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Abstract

Transtibial pullout suture (TPS) repair of posterior medial meniscus root (PMMR) tears was

shown to achieve good clinical outcomes. The purpose of this study was to compare biome-

chanically, a novel technique designed to repair PMMR tears using tendon graft (TG) and

conventional TPS repair. Twelve porcine tibiae (n = 6 each) TG group: flexor digitorum pro-

fundus tendon was passed through an incision in the root area, created 5 mm postero-medi-

ally along the edge of the attachment area. TPS group: a modified Mason-Allen suture was

created using no. 2 FiberWire. The tendon grafts and sutures were threaded through the

bone tunnel and then fixed to the anterolateral cortex of the tibia. The two groups underwent

cyclic loading followed by a load-to-failure test. Displacements of the constructs after 100,

500, and 1000 loading cycles, and the maximum load, stiffness, and elongation at failure

were recorded. The TG technique had significantly lower elongation and higher stiffness

compared with the TPS. The maximum load of the TG group was significantly lower than

that of the TPS group. Failure modes for all specimens were caused by the suture or graft

cutting through the meniscus. Lesser elongation and higher stiffness of the constructs in TG

technique over those in the standard TPS technique might be beneficial for postoperative

biological healing between the meniscus and tibial plateau. However, a slower rehabilitation

program might be necessary due to its relatively lower maximum failure load.

Introduction

Meniscal tears are common injuries caused by the combination of tissue degeneration and

high mechanical loads [1]. Anterior and posterior meniscal root tears are becoming increas-

ingly recognized as inducing joint degradation, and greater emphasis has been placed on
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restoring the meniscal integrity [2, 3]. With growing knowledge during recent decades about

the physiological functions of knee joint menisci, the connection between the anterior and

posterior roots of each meniscus and the tibial plateau is either by root attachments or direct

insertion [4–6]. A tear of the posterior medial meniscus root (MMR; PMMR) is defined as a

radial tear located within 10 mm of the posterior root attachment site of the medial meniscus,

which was shown to decrease the contact area and increase the contact pressure of the affected

compartment [7]. In the field of posterior meniscus root tear surgery, the integrity of the

meniscus roots is critical for the ability of the meniscus to absorb hoop stress and prevent

meniscal extrusion, and its functions include load transmission, shock absorption, propriocep-

tion, and joint stability [8–12].

In 1991, a tear of the posterior root of the medial meniscus was first described in a 20-year-

old football player [13], and the incidence and prevalence of PMMR tears have recently

increased dramatically [14–18]. The previous report by Choi et al showed that the magnetic

resonance imaging could provide >90% diagnostic rate [19]. Biomechanical studies analyzing

the effects of the MMPRT on the load transmission capacity of the knee reported that the inci-

dence of medial meniscus posterior root tear (MMPRT) is almost 4-times more prevalent than

that of the lateral meniscus, and MMPRT may account for around 20%~30% of medial menis-

cus tears that appear to be PMMR tears [20, 21]. MMPRTs exhibit a similar extent of increas-

ing contact surface and decreasing peak pressure through loss of hoop tension caused by

disruption of circumferential fibers, as those that occur in the total meniscectomized knee [16,

18, 22, 23]. On the other hand, it was suggested that the incidence of MMR avulsion ranges

10.1%~27.8% [11, 24]. Recent studies found that possible causes of PMMR tears are deep

squats with a floor-based lifestyle in the elderly and traumatic events in the young [25–28].

Since Kim et al. [16] and Seo et al. [29, 30] showed that full restoration of the knee joint func-

tion after pullout suture repair of PMMR tears was difficult to achieve, relatively few articles

regarding avulsion fracture of the medial meniscus have been published [27, 31]. Furthermore,

meniscal tears are the most common injury of the knee joint, and the posterior horn is the

most frequent location. LaPrade et al. [32] indicated that nonanatomic repair at all testing

angles resulted in a 44% reduction in the contact area and corresponding increases in the

mean and peak contact pressures of 67% and 59%, respectively, compared to an intact knee

condition. With the use of cadavers and Fuji sensors to evaluate the contact area and peak con-

tact pressure of the knee joint at different flexion angles, Allair et al. [22] showed that PMMR

tears significantly increase the contact pressure by about 25% and reduce the contact area simi-

lar to those seen with a total meniscetomy.

A 5-year prospective multicenter follow-up report by Krych et al. [33] for conservative

treatment of PMMR tears showed that 87% of patients failed, while 31% of patients underwent

total knee replacement at about 30 months. Many surgical treatment options exist, including

beneficial clinical results of surgical repair for PMMR tears either using suture anchors or a

transtibial pullout suture (TPS) technique [7], which has become popular in recent years [29,

34–36]. Suture anchor technique showed significant lower displacement, higher stiffness, and

maximum load without significant difference, compared with TPS [7]. Taking all the bio-

mechanical studies into consideration, in 2012, Moon et al. [36] indicated that extrusion of the

medial meniscus would still progress over time. Furthermore, Hong et al. showed that biologi-

cal healing between the undersurface of the medial meniscus and tibial plateau after repair

using pullout sutures in rabbit models was not promising [37]. Chung et al. also showed that

severe chondral lesions, varus deformities, and an older age were poor prognostic factors for

PMMRT repair, especially modified outerbridge classification grade 3 [38].

Although previous research showed that radial tears of the meniscus root area could leave a

gap that makes surgical repair difficult [39, 40], partial meniscectomies which often give rise to
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knee arthritis are the only treatment for this condition [41, 42]. Based on previous anatomic

studies [4, 5, 32], the PMMR is attached to the tibial plateau by a ligamentous structure, and

we know of no previous research that conducted such a study to repair PMMR tears using por-

cine knees. Studying the medial compartment is important, because the medial meniscus is

more commonly torn than the lateral meniscus [43], and hence we designed a novel technique

to reconstruct the PMMR attachment ligament using a flexor tendon graft (TG). The aim of

the study was to compare biomechanical properties of the new TG and the standard TPS tech-

nique when applied to PMMR reconstruction using porcine knees. We hypothesized that the

TG technique would provide superior biomechanical properties compared to the TPS

technique.

