniscus displacement
than contact point displacement (R2¼ 0.54, p< 0.05, Fig. 6(d)).
There were no significant relationships between PR meniscus
displacement and femoral condyle displacement.

Residual Loads After Imaging. In order to evaluate potential
dehydration and effect of load history, we measured residual loads

after MRI scanning. Residual loads were 295 N641N at
68min64min after the load was initially locked into the frame
(�65% relaxation from initial load to the end of imaging). These
values were not different between treatment groups (p¼ 0.68,
analysis of variance, n¼ 4), supporting the use of this loading
protocol and sufficient restoration of hydration between repeated
loading.

Discussion

In this study, we measured joint kinematics in an intact porcine
knee, after anterior root tear, and after repair using noninvasiveMRI
to maintain an intact joint capsule and surrounding ligaments. We
found that transection of the medial meniscus attachment (tear)
allows for large amounts ofmedial extrusion of themedialmeniscus,
particularly in the anterior region. A suture anchor repair partially
restores the meniscus in the joint space and limits femur displace-
ment but does not fully restore kinematics to match the intact case.
This study was performed using an MRI-compatible loading device
and a newly adapted MRI sequence allowing us to capture the joint
structure at multiple loading conditions and with much higher
meniscus signal and resolution than previously reported.
We observed meniscus extrusion where the AR had the most

displacement while the PR had the least displacement. This can be
explained by the posterior attachment behaving like a hinge about
which the meniscus pivots. This can be observed in the axial plane
for the tear and repair cases where the AR and MR are displaced
medially, while the PR remains mostly static due to its posterior
attachment (Figs. 2(b) and 3). This effect also explains the
differences between displacement of the meniscus and of the femur.
Though the femur moves anteriorly in all cases due to the 30 deg
flexion angle, it moves less anteriorly and more medially after tear
and repair, pushing the meniscus AR out of the joint space (Fig. 6).
With extrusion, the meniscus pivots about the posterior attachment,
and the AR and MR regions of the meniscus move slightly
posteriorly. Similar work found that the meniscus of an intact joint
instead moved posteriorly with load [22]. The likely cause of this
difference in findings is that our study applied load along the femoral
axis, pushing the femur forward over the tibia, while [22] applied
load along the axial direction of the tibia, pushing the femur
backward over the tibia.
Our findings for the femur displacements agree with previous

studies of joint kinematics. Studies using pressure sensors placed
into the joint space showed that the femoral contact point shifts
medially aftermeniscus injury [2–4,17], similar to ourmeniscus and
femur results. Contact pressure tracking primarily finds that the

Fig. 5 (a) Medial condyle positions at low load (arroworigin) and at high load (arrowhead). Intact joints move anteriorly
about 2.76mm and medially <0.5mm. The tear case allowed the contact points to shift only 2.03mm anteriorly but
1.54mm medially. Repair made motion more similar to intact with 2.53mm anterior and 1.23mm medial displacement.
Arrowhead size is related to displacement distance. (b) Relationship between medial condyle anterior and medial
positions. As the condylemoves furthermedially, itmoves less anteriorly. (c)Medial versus lateral condyle displacement
in the medial direction. The relation is nearly perfectly 1:1 (dashed line).
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contact area decreases, indicating that the meniscus is not carrying
load due to extrusion by the femur. This matches what we find when
we track both the femur and meniscus in our study. After tear, the
femur moves medially and anteriorly, pushing the meniscus,
especially the anterior region, out of the joint, so that the meniscus
is no longer carrying load or distributing forces to protect the
cartilage. This is likely linked to the higher rates of OA seen inmany
patients with high meniscus extrusion or after meniscus root tear
[12–14].
The large displacements in the repair case, particularly in the AR,

suggest that a better surgical treatment might be required to restore
joint kinematics to the intact state. The suture anchor repair returns
the anterior aspect of the meniscus back to its natural position by
suturing through the cut anterior attachment. Due to the highly
aligned fiber structure of the attachment, it is possible that the anchor
did not adequately hold the meniscus in place due to the sutures
pulling through the weaker interfiber matrix when load was applied.
However, this study explored the effectiveness of repair treatment at
acute time points, whereas in vivo, there would be time for healing,
remodeling, and potentially unloaded postoperative care. Thus,
further, in vivo studies are needed to explore if the suture anchor
repair aids in healing to increase the strength of the anchor/anterior
attachment complex and to reduce medial extrusion of the meniscus
under load. Another solution to reduce medial extrusion may be to
add sutures on the outside of the joint for meniscus centralization,

