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Abstract

Background—Meniscus allograft transplantation (MAT) is primarily undertaken to relieve the 

symptoms associated with meniscal deficiencies. However, its ability to restore normal knee joint 

contact mechanics under physiological loads is still unclear.

Purpose—To quantify the dynamic contact mechanics associated with 2 commonly used fixation 

techniques in MAT of the medial compartment: transosseous suture fixation via bone plugs and 

suture-only fixation at the horns.

Study Design—Controlled laboratory study.

Methods—Physiological loads to mimic gait were applied across 7 human cadaveric knees on a 

simulator. A sensor placed on the medial tibial plateau recorded dynamic contact stresses under 

the following conditions: (1) intact meniscus, (2) MAT using transosseous suture fixation via bone 

plugs at the anterior and posterior horns, (3) MAT using suture-only fixation, and (4) total medial 

meniscectomy. A “remove-replace” procedure was performed to place the same autograft for both 

MAT conditions to minimize the variability in graft size, geometry, and material property and to 

isolate the effects of the fixation technique. Contact stress, contact area, and weighted center of 

contact stress (WCoCS) were quantified on the medial plateau throughout the stance phase.

Results—Knee joint contact mechanics were sensitive to the meniscal condition primarily during 

the first half of the gait cycle. After meniscectomy, the mean peak contact stress increased from 

4.2 ± 1.2 MPa to 6.2 ± 1.0 MPa (P = .04), and the mean contact area decreased from 546 ± 132 

mm2 to 192 ± 122 mm2 (P = .01) compared with the intact meniscus during early stance (14% of 

the gait cycle). After MAT, the mean contact stress significantly decreased with bone plug fixation 

(5.0 ± 0.7 MPa) but not with suture-only fixation (5.9 ± 0.7 MPa). Both fixation techniques 

partially restored the contact area, but bone plug fixation restored it closer to the intact condition. 

The location of WCoCS in the central cartilage region (not covered by the meniscus) shifted 

peripherally throughout the stance phase. Bone plug fixation exhibited correction to this peripheral 

offset, but suture-only fixation did not.

Conclusion—Under dynamic loading, transosseous fixation at the meniscal horns provides 

superior load distribution at the involved knee compartment after meniscal transplantation 
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compared with suture-only fixation. Particular attention should be directed to the ability of medial 

MAT to function during the early stance phase.

Clinical Relevance—Transosseous fixation via bone plugs provides superior load distribution 

of a transplanted meniscal allograft compared with suture fixation alone at time zero.
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The meniscus of the knee facilitates joint articulation by providing congruency, joint 

stability, proprioception, and lubrication.27 After meniscal tears, the changes that occur in 

knee mechanics have been implicated as a primary cause of early-onset osteoarthritis.29,30 

Meniscus allograft transplantation (MAT) is undertaken primarily to relieve pain; in 

addition, an underlying intention is to redistribute the joint loads across the involved 

compartment in the hope of restoring normal contact mechanics in the transplanted meniscal 

joint. While MAT has demonstrated pain relief and functional improvement in up to 70% of 

patients,42 the ability of this surgical procedure to restore normal knee contact mechanics 

during daily activities has yet to be investigated.12

Many variables have been identified as factors that can influence the clinical performance of 

MAT (graft size, bone geometry, fixation technique, level of activity, limb alignment, 

etc),4,14,35 but the fixation technique is most readily under the control of the operating 

surgeon.12,28 There are 2 fixation modalities commonly used in medial MAT: (1) 

transosseous suture fixation via bone plugs in which 2 bone plugs are prepared at the 

anterior and posterior horns of the graft,35 and (2) suture-only fixation at the meniscal horns 

in which the graft is sutured at the anterior and posterior horns and those sutures are drawn 

through transtibial bone tunnels and tied over a bone bridge. A recent prospective study on 

88 patients who underwent MAT showed that meniscal allografts using bony fixation had a 

reduced incidence of extrusion compared with those using suture-only fixation.1 Previous 

static, unidirectional, cadaveric studies by Alhalki et al4,5 have also shown that by using 

bone plug fixation, the knee contact stress and contact area were closer to normal than for 

suture-only fixation in the medial tibial compartment; similar results were also found in the 

lateral compartment.31 By using a finite element model that mimicked uniaxial forces across 

the knee joint, Haut Donahue et al17 demonstrated that among all variables, stiffness of the 

horn attachment (≥2000 N/mm) was vital for re-creating the “normal” contact stresses on the 

tibial plateau, whereas Hunt et al18 found no significant difference in the pull-out strength of 

bone plug versus suture-only fixation of the posterior horn. While these studies shed light on 

the effect of MAT fixation on performance under simplified, unidirectional, and static 

loading conditions related to full extension, the effect of fixation on the ability of MAT to 

carry and distribute joint loads during dynamic physiological loading conditions such as 

gait, during which higher flexion angles are simulated, is still unclear.