Materials and methods

Specimen preparation

Fresh porcine hind limbs and porcine knee joints from adult hybrid Landrace-Yorkshire-

Duroc pigs were obtained from a local slaughterhouse. In total, 12 porcine tibiae with intact

medial meniscus roots were randomly assigned to two groups (n = 6 each). The mean age of

specimens was 28~30 weeks, and the average weight was 130 kg. The knees were harvested and

stored at -20˚C after dissection and thawed for 24 h at room temperature before testing. Skin

and all muscles were removed. The tibia was disconnected from the femur and cut axially. The

femur site was removed after cutting the connecting ligaments and soft tissue, and the tibia

site was left intact. The tibia was truncated approximately 15 cm below the joint line. Then, a

careful examination of all experimental knees was performed to exclude specimens for which

the medial meniscus root was of poor quality. Therefore, six fresh flexor digitorum profundus

tendons from the limbs were selected for TGs. Each graft was trimmed to a mean size of 150

mm long and 3 mm in diameter. Prior to testing, all specimens in the TG group were sutured

with no. 2 Ethibond sutures (Ethicon, Somerville, NJ, USA) with a whipstitch that promoted

uniform loading across each limb during testing.

PMMR repair techniques

A single orthopedic surgeon trained in sports medicine carried out all surgical techniques to

ensure consistency. A standardized PMMR tear model was created by cutting the peripheral

margin of the medial meniscus root area with a 5-mm gap left near the insertion site of the

PMMR using a scalpel. The surgical technique of the TG group is shown in Fig 1A. All speci-

mens were tested according to the protocol by Feucht et al. [7] The loading profile consisted of

five consecutive phases: (1) a 5-mm longitudinal incision was made through the red-red zone

of the posterior medial meniscus with around 5 mm from the root tear site using a no. 15

blade scalpel; (2) a transtibial tunnel was drilled using a 6-mm coring reamer (Arthrex, Karis-

feld, Germany) and was aimed at the native medial meniscus root insertion area by an anterior

cruciate ligament (ACL) aimer; (3) a prepared fresh flexor digitorum profundus tendon was

smoothly passed through the created incision using a suture passer; (4) the graft was threaded

through the joint surface, pulled out of the tibial cortex through the 6-mm diameter bone tun-

nel, and then secured with a 6x25-mm bioscrew (Inion HexalonTM, Tampere, Finland) under

2 N preload; and (5) the graft was augmented with a screw and washer at the anterolateral

aspect of the tibia (Fig 1B). For the TPS group, a modified Mason-Allen suture technique was

applied to the PMMR tear with no. 2 FiberWire. The sutures were then pulled out through the

5-mm diameter bone tunnel and fixed to the anterolateral aspect of the tibia using a screw and

washer [7, 44].
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Biomechanical study

All tests were performed at room temperature (25 ± 1˚C), and specimens were kept moist with

saline solution. A material testing system (MTS Bionix 858, Eden Prairie, MN, USA) with a cus-

tom-made clamping device was used for tensile testing (Fig 2). The clamping device was rigidly

mounted onto the plate of the material testing machine, and the peripheral section of the medial

meniscus was placed in a mechanical screw action clamp. In order to prevent meniscus slippage,

the clamp was equipped with corrugated jaw faces [7]. To avoid interference with the stiffness

analysis, the menisci were clamped 1 cm medial to the sutures or the TGs of the meniscus. After

a preload of 2 N, all specimens were subjected to 1000 cycles of a load between 2 and 20 N at a

rate of 0.5 Hz. Subsequently, specimens were loaded to failure at a rate of 0.5 mm/s [7]. The

number of cycles, displacement, and loads were recorded by MTS software. The following

parameters were analyzed in all tests: (1) displacements after 100, 500, and 1000 cycles and (2)

the maximum load, stiffness, and elongation at failure load. The displacement was defined as

the differences in the crosshead position from the peak of the first cycle to the peak of cycle 100,

500, and 1000. The stiffness was calculated as the steepest slope of the load-deformation curve

Fig 1. (A) Illustration of the surgical technique for repair of the posterior medial meniscus root (PMMR) using a

tendon graft. The posterior horn of the medial meniscus root was reconstructed with a 3-mm-diameter fresh flexor

digitorum profundus tendon using a transosseous pullout technique. (B) Photograph demonstrating the complete

constructs in the transverse plane.

https://doi.org/10.1371/journal.pone.0192027.g001
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spanning 30% of the data points collected between load initiation and the maximum load at fail-

ure. Elongation was measured as the total displacement of sutures or grafts at maximum failure

load. Additionally, the mode of failure was determined by visual inspection.

Statistical analysis

A Mann-Whitney U-test was performed to evaluate group differences in maximum load, stiff-

ness, and elongation at failure load. A Kruskal-Wallis test was used to test group differences in

displacements at the three designated loading cycles. The significance level was set to p< 0.05.

For all statistical analyses, SPSS 20.0 (IBM-SPSS, Armonk, NY, USA) was used. The Kolmogo-

rov-Smirnov test was performed to determine if data were normally distributed.

Results

Cyclic loading test

A summary of displacements for the two techniques after 100, 500, and 1000 cyclic

loading tests is presented in Table 1. Displacements of the TG at 100, 500, and 1000

Fig 2. Biomechanical test setup. The clamp was equipped with corrugated jaw faces to prevent meniscus slippage, and

the menisci were clamped medial to the sutures or grafts, respectively. The arrow indicates the modified Mason-Allen

suture repair.

https://doi.org/10.1371/journal.pone.0192027.g002
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cycles did not statistically differ from those of the TPS (p = 0.132, 0.589, and 0.485,

respectively).

Load-to-failure testing

Load-to-failure testing was immediately performed after cyclic loading. The maximum load,

stiffness, and elongation at failure load are given in Table 2. Compared to TPS, the TG tech-

nique had significantly lower elongation (p = 0.009) and higher stiffness (p = 0.008). The maxi-

mum load of TGs was significantly lower than that of the TPS (p = 0.015).

