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Background: To evaluate the effectiveness of a novel grid-based pie-crusting technique for soft tissue release at different locations of the medial collateral ligament (MCL) during total knee arthroplasty (TKA).



Methods: Twelve fresh-frozen cadaveric knee joints were dissected. A novel grid was designed to cover the entire surface of the MCL. The specimens were divided into two groups: Group A, where only the central portion of the ligament underwent pie-crusting release, and Group B, where selective release targeted the femoral and tibial attachment points of the MCL. Mechanical testing was conducted via a Shimadzu AG-X precision instrument. Each group underwent twelve punctures, and data were collected to calculate deformation and stiffness metrics. The mean elongation and stiffness values were analyzed, and regression analysis was performed to evaluate correlations between the number of punctures and changes in elongation and stiffness.



Results: No significant differences in initial stiffness were observed between the two groups (P = 0.42). Following 12 punctures, the stiffness decreased by 6.47 ± 4.06 N/mm in Group A and 1.08 ± 1.32 N/mm in Group B (P = 0.006). Despite this disparity in stiffness reduction, no significant differences in MCL elongation were observed between the groups. Group A demonstrated an elongation of 0.171 ± 0.180 mm, whereas Group B exhibited an elongation of 0.164 ± 0.123 mm (P = 0.47). A linear relationship was identified between stiffness reduction and the number of punctures (R2 = 0.61 ± 0.29), as well as between ligament elongation and the number of punctures (R2 = 0.89 ± 0.09).



Conclusion: The grid-assisted pie-crusting technique, which uniformly covers the MCL, enables precise and controlled soft tissue release. This approach provides valuable insights for clinicians performing MCL release during TKA, facilitating improved soft tissue balance and potentially enhancing surgical outcomes.
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Introduction

Osteoarthritis (OA) is a prevalent degenerative joint disease worldwide. It is characterized by cartilage degradation, subchondral bone remodeling, and synovitis, primarily affecting the hip, knee, and hand joints, often resulting in pain and restricted mobility (1, 2). Among these conditions, knee osteoarthritis (KOA) is the leading cause of disability associated with OA globally (3). To address this condition, total knee arthroplasty (TKA) has become an increasingly common surgical intervention. In the United States alone, projections estimate that over 1 million TKA procedures will be performed annually within the next decade (4). The success of TKA depends significantly on achieving proper soft tissue balance during surgery. Alarmingly, some studies predict that the revision rate for TKA could increase to as high as 78%–182% by 2030 (5). Notably, complications arising from knee imbalance and instability constitute a substantial portion of revision cases (6).

Achieving appropriate soft tissue balance is critical for reducing the risk of early surgical failure, enhancing postoperative mobility and function, and improving functional scores within six months postoperatively (4, 7). Conversely, excessive soft tissue release may result in joint stiffness, prosthetic instability, persistent pain, and effusion (8). Intraoperatively, optimal knee balance is defined as an internal‒external load difference of less than 15 pounds, ensuring symmetric tension between the medial and lateral compartments and achieving balance in the flexion‒extension gap (9).

In TKA, common knee deformities include valgus and varus alignment, with varus deformity being the most prevalent, accounting for 68%–80% of cases (9–11). Despite thorough osteophyte removal and initial soft tissue release during conventional osteotomies, medial tension imbalances often persist, necessitating further medial soft tissue release to achieve precise alignment and balance. This process frequently involves stepwise release of the superficial medial collateral ligament (sMCL), deep medial collateral ligament (dMCL), semimembranosus tendon, posterior medial capsule, and pes anserinus tendon (12, 13). Ranawat et al. proposed the use of a scalpel to incrementally puncture the taut sites of the MCL until the desired correction is achieved in full knee extension (3). However, this method demands a high level of technical expertise to achieve accurate gap balancing while avoiding the overrelease of soft tissues.