The objective of this study was to quantify the dynamic contact mechanics associated with 2 

commonly utilized graft fixation techniques in MAT of the medial compartment: 

transosseous suture fixation via bone plugs and suture-only fixation at the meniscal horns. It 

was hypothesized that both techniques would improve knee joint contact mechanics relative 
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to the meniscectomized condition but that only transosseous suture fixation via bone plugs 

would restore intact knee contact mechanics. To test these hypotheses, the peak contact 

stress, weighted center of contact stress (WCoCS), and contact area on the medial tibial 

plateau of human cadaveric knees were characterized throughout the stance phase of 

simulated gait.

MATERIALS AND METHODS

Dynamic Cadaveric Knee Model

A modified load-controlled Stanmore KC Knee Joint Simulator (University College London, 

London, UK) was used for this study.9,13,41 It was programmed to apply dynamic axial 

forces, anterior/posterior forces, internal/external torques, and controlled flexion angles 

(Figure 1) to mimic the activity of gait, according to International Organization for 

Standardization 14243-1.40 Seven fresh-frozen cadaveric knees were inspected for visible 

evidence of chondral defects and meniscal or ligament damage, and only those with a 

normal appearance were selected for this study. The knees were stripped of overlying soft 

tissue down to the level of the joint capsule. The capsule and all ligaments were maximally 

preserved around the knee, while the patella and extensor mechanism were carefully 

removed. The femur and tibia were transected using an oscillating saw, leaving 

approximately 10 cm above and below the joint line. A 2.5-mm Kirschner wire was drilled 

through the epicondylar axis of the femur using fluoroscopic guidance. The pin was aligned 

with the flexion/extension axis of the knee simulator, and the tibia-fibula and femur were 

potted into their respective fixtures using polymethyl methacrylate bone cement (Figure 2, A 

and B).

The normal contact stress across the tibial plateau was measured using a thin electronic 

sensor containing an array of piezoelectric pressure-sensing elements sealed within a thin 

plastic sheet (Model 4010N, Tekscan Inc, Boston, Massachusetts, USA) (Figure 2C). After 

calibration, the sensor had a mean saturation pressure of 9.22 ± 1.50 MPa and sensitivity of 

0.05 MPa. The sensor was augmented with plastic adhesive tape to serve as tabs for suture 

fixation. It was sealed between 2 layers of Tegaderm adhesive dressing (3M Inc, 

Minneapolis, Minnesota, USA) and conditioned under 90 psi in an air bladder. Calibration 

was performed on a servohydraulic materials testing machine (MTS, Eden Prairie, 

Minnesota, USA) under 2 loads, approximating 20% and 80% of the maximum load 

expected during testing, after a “power calibration” procedure provided with the system 

software.11 Approximately 1-cm incisions were made in the meniscotibial ligaments and 

joint capsule tissue anteriorly and posteriorly of both menisci. The sensor was slightly curled 

at the edge of the maximum width, and the knee was flexed so that a gap opened at the 

anterior side of the knee joint. This method allowed the sensor to be passed underneath the 

menisci from anterior to posterior with minimal disruption of the meniscocapsular 

attachments. The sensor tabs were sutured in place using 3-0 Ethibond sutures (Ethicon Inc, 

Somerville, New Jersey, USA) via the tibial insertion of the anterior cruciate ligament 

(ACL) and the posteroinferior capsule. Sensor placement and position were checked 

between conditions using a custom caliper, which was attached through a drill hole in the 

cement mantle of the tibial potting block.
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Test Conditions

Contact mechanics were quantified for each of the following sequential conditions: (1) intact 

meniscus, (2) transosseous suture fixation via bone plugs (Figure 3A), (3) bone tunnel suture 

fixation in which the bone plugs were detached from the meniscal horns and the meniscus 

was fixed at the horns with sutures passing through the bone tunnels (hereafter called suture-

only fixation) (Figure 3B), and (4) medial meniscectomy. To isolate the effects of the 

fixation technique on knee joint contact mechanics, we performed a “remove-replace” 

method in which the native medial meniscus was excised out of the knee in its entirety and 

then fixed back in place using those 2 different fixation methods described above.