Failure modes

As to failure modes, all specimens of both TG and TPS failed due to sutures (Fig 3A) or grafts

(Fig 3B) cutting through the meniscus along the sharp end of the incision site near the PMMR

tear. No failure at the tibial fixation site was found.

Discussion

In the present study, the TG group showed significantly less elongation, higher stiffness, and a

lower maximum load in the load-to-failure tests compared to the TPS. The results supported

our hypothesis that the TG technique could provide a stable construct and feasibility for clini-

cal applications, the TG not only served as a spacer to maintain certain normal meniscus func-

tion but also bridged the gap to achieve anatomic repair. However, biological healing between

the TG and meniscus or tibial plateau still requires further investigations in the future. In clini-

cal situations, some PMMR tears are difficult to surgically repair if the radial tear is retracted

far from the attachment site with a gap [39, 40]. For example, in most chronic tears, the

remaining meniscal tissue is immobilized due to contracture or plastic deformation with poor

tissue quality that makes anatomic repair infeasible [39]. Therefore, a meniscal transplant is

usually recommended in addition to a partial meniscetomy. In particular, results of meniscus

transplants are inconsistent, and there is concern over the relatively high rate of complications

[45].

A successful pullout suture repair for PMMR tears greatly depends on stable fixation. Inter-

estingly, Feucht et al. compared the biomechanical characteristics of four different types of

Table 1. Displacement during cyclic loading.

Displacement (mm)

After 100 cycles After 500 cycles After 1000 cycles

TPS 1.5 ± 0.5 2.2 ± 0.6 2.7 ± 0.6

TG 1.0 ± 0.5 1.9 ± 0.8 2.4 ± 0.9

data are the mean ± standard deviation. TPS, transtibial pullout suture; TG, tendon graft.

https://doi.org/10.1371/journal.pone.0192027.t001

Table 2. Maximum load, stiffness, and elongation at failure load.

Maximum load (N) Stiffness (N/mm) Elongation (mm)

TPS 258 ± 45a 14.9 ± 3.2a 24.3 ± 2.9a

TG 176.9 ± 46 26.6 ± 5.6 14.8 ± 4.0

data are the mean ± standard deviation. TPS, transtibial pullout suture; TG, tendon graft.
a Significant differences between the two groups.

https://doi.org/10.1371/journal.pone.0192027.t002
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suture techniques applied to repair PMMR tears. They illustrated that the modified Manson-

Allen (MMA) suture technique had the least displacement (0.88 ± 0.11 mm) during cyclic

loading and the highest failure load (335.2 ± 58.8 N) in the load-to-failure test in a porcine

knee model [46]. LaPrade et al. demonstrated similar results using cadaveric knees, which

revealed a mean displacement of 2.14 ± 0.65 mm after 1000 loading cycles and a maximum

failure load of 325 ± 77 N. These biomechanical studies showed that the MMA technique had

good biomechanical properties and provides strong tensile strength to resist mechanical fail-

ure. Furthermore, a previous study also showed that no. 2 FiberWire had preferential bio-

mechanical characteristics for the MMR repair compared to the no. 2 PDS, no. 2 Ethibond,

and 2-mm Fibertape [47]. Therefore, the MMA technique with no. 2 FiberWire was chosen as

the control group.

Biomechanical characteristics of an ideal fixation construct include minimal elongation,

high stiffness, and a high maximum load to maintain the repaired meniscus root in place dur-

ing the biological healing process. Previous studies reported that time-zero displacements of

transtibial pullout-repaired constructs in porcine knee models ranged 2.2~3.8 mm using dif-

ferent fixation methods after a cyclic loading test [7, 48]. In the present study, maximal dis-

placements of the TPS and TG groups during the cyclic loading test were 2.7 ± 0.6 and

2.4 ± 0.9 mm, respectively, and no significant differences were found between the two groups.

The “bungee effect” in this study was within the 3-mm cutoff value for displacement, which

compromises the repair effect in a porcine knee model [49]. This indicates that both tech-

niques can provide comparable stability under physiological loading conditions. In addition,

since the maximal displacement of the TG group was smaller and further from the 3-mm cut-

off value compared to the suture group, the graft group might be safer.

In the load-to-failure test, the TG group showed significantly lower elongation and higher

stiffness but a lower maximum failure load compared to the TPS group. Among all of these

biomechanical parameters, stiffness plays an important role in the ability to maintain the

shape and stability of the repaired construct under mechanical loading conditions [47, 50].

All specimens in our study failed by the sutures or grafts cutting through the meniscus. No

breakage of the suture or graft was noted in the study. There was also no failure at the tibial fix-

ation site. These results possibly indicate that tibial fixation using a biointerference screw and

augmented with a screw and washer is sufficiently strong for clinical applications. A recent

biomechanical study showed that the weakest site of the repaired construct was at the suture-

Fig 3. Failure modes of (A) the transtibial pullout suture (TPS) and (B) tendon graft (TG).

https://doi.org/10.1371/journal.pone.0192027.g003
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meniscus interface regardless of the material used [47]. Similarly, we found that the failure site

of the TG group was at the graft-meniscus interface. In order to pass the 3-mm graft and

enhance future healing, the peripheral incision should be created longitudinally at the red-red

zone and be about 5 mm long. Recently, Ozeki et al. used an autogenous Achilles tendon graft

augmented with BMP-7 [51] or synovial mesenchymal stem cells [52] to treat large meniscal

defects in rats and shed light on regenerating the meniscus to prevent further degeneration of

the knee cartilage. In the present study, the harvested flexor tendon was passed through the

red-red zone of the medial meniscus and fixed into a bone tunnel to secure subsequent biolog-

ical healing, such as anterior cruciate ligament reconstruction conducted by hamstring ten-

dons [53]. The major limitation of this study would be its time-zero in vitro design. The main

difference between this study and actual clinical situations was the use of a porcine knee model

and a digital flexor tendon to simulate reconstruction of the human knee with a hamstring

TG. Since human knees are generally difficult to obtain for practicing new techniques, an ani-

mal model was adopted to compare the initial mechanical characteristics of the two techniques

in this study. Porcine knee models were often used in other studies to evaluate mechanical

characteristics of the human knee due to their similarities in size, shape, and bone quality [54,

55] as well as the consistency of the tissue quality [47, 50, 56, 57]. Porcine flexor digitorum pro-

fundus tendons were used to simulate the human hamstring tendons, because the characteris-

tics of these tissues are comparable [58, 59]. Although the study results of the TG group were

promising, this might not reflect the in vivo forces to which the graft is subjected. These data

indicated that under these conditions, it is necessary to obtain biomechanical and biological

information in vivo with regard to the TG technique in the future.