especially in the anterior half, similar to previous studies [14,17].
Other methods to reduce meniscus extrusion should be explored as
well. The methods used in this study are valuable to test other repair
strategies to restore joint kinematics and meniscus load distribution
to protect the underlying cartilage.
Our novel T1 vibe MRI sequence for joint imaging allowed for

excellent meniscus signal intensity and resolution. Due to the
meniscus’ densely packed fiber network,MRI signal inmost clinical
studies and cartilage-focused studies is quite low, such that in most
clinical and preclinical research using MRI, the meniscus is a black
object between the femur and tibia [40].With ourMRI sequence, we
could observe meniscus structure for segmentation and calculation
of displacements. T1 vibe has traditionally been utilized in
abdominal, breast, and brain imaging, but has recently been
recommended for use in musculoskeletal applications as a replace-
ment for CT due to its ability to provide high resolution bone
imaging [35,36]. Before this study, in preliminary work, we
optimized the T1 vibe sequence parameters for meniscus imaging.
To our knowledge, we are the first to utilize T1 vibe in the knee
specifically for meniscus motion tracking. Compared to other
studies, our images achieve more signal from the meniscus while
maintaining higher resolution and/or shorter scan times
[12,13,21–23].
This study utilized porcine knees consistent with established

animal models for OA in order to provide baseline data for joint

Fig. 6 Displacement relationships between the medial condyle contact point and the
meniscus AR (a and b) and MR (c and d), considering anterior (a and c) and medial (b and d)
displacement components. The condylemoves further anteriorly than themeniscus (a and b),
whilemedial displacements (b andd) are closer to a 1:1 relationship (dashed line) between the
tissues. This 1:1 relationship is lost in the AR with tear and repair conditions because, with
the anterior medial meniscus attachment released, the meniscus AR displaces far outside of
the joint space with loading.
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function postinjury and repair in preclinical research. The pig knee is
an important model to study meniscus injury and repair in vivo in a
way that is not ethically feasible in humans. Because we did not use
human knees, the results should not be directly translated to clinical
practice, however, the methods used in this paper are applicable to
future human study both in vivo and ex vivo. The methods andMRI
sequence can be used with human subjects [20,24], however, due to
the required scanning in two different loading states, these are more
likely to be used in a research setting. Importantly, results utilizing
these methods in human subject research will be informative to
improve future surgical treatments.
This study is not without limitations. First, though we kept the

joint capsule and surrounding ligaments as intact as possible, a small
incision was required for creation of the tear and the repair
procedure. This was an approximately 3.0 cm vertical incision in the
joint capsule to the medial side of the patellar tendon, which is
considerably smaller than the incisions or dissections used in other
studies using pressure sensors [2–4,17,18]. Second, due to the
aligned nature of the meniscus attachment, there is the possibility of
suture slippage or pull-out in the repair group. Despite this
possibility, after testing, the repair was inspected to confirm that
the meniscus was still anchored to the bone as intended. Due to the
time required to prepare the samples, the repeated loading with
stress relaxation, and the time between loading sessions, it is
possible that some dehydration and/or autolysis occurred. We
minimized these effects by wrapping the joint in PBS-soaked gauze
and refrigerating the unloaded joint at 4 �C between the intact and
tear cases. The residual loads did not differ between treatment
groups, indicating minimal effect of dehydration and autolysis after
repeated loading.
In conclusion, this study found that anterior root tears resulted in

large meniscus displacements with loading and that suture anchor
repair reduced these displacements but did not restore intact joint
kinematics. The femur moved anteriorly in all cases, but further
medially after tear and repair. Under load, the anterior region of the
meniscus moved posteriorly and medially as it was forced out of the
joint space, while the posterior region had small displacements due
to the restraint of the posterior attachment, which acted as a hinge
about which the meniscus pivoted in the axial plane. The
experimental techniques used here can be applied to evaluate the
effect of knee injuries and to develop improved repair strategies to
restore joint kinematics after injury.
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