Over the past fifteen years, the pie-crusting technique has been widely adopted for lateral soft tissue release in TKA (14). This method involves creating a series of horizontal incisions or punctures in the lateral collateral ligament (LCL) to gradually lengthen and adjust ligament tension. Pie crushing has since gained popularity for its efficacy in addressing soft tissue imbalance (15). Recently, its application has been extended to the medial collateral ligament (MCL), offering the advantage of preserving the structural integrity of the ligament (16). Previous studies have validated the safety and efficacy of pie-crusting via 16-gauge and 18-gauge spinal needles (15). Notably, Kwak et al. reported that 18-gauge spinal needles are safer than scalpels for this procedure (17), and that the optimal spacing between punctures should range from 3 to 5 mm (18, 19). Nevertheless, there remains a lack of definitive research regarding the precise puncture sites used during pie-crusting.

To address this gap, researchers developed a grid measuring 3 mm × 3 mm, designed to cover the entire surface of the MCL uniformly. Using an 18-gauge spinal needle, this grid facilitates precise and evenly distributed punctures. The present study aims to evaluate the safety and effectiveness of this novel grid-based pie-crusting technique at different sites of the medial collateral ligament, providing a more systematic and controlled approach to soft tissue release.



Materials and methods

Knee joints from twelve fresh frozen cadavers were obtained from 6 donors, with an average age of 68 years (range, 61–75). All the samples were wrapped in gauze, stored in a −80 °C freezer, and then thawed for 24 h at 20 °C before testing. The knees from twelve cadaver samples were dissected, limbs showing history of knee surgery or clinical deformity were excluded, and median parapatellar arthrotomy along with tibial and femoral bone cuts were performed by experienced surgeons from our institution. The femur and tibia tissues were separated, and the MCL was carefully dissected to ensure that the femur and tibia were connected by independent MCL ligaments. The left and right knee joints from the same cadaver were assigned to different groups. We divided the knee joint samples into two groups: Group A, which released only the central portion of the ligament during pie-crusting, and Group B, which released only the femoral and tibial beginning points of the MCL.

In the experimental phase, tibial and femoral distal cuts similar to those performed in TKA were made. From thawing to mechanical testing, all the knee joint samples were kept moist with saline. As shown in Figure 1, the femoral and tibial distal ends were fixed via a customized fixture attached to an Instron AG-X precision universal testing machine. The knee joint was aligned to achieve vertical tension.


[image: Mechanical testing apparatus labeled Shimadzu applies tensile force to a biological tissue sample held by two clamps. The close-up view on the right displays the irregular surface texture and attachment of the tissue sample under tension.]
FIGURE 1
The custom-made fixtures secured the specimens in place and adequately aligned the knees for vertical tension.


Initially, a preloading force of 25–50 N was applied to the samples five times. On the basis of previous studies, a force of 80 N was chosen for this experiment (20). Moreover, a custom-made grid was used to cover the entire surface of the ligament. The grid served as a reference during the entire puncture process. The puncture needle was inserted perpendicularly to the MCL fibers from the outside to the inside. A total of twelve punctures were performed, with 4 holes in each row and 3 holes in each column. The distance between each hole was 3 mm, which also corresponded to the distance between the points on the grid (Figure 2).


[image: Gloved hands position a specimen with attached graph paper grid beneath a compression testing machine, suggesting a biomechanical or materials testing setup for measuring physical properties of biological tissue.]
FIGURE 2
For accurate perforation via an 18-gauge needle, a grid covers the surface of the MCL.


After each puncture, software was used to collect data on ligament elongation, and the resulting deformation and stiffness were calculated. All the data were compared to the initial length and stiffness of the MCL. The average elongation and stiffness of the MCL were calculated, and regression analysis was performed to determine the correlation between the number of punctures and the elongation rate and stiffness of the MCL. These comparisons were performed via an independent samples t test. The linear relationship between the number of punctures and the elongation rate and stiffness of each sample was tested, and the R2 value was calculated.