Conclusions

The superior biomechanical properties of the TG technique, such as decreased elongation and

higher stiffness, could be beneficial for postoperative biological healing between the meniscus

and tibial plateau. However, a slower rehabilitation program after the TG is recommended

because of its relatively lower maximum failure load compared to the TPS technique. The TG

technique is an entirely new concept for PMMR repair and could be an alternative for ana-

tomic root repair in patients with a poor quality of the residual meniscus, a chronic tear with

severe loss of tissue substance, or shortening of the meniscus root ligaments.

Supporting information

S1 File. The biomechanical test setup and statistical analysis methods.

(PDF)

Author Contributions

Conceptualization: Jia-Lin Wu.

Data curation: Jia-Lin Wu, Chan-Tsung Yang, Chia-Ming Chang.

Formal analysis: Jia-Lin Wu, Chan-Tsung Yang.

Funding acquisition: Jia-Lin Wu.

Investigation: Jia-Lin Wu, Chian-Her Lee, Chia-Ming Chang, Yu-Shu Lai.

Methodology: Jia-Lin Wu, Chian-Her Lee, Chan-Tsung Yang, Chia-Ming Chang, Guoan Li.

Project administration: Jia-Lin Wu, Chia-Ming Chang.

Novel technique for repairing posterior medial meniscus root tears

PLOS ONE | https://doi.org/10.1371/journal.pone.0192027 February 6, 2018 8 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192027.s001
https://doi.org/10.1371/journal.pone.0192027


Resources: Jia-Lin Wu, Cheng-Kung Cheng, Hsu-Shan Huang.

Software: Chan-Tsung Yang, Chia-Ming Chang.

Supervision: Jia-Lin Wu, Chian-Her Lee, Guoan Li, Cheng-Kung Cheng, Chih-Hwa Chen,

Hsu-Shan Huang, Yu-Shu Lai.

Validation: Jia-Lin Wu, Chan-Tsung Yang, Chia-Ming Chang.

Writing – original draft: Jia-Lin Wu.

Writing – review & editing: Jia-Lin Wu, Chian-Her Lee, Guoan Li, Cheng-Kung Cheng,

Chih-Hwa Chen, Hsu-Shan Huang.

References
1. Poulsen MR, Johnson DL. Meniscal injuries in the young, athletically active patient. Phys Sportsmed.

2011; 39(1):123–30. https://doi.org/10.3810/psm.2011.02.1870 PMID: 21378495.

2. Steineman BD, LaPrade RF, Santangelo KS, Warner BT, Goodrich LR, Haut Donahue TL. Early Osteo-

arthritis After Untreated Anterior Meniscal Root Tears: An In Vivo Animal Study. Orthop J Sports Med.

2017; 5(4):2325967117702452. https://doi.org/10.1177/2325967117702452 PMID: 28508006;

PubMed Central PMCID: PMCPMC5415046.

3. LaPrade RF, Matheny LM, Moulton SG, James EW, Dean CS. Posterior Meniscal Root Repairs: Out-

comes of an Anatomic Transtibial Pull-Out Technique. Am J Sports Med. 2017; 45(4):884–91. https://

doi.org/10.1177/0363546516673996 PMID: 27919916.

4. Johannsen AM, Civitarese DM, Padalecki JR, Goldsmith MT, Wijdicks CA, LaPrade RF. Qualitative and

quantitative anatomic analysis of the posterior root attachments of the medial and lateral menisci. Am J

Sports Med. 2012; 40(10):2342–7. https://doi.org/10.1177/0363546512457642 PMID: 22962297.

5. LaPrade CM, LaPrade MD, Turnbull TL, Wijdicks CA, LaPrade RF. Biomechanical evaluation of the

transtibial pull-out technique for posterior medial meniscal root repairs using 1 and 2 transtibial bone

tunnels. Am J Sports Med. 2015; 43(4):899–904. https://doi.org/10.1177/0363546514563278 PMID:

25573393.

6. Messner K, Gao J. The menisci of the knee joint. Anatomical and functional characteristics, and a ratio-

nale for clinical treatment. J Anat. 1998; 193 (Pt 2):161–78. https://doi.org/10.1046/j.1469-7580.1998.

19320161.x PMID: 9827632; PubMed Central PMCID: PMCPMC1467836.

7. Feucht MJ, Grande E, Brunhuber J, Rosenstiel N, Burgkart R, Imhoff AB, et al. Biomechanical compari-

son between suture anchor and transtibial pull-out repair for posterior medial meniscus root tears. Am J

Sports Med. 2014; 42(1):187–93. https://doi.org/10.1177/0363546513502946 PMID: 24018976.

8. Alhalki MM, Howell SM, Hull ML. How three methods for fixing a medial meniscal autograft affect tibial

contact mechanics. Am J Sports Med. 1999; 27(3):320–8. https://doi.org/10.1177/

03635465990270030901 PMID: 10352767.

9. Chen MI, Branch TP, Hutton WC. Is it important to secure the horns during lateral meniscal transplanta-

tion? A cadaveric study. Arthroscopy. 1996; 12(2):174–81. PMID: 8776994.

10. Haut Donahue TL, Hull ML, Rashid MM, Jacobs CR. How the stiffness of meniscal attachments and

meniscal material properties affect tibio-femoral contact pressure computed using a validated finite ele-

ment model of the human knee joint. J Biomech. 2003; 36(1):19–34. PMID: 12485635.

11. Ozkoc G, Circi E, Gonc U, Irgit K, Pourbagher A, Tandogan RN. Radial tears in the root of the posterior

horn of the medial meniscus. Knee Surg Sports Traumatol Arthrosc. 2008; 16(9):849–54. https://doi.

org/10.1007/s00167-008-0569-z PMID: 18536902.