To remove the medial meniscus, a No. 15 blade was used to circumferentially release the 

medial meniscus at the meniscocapsular junction. Anterior and posterior horn attachment 

sites were osteotomized to preserve bone plugs that were later used for bone plug fixation. 

The anterior bone plug was created using a quarter-inch osteotome and a mallet to create a 1 

× 1 × 1–cm3 bone plug centered on the attachment site of the anterior horn of the medial 

meniscus. The center position of the posterior horn attachment was first drilled with a 2.7-

mm guide pin using an ACL tibial guide for pin placement. An incision was created in the 

capsule just medial to the posterior cruciate ligament (PCL), and the PCL was retracted 

laterally. The tibial guide was brought in anteriorly through the inter-condylar notch, and the 

pin was drilled from the proximal lateral tibia. This guide pin was then overdrilled with a 

cannulated coring reamer (Arthrex, Naples, Florida, USA), which produced a cylindrical 

bone plug of 10 mm in diameter. This same 2.7-mm guide pin was also used to drill a bone 

tunnel through the base of the anterior bone plug to pass sutures down through the bone plug 

and into the proximal tibia.

Before testing the MAT conditions, the removed meniscus was prepared by placing No. 5 

Ethibond sutures through the 2.7-mm tunnel at the center of each bone plug and a separate 

set of sutures through the anterior and posterior horns of the meniscus using a modified 

Kessler configuration.21 In brief, this configuration was created as follows: a suture was 

passed through the sectioned surface of the meniscal attachment, looped out through the 

outer edge at the interface between the attachment and the horn, traversed through 

midsubstance meniscal tissue to the inner edge, and finally passed back through the 

attachment, exiting through the cut surface. For the bone plug condition, the bone plugs 

were reduced back to their respective insertions using the bone plug sutures (BPS). The 

meniscus was repaired back to the capsule using 2-0 Ethibond sutures placed in a horizontal 

mattress configuration spaced evenly into the anterior horn, body, and posterior horn of the 

meniscus. After the BPS condition was tested, the bone plugs were subsequently detached 

from both horns using a No. 15 blade, leaving the bone plugs in situ. The modified Kessler 

sutures previously placed through the anterior and posterior horns were passed through the 

previously created 2.7-mm tunnels and tensioned manually until the anterior and posterior 

horns were anatomically reduced to their insertion sites. These sutures were then tied to each 

other over a bone bridge and then tested (suture-only condition). After this, the medial 

meniscus and sutures were completely removed from the knee, and the meniscectomy 

condition was tested.
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Outcome Measures and Data Analysis

For each specimen and each test condition, the contact stress perpendicular to the surface of 

the sensor at each sensing element across the tibial plateau was recorded during continuous 

gait cycles at 100 Hz. Because the sensor and knee simulator reached steady state within 4 to 

7 gait cycles,13 20 continuous gait cycles were collected, and the mean of the last 3 cycles 

was used. The following parameters were quantified using a custom Matlab program 

(MathWorks Inc, Natick, Massachusetts, USA): (1) peak contact stress, (2) total contact 

area, and (3) WCoCS throughout the stance phase of gait.16 The term “weighted center of 

contact stress” was developed as a surrogate for the location of the center of contact, and it 

takes into account not only the regions on the tibial plateau that experience contact but also 

the magnitude of contact stress experienced across the plateau. Greater weights were 

assigned to sensels with higher contact stresses and smaller weights to peripheral sensels 

with lower contact stresses. In this way, WCoCS takes into account both the locations and 

magnitudes of the contact stresses (equation 1) and is therefore more robust, reproducible, 

and less influenced by lower stresses that occur at the periphery of the joint:

(1)

where si denotes the contact stress at sensel i, and pi denotes the sensel position in the local 

coordinate system (Figure 2D). By using this method, the trajectories of the WCoCS along 

the peripheral/central and anterior/posterior directions were determined.

To measure the WCoCS in the central region of tibial articular cartilage, which is not 

normally covered by the meniscus, the region was defined by tracing the boundary of the 

meniscus on the stress map at 14% of gait when the medial meniscus was maximally loaded 

(Figure 2D). An assumption was made here that the meniscus’ movement on the medial 

plateau was small compared with the femoral condyle’s movement.