Results

There were no statistically significant differences in the initial stiffness of the ligaments between the two groups (Group A: 35.71 ± 2.87 N/mm; Group B: 36.17 ± 4.96 N/mm, P = 0.42). After the first puncture, the stiffness of the ligaments was as follows: Group A: 30.16 ± 8.93 N/mm; Group B: 35.33 ± 2.83 N/mm (P = 0.20), indicating no difference in stiffness after the first puncture. After the second puncture, there were also no differences between the two groups: Group A: 29.86 ± 9.16 N/mm; Group B: 34.47 ± 2.77 N/mm (P = 0.26). After the third puncture, Group A had 29.70 ± 8.61 N/mm, and Group B had 34.63 ± 2.75 N/mm (P = 0.21), with no significant difference. However, after 12 punctures, the change in stiffness relative to the initial stiffness significantly differed: Group A: 6.47 ± 4.06 N/mm; Group B: 1.08 ± 1.32 N/mm (P = 0.006). Table 1 shows the postpie-crusting data for both groups. Furthermore, the average stiffness of the ligaments in both groups decreased with increasing number of pie-crusting punctures (Figure 3).


TABLE 1 MCL stiffness with an increasing number of perforations during pie-crusting.

[image: Data table comparing stiffness measurements in Newtons per millimeter for two groups of knees, Group A and Group B, each across four numbers of holes: zero, four, eight, and twelve. Individual knee results are displayed as separate rows under each group for each hole count, showing varying stiffness values.]


[image: Two bar charts compare mean MCL elongation in millimeters versus number of holes for two groups. Group A shows a trend from 3.199 millimeters at one hole to 3.370 millimeters at four holes using blue bars. Group B displays an increase from 3.715 millimeters at zero holes to 3.879 millimeters at twelve holes with red bars. Both charts show positive trends with labeled values and dotted trend lines.]
FIGURE 3
Change in MCL elongation with increasing number of perforations during pie-crusting.


After the first puncture, the ligament elongation was as follows: Group A: 0.040 ± 0.018 mm; Group B: 0.076 ± 0.114 mm (P = 0.23). After the second puncture, Group A: 0.028 ± 0.021 mm; Group B: 0.037 ± 0.013 mm (P = 0.38). After the third puncture, Group A: 0.096 ± 0.102 mm; Group B: 0.058 ± 0.068 mm (P = 0.46). There were no significant differences in elongation rates among the groups after each puncture. After all the punctures, the average elongation for Group A was 0.171 ± 0.180 mm, and for Group B, it was 0.164 ± 0.123 mm (P = 0.47). Table 2 shows the elongation data after pie-crusting for both groups. The average elongation rates of the MCL in Group A and Group B were linearly related to the number of punctures (Figure 4).


TABLE 2 MCL elongation with an increasing number of perforations during pie-crusting.

[image: Data table comparing MCL elongation in millimeters for two groups, A and B, across zero, four, eight, and twelve holes. Group A lists results for knees one to six; Group B for knees seven to twelve.]


[image: Line graph comparing medial collateral ligament (MCL) stiffness in newtons per millimeter across four hole numbers for Group A and Group B; Group A shows a marked decrease from thirty-six point one seven to twenty-nine point seven, while Group B shows a slight decline from thirty-five point seven one to thirty-four point six three.]
FIGURE 4
Change in MCL stiffness with increasing number of perforations during pie-crusting.


These results suggest that puncturing at different regions of the MCL does not affect the rate of ligament elongation. However, differences were found in the stiffness reduction after puncturing at different locations. In addition, the number of punctures was linearly correlated with elongation (R2=  0.89 ± 0.09) and stiffness reduction (R2 = 0.61 ± 0.29).



Discussion

Achieving optimal soft tissue balance in total knee arthroplasty (TKA) remains a complex and subjective challenge, yet it is crucial for preventing early failure of the procedure (21). Preoperative radiological assessment included standing hip-knee-ankle true antero-posterior and true lateral radiographs, and varus/valgus stress radiographs of the knee joint in full extension. Postoperative evaluation is usually performed by MRI of the knee joint. The adequacy of soft tissue release depends heavily on the surgeon's skill, experience, and tactile feedback. But the advent of sensor technology has enabled surgeons to utilise real-time data, thereby circumventing the potential for errors that may arise from subjective judgement (22). Traditional methods, such as those proposed by Insall, typically involve elevating the anterior fibers of the superficial medial collateral ligament (sMCL) while preserving the integrity of the pes anserinus tendon. However, this approach carries the risk of excessive release, potentially leading to medial collateral ligament (MCL) insufficiency and subsequent joint instability. Overrelease is a well-documented contributor to varus or valgus deformities, and it is responsible for approximately 22% of TKA revisions (23). Rosso et al. conducted a study that yielded findings which suggest that the implementation of a liner could serve as a preventative measure against aseptic postoperative loosening or surgical failure in cases where loosening occurs during surgery (24).