12. Villegas DF, Hansen TA, Liu DF, Donahue TL. A quantitative study of the microstructure and biochemis-

try of the medial meniscal horn attachments. Ann Biomed Eng. 2008; 36(1):123–31. https://doi.org/10.

1007/s10439-007-9403-x PMID: 17999192.

13. Pagnani MJ, Cooper DE, Warren RF. Extrusion of the medial meniscus. Arthroscopy. 1991; 7(3):297–

300. PMID: 1750940.

14. Chung KS, Ha JK, Ra HJ, Kim JG. A meta-analysis of clinical and radiographic outcomes of posterior

horn medial meniscus root repairs. Knee Surg Sports Traumatol Arthrosc. 2016; 24(5):1455–68. https://

doi.org/10.1007/s00167-015-3832-0 PMID: 26493550.

15. Feucht MJ, Kuhle J, Bode G, Mehl J, Schmal H, Sudkamp NP, et al. Arthroscopic Transtibial Pullout

Repair for Posterior Medial Meniscus Root Tears: A Systematic Review of Clinical, Radiographic, and

Novel technique for repairing posterior medial meniscus root tears

PLOS ONE | https://doi.org/10.1371/journal.pone.0192027 February 6, 2018 9 / 12

https://doi.org/10.3810/psm.2011.02.1870
http://www.ncbi.nlm.nih.gov/pubmed/21378495
https://doi.org/10.1177/2325967117702452
http://www.ncbi.nlm.nih.gov/pubmed/28508006
https://doi.org/10.1177/0363546516673996
https://doi.org/10.1177/0363546516673996
http://www.ncbi.nlm.nih.gov/pubmed/27919916
https://doi.org/10.1177/0363546512457642
http://www.ncbi.nlm.nih.gov/pubmed/22962297
https://doi.org/10.1177/0363546514563278
http://www.ncbi.nlm.nih.gov/pubmed/25573393
https://doi.org/10.1046/j.1469-7580.1998.19320161.x
https://doi.org/10.1046/j.1469-7580.1998.19320161.x
http://www.ncbi.nlm.nih.gov/pubmed/9827632
https://doi.org/10.1177/0363546513502946
http://www.ncbi.nlm.nih.gov/pubmed/24018976
https://doi.org/10.1177/03635465990270030901
https://doi.org/10.1177/03635465990270030901
http://www.ncbi.nlm.nih.gov/pubmed/10352767
http://www.ncbi.nlm.nih.gov/pubmed/8776994
http://www.ncbi.nlm.nih.gov/pubmed/12485635
https://doi.org/10.1007/s00167-008-0569-z
https://doi.org/10.1007/s00167-008-0569-z
http://www.ncbi.nlm.nih.gov/pubmed/18536902
https://doi.org/10.1007/s10439-007-9403-x
https://doi.org/10.1007/s10439-007-9403-x
http://www.ncbi.nlm.nih.gov/pubmed/17999192
http://www.ncbi.nlm.nih.gov/pubmed/1750940
https://doi.org/10.1007/s00167-015-3832-0
https://doi.org/10.1007/s00167-015-3832-0
http://www.ncbi.nlm.nih.gov/pubmed/26493550
https://doi.org/10.1371/journal.pone.0192027


Second-Look Arthroscopic Results. Arthroscopy. 2015; 31(9):1808–16. https://doi.org/10.1016/j.arthro.

2015.03.022 PMID: 25979687.

16. Kim JG, Lee YS, Bae TS, Ha JK, Lee DH, Kim YJ, et al. Tibiofemoral contact mechanics following pos-

terior root of medial meniscus tear, repair, meniscectomy, and allograft transplantation. Knee Surg

Sports Traumatol Arthrosc. 2013; 21(9):2121–5. https://doi.org/10.1007/s00167-012-2182-4 PMID:

22955146.

17. Lavender CD, Hanzlik SR, Caldwell PE 3rd, Pearson SE. Transosseous Medial Meniscal Root Repair

Using a Modified Mason-Allen Suture Configuration. Arthrosc Tech. 2015; 4(6):e781–4. https://doi.org/

10.1016/j.eats.2015.07.028 PMID: 27284511; PubMed Central PMCID: PMCPMC4886454.

18. Sung JH, Ha JK, Lee DW, Seo WY, Kim JG. Meniscal extrusion and spontaneous osteonecrosis with

root tear of medial meniscus: comparison with horizontal tear. Arthroscopy. 2013; 29(4):726–32. https://

doi.org/10.1016/j.arthro.2012.11.016 PMID: 23395469.

19. Choi SH, Bae S, Ji SK, Chang MJ. The MRI findings of meniscal root tear of the medial meniscus:

emphasis on coronal, sagittal and axial images. Knee Surg Sports Traumatol Arthrosc. 2012; 20

(10):2098–103. https://doi.org/10.1007/s00167-011-1794-4 PMID: 22113225.

20. Burks RT, Metcalf MH, Metcalf RW. Fifteen-year follow-up of arthroscopic partial meniscectomy.

Arthroscopy. 1997; 13(6):673–9. PMID: 9442319.

21. Smith GN, Mickler EA, Albrecht ME, Myers SL, Brandt KD. Severity of medial meniscus damage in the

canine knee after anterior cruciate ligament transection. Osteoarthritis Cartilage. 2002; 10(4):321–6.

https://doi.org/10.1053/joca.2002.0520 PMID: 11950255.

22. Allaire R, Muriuki M, Gilbertson L, Harner CD. Biomechanical consequences of a tear of the posterior

root of the medial meniscus. Similar to total meniscectomy. J Bone Joint Surg Am. 2008; 90(9):1922–

31. https://doi.org/10.2106/JBJS.G.00748 PMID: 18762653.

23. Kim YM, Joo YB. Pullout failure strength of the posterior horn of the medial meniscus with root ligament

tear. Knee Surg Sports Traumatol Arthrosc. 2013; 21(7):1546–52. https://doi.org/10.1007/s00167-012-

2131-2 PMID: 22801931.