Statistical Analysis

The results of peak contact stress and contact area were compared between intact, 

meniscectomized, and MAT conditions using the Kruskal-Wallis test (nonparametric 1-way 

analysis of variance [ANOVA]). The WCoCS at different meniscal conditions was 

compared with the intact meniscus using the Mann-Whitney test. For the Kruskal-Wallis test 

with a significant χ2 statistic, post hoc analysis was performed by using the Dunn multiple 

comparison test. The level of significance was set at P < .05.

RESULTS

Among the 7 knees, all conditions (intact, bone plug, suture only, and meniscectomy) were 

successfully tested for 5 knees. A BPS trial was missing from 1 knee because of an 

accidental cut of the bone plug at 1 meniscal horn. For another, knee sensor dislocation 

occurred during meniscectomy, so this condition for this knee was excluded from data 

analysis. To determine if we had sufficient power to detect the increase in peak contact 

stress at 14% of the gait cycle, a post hoc power analysis was performed using an α of .05 

and a sample size of ± (given 1 knee was missing the BPS trial and another was missing the 
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meniscectomy trial) following a 1-way ANOVA study design. The analysis revealed that the 

power of our study was 95%, assuming a standard deviation of 0.89 in each group.

After medial meniscectomy, the normal distribution of contact stresses on the medial plateau 

was disrupted as shown in the stress maps of a typical specimen (Figure 4, A and B). 

Collectively, the mean contact area was significantly reduced primarily during the early 

stance phase (from 546 ± 132 mm2 to 192 ± 122 mm2; P = .01) when the axial load reached 

its first peak (14% of the gait cycle) (Figure 5A). During this phase, BPS fixation increased 

the contact area more than suture-only fixation, although the contact area was not fully 

restored by either procedure. During the late stance phase, however, the contact area was not 

significantly affected by meniscal condition (from 30% of the gait cycle to toe-off). At 14% 

of the gait cycle, the mean peak contact stress on the medial tibial plateau significantly 

increased from 4.2 ± 1.2 MPa to 6.2 ± 1.0 MPa (P < .01) after meniscectomy (Figure 5B). 

Only BPS fixation (vs suture-only fixation) successfully reduced the peak contact stress 

during the early stance phase. During the second half of the stance phase, however, the peak 

contact stress was not significantly affected by either meniscectomy or meniscal 

transplantation.

After medial meniscectomy, the location of the WCoCS significantly shifted (P = .02) to the 

peripheral zone of the tibial plateau relative to the intact knees throughout the whole stance 

phase (Figure 6), while there was no obvious change in the anterior/posterior direction. Only 

BPS fixation exhibited an effective correction to this peripheral offset.

DISCUSSION

Total medial meniscectomy resulted in an increase in peak contact stress and a decrease in 

the contact area during the first half of the gait cycle. Meniscectomy also resulted in a 

significant shift in the location of the WCoCS from the central to peripheral zone on medial 

tibial cartilage, which is uncovered by meniscectomy. The findings support our hypothesis 

that meniscal transplantation would result in some restoration of contact mechanics, but the 

degree of restoration was dependent on the method of fixation. Transosseous fixation using 

bone plugs at both the anterior and posterior horns resulted in superior contact mechanics 

that more closely approximated that of the intact condition than fixation with sutures alone.

Previous studies designed to assess the functional mechanics of meniscal grafts have 

typically used static or quasistatic uniaxial loads that ranged in magnitude from 1 to 2 

kN.4,5,14,20,33 While the magnitudes of the applied axial force in those studies were in the 

physiological range, the tests did not capture the multidirectional dynamic loading 

environment of the knee joint. Significantly increased peak contact stresses and decreased 

contact areas have also been previously reported after full resection of the posterior horn of 

the medial meniscus under static axial loads at different flexion angles (0°, 30°, and 

60°).25,38 Yet, in reality, the alteration in secondary knee motions, such as changes in 

internal/external rotation and anterior/posterior translation during walking, should also be 

considered. As the medial meniscus plays an important role in limiting anterior/posterior 

tibial translation,3,39 predictable changes in kinematic changes, primarily in anterior/

posterior translation,7 might be expected to occur after meniscectomy. Thus, a more 
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sophisticated load setting that incorporates the multidirectional forces experienced at the 

knee during physiological loading situations would help us to better understand the 

problems after meniscal injuries and after surgical interventions. We have previously 

modified a knee simulator to apply synchronized axial force, internal/external torque, and 

anterior/posterior force as a function of flexion angle that simulates gait and used it to assess 

the functional mechanics of meniscal tears of the posterior aspect of the medial and lateral 

menisci.9,10 In the current study, we augmented the model with a sensor capable of 

recording contact stresses at a high sampling frequency (100 Hz), thus allowing us to study 

the effect of meniscal transplantation during the dynamic loading environment of gait (gait 

cycle = 2 seconds), which considered segmental inertia and joint viscosity.