24. Bin SI, Kim JM, Shin SJ. Radial tears of the posterior horn of the medial meniscus. Arthroscopy. 2004;

20(4):373–8. https://doi.org/10.1016/j.arthro.2004.01.004 PMID: 15067276.

25. Lee DW, Ha JK, Kim JG. Medial meniscus posterior root tear: a comprehensive review. Knee Surg

Relat Res. 2014; 26(3):125–34. https://doi.org/10.5792/ksrr.2014.26.3.125 PMID: 25229041; PubMed

Central PMCID: PMCPMC4163569.

26. Cho JH, Kim JH. Pull-out suture in posterior root avulsion fracture of the medial meniscus: 2 cases. J

Orthop Sci. 2012; 17(1):98–103. https://doi.org/10.1007/s00776-011-0078-7 PMID: 21590295.

27. Griffith CJ, LaPrade RF, Fritts HM, Morgan PM. Posterior root avulsion fracture of the medial meniscus

in an adolescent female patient with surgical reattachment. Am J Sports Med. 2008; 36(4):789–92.

https://doi.org/10.1177/0363546507308195 PMID: 17986633.

28. Lee CK, Cho HL, Park JW, Ku JH. Displaced avulsion fracture of medial meniscus posterior horn

through the intercondylar notch in the patient without combined ligamentous injuries. Knee Surg Sports

Traumatol Arthrosc. 2011; 19(2):165–7. https://doi.org/10.1007/s00167-010-1060-1 PMID: 20143045.

29. Seo HS, Lee SC, Jung KA. Second-look arthroscopic findings after repairs of posterior root tears of the

medial meniscus. Am J Sports Med. 2011; 39(1):99–107. https://doi.org/10.1177/0363546510382225

PMID: 21051426.

30. Seo JH, Li G, Shetty GM, Kim JH, Bae JH, Jo ML, et al. Effect of repair of radial tears at the root of the

posterior horn of the medial meniscus with the pullout suture technique: a biomechanical study using

porcine knees. Arthroscopy. 2009; 25(11):1281–7. https://doi.org/10.1016/j.arthro.2009.05.014 PMID:

19896051.

31. Raustol OA, Poelstra KA, Chhabra A, Diduch DR. The meniscal ossicle revisited: etiology and an

arthroscopic technique for treatment. Arthroscopy. 2006; 22(6):687 e1–3. https://doi.org/10.1016/j.

arthro.2005.12.022 PMID: 16762719.

32. LaPrade CM, Foad A, Smith SD, Turnbull TL, Dornan GJ, Engebretsen L, et al. Biomechanical conse-

quences of a nonanatomic posterior medial meniscal root repair. Am J Sports Med. 2015; 43(4):912–

20. https://doi.org/10.1177/0363546514566191 PMID: 25622987.

33. Krych AJ, Reardon PJ, Johnson NR, Mohan R, Peter L, Levy BA, et al. Non-operative management of

medial meniscus posterior horn root tears is associated with worsening arthritis and poor clinical out-

come at 5-year follow-up. Knee Surg Sports Traumatol Arthrosc. 2017; 25(2):383–9. https://doi.org/10.

1007/s00167-016-4359-8 PMID: 27761625.

34. Kim JH, Chung JH, Lee DH, Lee YS, Kim JR, Ryu KJ. Arthroscopic suture anchor repair versus pullout

suture repair in posterior root tear of the medial meniscus: a prospective comparison study. Arthros-

copy. 2011; 27(12):1644–53. https://doi.org/10.1016/j.arthro.2011.06.033 PMID: 21982389.

Novel technique for repairing posterior medial meniscus root tears

PLOS ONE | https://doi.org/10.1371/journal.pone.0192027 February 6, 2018 10 / 12

https://doi.org/10.1016/j.arthro.2015.03.022
https://doi.org/10.1016/j.arthro.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25979687
https://doi.org/10.1007/s00167-012-2182-4
http://www.ncbi.nlm.nih.gov/pubmed/22955146
https://doi.org/10.1016/j.eats.2015.07.028
https://doi.org/10.1016/j.eats.2015.07.028
http://www.ncbi.nlm.nih.gov/pubmed/27284511
https://doi.org/10.1016/j.arthro.2012.11.016
https://doi.org/10.1016/j.arthro.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23395469
https://doi.org/10.1007/s00167-011-1794-4
http://www.ncbi.nlm.nih.gov/pubmed/22113225
http://www.ncbi.nlm.nih.gov/pubmed/9442319
https://doi.org/10.1053/joca.2002.0520
http://www.ncbi.nlm.nih.gov/pubmed/11950255
https://doi.org/10.2106/JBJS.G.00748
http://www.ncbi.nlm.nih.gov/pubmed/18762653
https://doi.org/10.1007/s00167-012-2131-2
https://doi.org/10.1007/s00167-012-2131-2
http://www.ncbi.nlm.nih.gov/pubmed/22801931
https://doi.org/10.1016/j.arthro.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15067276
https://doi.org/10.5792/ksrr.2014.26.3.125
http://www.ncbi.nlm.nih.gov/pubmed/25229041
https://doi.org/10.1007/s00776-011-0078-7
http://www.ncbi.nlm.nih.gov/pubmed/21590295
https://doi.org/10.1177/0363546507308195
http://www.ncbi.nlm.nih.gov/pubmed/17986633
https://doi.org/10.1007/s00167-010-1060-1
http://www.ncbi.nlm.nih.gov/pubmed/20143045
https://doi.org/10.1177/0363546510382225
http://www.ncbi.nlm.nih.gov/pubmed/21051426
https://doi.org/10.1016/j.arthro.2009.05.014
http://www.ncbi.nlm.nih.gov/pubmed/19896051
https://doi.org/10.1016/j.arthro.2005.12.022
https://doi.org/10.1016/j.arthro.2005.12.022
http://www.ncbi.nlm.nih.gov/pubmed/16762719
https://doi.org/10.1177/0363546514566191
http://www.ncbi.nlm.nih.gov/pubmed/25622987
https://doi.org/10.1007/s00167-016-4359-8
https://doi.org/10.1007/s00167-016-4359-8
http://www.ncbi.nlm.nih.gov/pubmed/27761625
https://doi.org/10.1016/j.arthro.2011.06.033
http://www.ncbi.nlm.nih.gov/pubmed/21982389
https://doi.org/10.1371/journal.pone.0192027


35. Lee JH, Lim YJ, Kim KB, Kim KH, Song JH. Arthroscopic pullout suture repair of posterior root tear of

the medial meniscus: radiographic and clinical results with a 2-year follow-up. Arthroscopy. 2009; 25

(9):951–8. https://doi.org/10.1016/j.arthro.2009.03.018 PMID: 19732632.

36. Moon HK, Koh YG, Kim YC, Park YS, Jo SB, Kwon SK. Prognostic factors of arthroscopic pull-out repair

for a posterior root tear of the medial meniscus. Am J Sports Med. 2012; 40(5):1138–43. https://doi.org/

10.1177/0363546511435622 PMID: 22316547.

37. Hong JH, Park JI, Kim KH, Kim YM, Joo YB, Jeon YS. Repair of the Complete Radial Tear of the Ante-

rior Horn of the Medial Meniscus in Rabbits: A Comparison between Simple Pullout Repair and Pullout

Repair with Human Bone Marrow Stem Cell Implantation. Knee Surg Relat Res. 2011; 23(3):164–70.

https://doi.org/10.5792/ksrr.2011.23.3.164 PMID: 22570829; PubMed Central PMCID:

PMCPMC3341836.

38. Chung KS, Ha JK, Ra HJ, Kim JG. Prognostic Factors in the Midterm Results of Pullout Fixation for Pos-

terior Root Tears of the Medial Meniscus. Arthroscopy. 2016; 32(7):1319–27. https://doi.org/10.1016/j.

arthro.2015.12.046 PMID: 26952089.

39. Marzo JM. Medial meniscus posterior horn avulsion. J Am Acad Orthop Surg. 2009; 17(5):276–83.

PMID: 19411639.

40. Marzo JM, Gurske-DePerio J. Effects of medial meniscus posterior horn avulsion and repair on tibiofe-

moral contact area and peak contact pressure with clinical implications. Am J Sports Med. 2009; 37

(1):124–9. https://doi.org/10.1177/0363546508323254 PMID: 18815238.

41. Han SB, Shetty GM, Lee DH, Chae DJ, Seo SS, Wang KH, et al. Unfavorable results of partial menis-

cectomy for complete posterior medial meniscus root tear with early osteoarthritis: a 5- to 8-year follow-

up study. Arthroscopy. 2010; 26(10):1326–32. https://doi.org/10.1016/j.arthro.2010.01.032 PMID:

20887931.

42. Robertson DD, Armfield DR, Towers JD, Irrgang JJ, Maloney WJ, Harner CD. Meniscal root injury and

spontaneous osteonecrosis of the knee: an observation. J Bone Joint Surg Br. 2009; 91(2):190–5.

https://doi.org/10.1302/0301-620X.91B2.21097 PMID: 19190052.

43. Stoller NH. Re: A Clinical Comparison of Antibacterial Mouthrinses (J Periodontol 1989;60:435:440). J

Periodontol. 1990; 61(5):306–7. PMID: 2352109.

44. Lee DW, Jang SH, Ha JK, Kim JG, Ahn JH. Meniscus root refixation technique using a modified Mason-

Allen stitch. Knee Surg Sports Traumatol Arthrosc. 2013; 21(3):654–7. https://doi.org/10.1007/s00167-

012-1992-8 PMID: 22527412.

45. Villegas DF, Maes JA, Magee SD, Donahue TL. Failure properties and strain distribution analysis of

meniscal attachments. J Biomech. 2007; 40(12):2655–62. https://doi.org/10.1016/j.jbiomech.2007.01.

015 PMID: 17359982.

46. Feucht MJ, Grande E, Brunhuber J, Burgkart R, Imhoff AB, Braun S. Biomechanical evaluation of differ-

ent suture techniques for arthroscopic transtibial pull-out repair of posterior medial meniscus root tears.

Am J Sports Med. 2013; 41(12):2784–90. https://doi.org/10.1177/0363546513502464 PMID:

24013348.

47. Feucht MJ, Grande E, Brunhuber J, Rosenstiel N, Burgkart R, Imhoff AB, et al. Biomechanical evalua-

tion of different suture materials for arthroscopic transtibial pull-out repair of posterior meniscus root

tears. Knee Surg Sports Traumatol Arthrosc. 2015; 23(1):132–9. https://doi.org/10.1007/s00167-013-

2656-z PMID: 23999948.

48. Ropke EF, Kopf S, Drange S, Becker R, Lohmann CH, Starke C. Biomechanical evaluation of meniscal

root repair: a porcine study. Knee Surg Sports Traumatol Arthrosc. 2015; 23(1):45–50. https://doi.org/

10.1007/s00167-013-2589-6 PMID: 23857028.

49. Starke C, Kopf S, Grobel KH, Becker R. The effect of a nonanatomic repair of the meniscal horn attach-

ment on meniscal tension: a biomechanical study. Arthroscopy. 2010; 26(3):358–65. https://doi.org/10.

1016/j.arthro.2009.08.013 PMID: 20206046.

50. Lee YH, Nyland J, Burden R, Caborn DN. Repair of peripheral vertical meniscus lesions in porcine

menisci: in vitro biomechanical testing of 3 different meniscus repair devices. Am J Sports Med. 2013;

41(5):1074–81. https://doi.org/10.1177/0363546513479775 PMID: 23475943.

51. Ozeki N, Muneta T, Koga H, Katagiri H, Otabe K, Okuno M, et al. Transplantation of Achilles tendon

treated with bone morphogenetic protein 7 promotes meniscus regeneration in a rat model of massive

meniscal defect. Arthritis Rheum. 2013; 65(11):2876–86. https://doi.org/10.1002/art.38099 PMID:

23897174; PubMed Central PMCID: PMCPMC4034586.

52. Ozeki N, Muneta T, Matsuta S, Koga H, Nakagawa Y, Mizuno M, et al. Synovial mesenchymal stem

cells promote meniscus regeneration augmented by an autologous Achilles tendon graft in a rat partial

meniscus defect model. Stem Cells. 2015; 33(6):1927–38. https://doi.org/10.1002/stem.2030 PMID:

25993981; PubMed Central PMCID: PMCPMC4497612.