As expected, the peak contact stress increased significantly after meniscectomy by 

approximately 48% compared with that of the intact condition. This is close to that reported 

by Dienst et al,14 who found a 50% to 60% increase in the peak contact stress with the knee 

in full extension and at 30° of flexion, but is lower than that measured by Paletta et al,33 who 

quantified increases of up to 200% after meniscectomy, and by Baratz et al,8 who found an 

approximate 235% increase. The contact area on the tibial surface also decreased with 

meniscectomy (40%-65%), which is within the range previously reported.5,14,33 In addition, 

we have demonstrated that the changes in contact stress and contact area associated with 

meniscectomy were most pronounced during the first half of stance, which has not thus far 

been reported in the literature. This finding indicates that the medial meniscus mainly carries 

loads during the early stance phase of walking, which is also shown in the stress maps (14% 

vs 45% of the gait cycle) (Figure 4). Our finding is consistent with that of a recent study in 

which the authors reported that cartilage under the posterior horn of the medial meniscus 

mainly carries loads during the early stance phase.44 During early stance, the tibia was 

subjected to an anteriorly directed force, a low axial rotatory torque (Figure 1), and a low 

flexion angle. This combination of forces resulted in a situation in which the femoral 

condyles were supported mainly by the posterior aspects of the menisci, resulting in a higher 

force transmitted by the medial meniscus. However, after 30% of the gait cycle, the 

direction of the anterior/posterior force shifted posteriorly, while the internal rotatory torque 

increased, causing an increase in internal rotation of the tibia, as has been reported in 

previous in vivo kinematic studies.37,45 Tibial internal rotation tends to move the medial 

tibiofemoral contact location anteriorly.22,23 Because the asymmetric “C-shaped” medial 

meniscus is much thinner anteriorly and less readily absorbs the joint load compared with 

the posterior area, the internally rotated tibial position during the late stance phase might 

have unloaded the posterior portion of the medial meniscus from the femoral condyle.

Between these 2 commonly utilized fixation techniques, BPS fixation better restored knee 

joint contact mechanics than suture-only fixation in the early phase of stance. Given the 

wedge-shaped geometry of the meniscus, stiff fixation sites are required to avoid the 

tendency of the meniscus to extrude under high axial loads.4,17 While the exact mechanism 

by which changes in contact mechanics lead to tissue degeneration is unclear, we sought to 

assess if the location of contact was significantly affected by the meniscal condition. Thus, 

we developed the term “WCoCS,” which takes into account both the stress magnitude at 

each sensing element and its location. By using this term as opposed to the geometric center 

of contact, the influence of sensels that are marginally loaded will be minimized. This 
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allows for more accurate tracking of the center of contact when the meniscus is partially/

minimally loaded. We observed that the mean curve of the WCoCS moved from a central 

position on the medial tibial plateau in the intact condition to a more peripheral location 

after meniscectomy. This change in location occurred throughout the entirety of the stance 

phase and varied little through the cycle. No changes in the anterior/posterior position of the 

WCoCS were noted throughout the stance phase of gait. Once again, bone plug fixation 

showed an improvement compared with the suture-only fixation and meniscectomy 

conditions in restoring a more normal WCoCS. The alteration of the contact location shifts 

the high contact stresses to the peripheral zones of the medial tibial plateau, where articular 

cartilage is thinner compared with that in the central zones,6,26 which may have important 

implications for chondral degeneration in meniscus-deficient patients.34

The method of surgical fixation of whole meniscal allografts remains controversial. This is 

in part because numerous methods of meniscal transplant fixation techniques have been 

described and used in different clinical situations.24,32,36 These include meniscal allografts 

fixed with sutures alone, separate anterior and posterior bone plugs, and various machined 

bone bridges (dove-tail, key-hole, bridge-in-slot) between the anterior and posterior horns, 

which are slotted into the tibial plateau for fixation. Clinically, the surgical goal of MAT, to 

relieve symptoms in the meniscus-deficient compartment, has been achieved with equal 

efficacy by both fixation techniques in the short to medium term.2 Prospective randomized 

controlled trials projected from the medium to long term with a focus on objective 

quantifiable cartilage/joint health status are required to comprehensively assess the ability of 

both fixation techniques to demonstrate a chondroprotective effect. Unfortunately, these 

studies are lacking. In the interim, any attempts to relate joint health to commonly reported 

clinical subscales in long-term MAT studies are undermined by the fact that clinical scores 

have not been shown to directly correlate with radiological or magnetic resonance imaging 

parameters of cartilage status,43 that there exists considerable variability in patient 

populations, and that there is a lack of consensus regarding objective outcome criteria after 

MAT.15,19 In this basic science study, we designed a self-controlled comparison aimed at 

isolating the effect of fixation technique on postoperative outcomes. The methods of fixation 

tested in this study were selected because, unlike in the lateral meniscus where the anterior 

and posterior horns are in close proximity and the preferred technique is to use a single 

machined bone bridge, in the medial meniscus, both methods of fixation are common, but 

there has been little clinical evidence to differentiate the functional mechanics of these 2 

techniques.

Several limitations need to be recognized in this study. First, to provide an element of parity 

in graft positioning and for experimental convenience, we “reused” the 10-mm bone tunnel 

of the posterior horn for the suture pathway in suture-only fixation. Yet, we did not observe 

any “off-center” displacement of the meniscus as the sutures are tied over the bone bridge. 

Second, to minimize the variability in graft size, geometry, and material property and to 

isolate the effects of the fixation technique, we performed a “remove-replace” method in 

which we used the same autograft for both MAT conditions. However, the “ideal” meniscal 

autograft with the geometry and material properties exactly matching those of the original 

tissue is not practical to obtain in a clinical setting. Third, there was no standardization of 

the tensioning procedure for sutures that were used in both the bone plug and the suture-only 
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conditions. We manually tensioned both the anterior and posterior horn suture limbs and 

then tied them together. Finally, while the WCoCS is a numerical representation of the 

location of the center of contact stress, it is influenced by the magnitude of contact stresses, 

particularly in the peripheral regions of the joint.

CONCLUSION

Transosseous fixation via bone plugs provides superior load distribution of a transplanted 

meniscal allograft compared with suture fixation alone at time zero. The meniscus functions 

to carry joint loads mainly in the early phase of stance, suggesting that particular attention 

should be directed to the ability of meniscal repair or replacement strategies to function 

during this phase.
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Figure 1. 
Inputs of the dynamic knee simulator. The simulator applies (A) flexion/extension rotation, 

(B) anterior/posterior force, (C) axial force, and (D) internal/external torque. The forces and 

torques were applied on the tibia, and flexion and extension were applied on the femur. The 

other degrees of freedom, varus/valgus rotation and medial/lateral translation, were not 

controlled.
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Figure 2. 
Cadaveric model. (A) Photograph of a specimen on the Stanmore knee simulator. The 

simulator was driven by gait loads as described in Figure 1. (B) A Kirschner wire was 

pinned through the geometric epicondylar axis with the guidance of radiography and was 

used to align the knee position on the simulator. (C) The knee was augmented with a 

pressure sensor (Tekscan), while the soft tissues were carefully preserved (photograph was 

taken after dissection of the knee). (D) Real-time contact stresses on the tibial plateaus were 

collected at 100 Hz.
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Figure 3. 
Schematic diagram of the fixation procedures. (A) Transosseous suture fixation via bone 

plugs. (B) Bone tunnel suture fixation.
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Figure 4. 
Stress maps on the medial plateau for a typical knee under different meniscal conditions at 

14% and 45% of the gait cycle. (A) The intact knee. A reduction in the contact area was 

observed after medial meniscectomy (B) at 14% of gait, while minimal changes were found 

at 45% of gait. Compared with suture-only fixation (C), bone plug fixation (D) exhibited 

better restoration in the contact area.
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Figure 5. 
(A) Reduction in the contact area and (B) increase in peak contact stress across the medial 

tibial plateau throughout the stance phase of gait. The plots on the top show the mean curves 

for each condition; the shaded area of the intact condition indicates the standard error 

(shaded areas on the other curves were removed for better readability). The plots on the 

bottom show the values (mean ± standard deviation) of each condition at 14% and 45% of 

gait. *Statistically significant difference (P < .05).
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Figure 6. 
Peripheral shift (relative to the intact condition) of the weighted center of contact stress 

within the central cartilage region throughout the stance phase of gait. The plot on the top 

shows the mean curve for each condition; the shaded area of the intact condition indicates 

the standard error. The plot on the bottom shows the peripheral shift (mean ± standard 

deviation) of each condition at 14% and 45% of gait. *Statistically significant difference (P 

< .05) compared with the baseline intact condition.
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