Novel technique for repairing posterior medial meniscus root tears

PLOS ONE | https://doi.org/10.1371/journal.pone.0192027 February 6, 2018 11 / 12

https://doi.org/10.1016/j.arthro.2009.03.018
http://www.ncbi.nlm.nih.gov/pubmed/19732632
https://doi.org/10.1177/0363546511435622
https://doi.org/10.1177/0363546511435622
http://www.ncbi.nlm.nih.gov/pubmed/22316547
https://doi.org/10.5792/ksrr.2011.23.3.164
http://www.ncbi.nlm.nih.gov/pubmed/22570829
https://doi.org/10.1016/j.arthro.2015.12.046
https://doi.org/10.1016/j.arthro.2015.12.046
http://www.ncbi.nlm.nih.gov/pubmed/26952089
http://www.ncbi.nlm.nih.gov/pubmed/19411639
https://doi.org/10.1177/0363546508323254
http://www.ncbi.nlm.nih.gov/pubmed/18815238
https://doi.org/10.1016/j.arthro.2010.01.032
http://www.ncbi.nlm.nih.gov/pubmed/20887931
https://doi.org/10.1302/0301-620X.91B2.21097
http://www.ncbi.nlm.nih.gov/pubmed/19190052
http://www.ncbi.nlm.nih.gov/pubmed/2352109
https://doi.org/10.1007/s00167-012-1992-8
https://doi.org/10.1007/s00167-012-1992-8
http://www.ncbi.nlm.nih.gov/pubmed/22527412
https://doi.org/10.1016/j.jbiomech.2007.01.015
https://doi.org/10.1016/j.jbiomech.2007.01.015
http://www.ncbi.nlm.nih.gov/pubmed/17359982
https://doi.org/10.1177/0363546513502464
http://www.ncbi.nlm.nih.gov/pubmed/24013348
https://doi.org/10.1007/s00167-013-2656-z
https://doi.org/10.1007/s00167-013-2656-z
http://www.ncbi.nlm.nih.gov/pubmed/23999948
https://doi.org/10.1007/s00167-013-2589-6
https://doi.org/10.1007/s00167-013-2589-6
http://www.ncbi.nlm.nih.gov/pubmed/23857028
https://doi.org/10.1016/j.arthro.2009.08.013
https://doi.org/10.1016/j.arthro.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/20206046
https://doi.org/10.1177/0363546513479775
http://www.ncbi.nlm.nih.gov/pubmed/23475943
https://doi.org/10.1002/art.38099
http://www.ncbi.nlm.nih.gov/pubmed/23897174
https://doi.org/10.1002/stem.2030
http://www.ncbi.nlm.nih.gov/pubmed/25993981
https://doi.org/10.1371/journal.pone.0192027


53. Thompson SM, Salmon LJ, Waller A, Linklater J, Roe JP, Pinczewski LA. Twenty-Year Outcome of a

Longitudinal Prospective Evaluation of Isolated Endoscopic Anterior Cruciate Ligament Reconstruction

With Patellar Tendon or Hamstring Autograft. Am J Sports Med. 2016; 44(12):3083–94. https://doi.org/

10.1177/0363546516658041 PMID: 27492972.

54. Aerssens J, Boonen S, Lowet G, Dequeker J. Interspecies differences in bone composition, density,

and quality: potential implications for in vivo bone research. Endocrinology. 1998; 139(2):663–70.

https://doi.org/10.1210/endo.139.2.5751 PMID: 9449639.

55. Xerogeanes JW, Fox RJ, Takeda Y, Kim HS, Ishibashi Y, Carlin GJ, et al. A functional comparison of

animal anterior cruciate ligament models to the human anterior cruciate ligament. Ann Biomed Eng.

1998; 26(3):345–52. PMID: 9570217.

56. Herbort M, Siam S, Lenschow S, Petersen W, Zantop T. Strategies for repair of radial tears close to the

meniscal rim—biomechanical analysis with a cyclic loading protocol. Am J Sports Med. 2010; 38

(11):2281–7. https://doi.org/10.1177/0363546510382847 PMID: 20889985.

57. Rosslenbroich SB, Borgmann J, Herbort M, Raschke MJ, Petersen W, Zantop T. Root tear of the menis-

cus: biomechanical evaluation of an arthroscopic refixation technique. Arch Orthop Trauma Surg. 2013;

133(1):111–5. https://doi.org/10.1007/s00402-012-1625-1 PMID: 23076655.

58. Donahue TL, Gregersen C, Hull ML, Howell SM. Comparison of viscoelastic, structural, and material

properties of double-looped anterior cruciate ligament grafts made from bovine digital extensor and

human hamstring tendons. J Biomech Eng. 2001; 123(2):162–9. PMID: 11340877.

59. Miyata K, Yasuda K, Kondo E, Nakano H, Kimura S, Hara N. Biomechanical comparisons of anterior

cruciate ligament: reconstruction procedures with flexor tendon graft. J Orthop Sci. 2000; 5(6):585–92.

PMID: 11180923.

Novel technique for repairing posterior medial meniscus root tears

PLOS ONE | https://doi.org/10.1371/journal.pone.0192027 February 6, 2018 12 / 12

https://doi.org/10.1177/0363546516658041
https://doi.org/10.1177/0363546516658041
http://www.ncbi.nlm.nih.gov/pubmed/27492972
https://doi.org/10.1210/endo.139.2.5751
http://www.ncbi.nlm.nih.gov/pubmed/9449639
http://www.ncbi.nlm.nih.gov/pubmed/9570217
https://doi.org/10.1177/0363546510382847
http://www.ncbi.nlm.nih.gov/pubmed/20889985
https://doi.org/10.1007/s00402-012-1625-1
http://www.ncbi.nlm.nih.gov/pubmed/23076655
http://www.ncbi.nlm.nih.gov/pubmed/11340877
http://www.ncbi.nlm.nih.gov/pubmed/11180923
https://doi.org/10.1371/journal.pone.0192027