The pie-crusting technique, which was originally used for lateral soft tissue release, has gained widespread acceptance for medial soft tissue release because of its safety and efficacy, as demonstrated in both clinical and cadaveric studies (15). Dunbar's research confirmed that selective lateral structure release via pie-crusting effectively corrects foot valgus deformities (25), a principle that has also been successfully applied to the MCL (8). Consequently, pie-crusting is increasingly recommended by surgeons for controlled soft tissue release. Clarke et al. reported favorable outcomes in 24 cases where pie-crusting was employed during TKA, with no evidence of prosthetic instability or loosening after a 54-month follow-up and significant improvements in knee scores (6). Similarly, Bellemans et al. reported that in 35 patients treated with pie-crusting, only one patient required a thicker implant due to excessive release, while knee scores improved significantly from 41 to 93 (26). These findings align with the cautionary remarks of Kwak et al., who highlighted the potential for early excessive release during pie-crusting. No sign of unstable knee was observed during the 1–2 year follow-up of the pie-crusting technique performed on the MCL (15, 27).

In current study, researchers demonstrated that the grid-assisted pie-crusting technique, which uses an 18-gauge needle, effectively induced ligament elongation in a controlled and reproducible manner. A statistically significant linear relationship was observed between the number of punctures and ligament elongation after 12 punctures. Crucially, no significant differences in elongation were found between punctures performed at the center of the ligament and those at the femoral and tibial attachment points. This finding suggests that surgeons can target the most prominent regions of the ligament during surgery without the need to focus on a specific anatomical site. Although this technique is relatively simple to perform, it does require a certain amount of experience and skill on the part of the surgeon, particularly in selecting puncture sites and controlling the number of punctures. Surgeons new to the technique may require some training to become proficient. Furthermore, the absence of significant differences in elongation between groups after each puncture indicates that the location of the pie-crusting puncture does not have a substantial effect on ligament elongation.

A particularly noteworthy finding from our study was the linear relationship between the number of punctures and the degree of ligament elongation. This finding suggests that the desired degree of elongation can be accurately controlled by adjusting the number of punctures, making this approach predictable and reproducible for surgeons. However, it is important to recognize that individual variations in ligament stiffness and deformity severity could influence the effectiveness of this technique. It is also possible that the nature of the fresh cadaveric MCL in this study differed from that of the intraoperative patient, because of the low metabolic rate and well-developed anaerobic energy-generation capacity (28). Leading a low metabolic rate results in slow healing after injury (29). This constitutes one of the rationales for which excessive ligament release is eschewed in TKA surgery. Therefore, a preoperative assessment of the ligament's characteristics is essential for the successful implementation of this method.

Moreover, both experimental groups showed a progressive decrease in stiffness with increasing number of punctures; however, the structural integrity of the ligament was preserved. Notably, Group A, which underwent central puncturing, experienced a significantly greater reduction in stiffness than Group B did. This finding suggests that puncturing the center of the ligament may have resulted in a more pronounced impact on ligament stiffness. In contrast, puncturing near the femoral and tibial attachment sites seems to achieve elongation with less disruption to the ligament's structural integrity. These findings imply that targeting the peripheral regions of the ligament could help minimize the risk of postoperative instability. However, as our study focused solely on the MCL, further research is needed to assess whether similar results would be observed in clinical settings involving additional tissues around the knee joint.

Results also highlight the importance of customizing the pie-crusting technique to individual patient characteristics. Variations in ligament width and fiber composition may influence both elongation and stiffness outcomes. Previous studies have shown that narrower ligaments tend to elongate more and have lower failure loads than wider ligaments under the same number of punctures (30). This underscores the necessity of preoperative evaluation to optimize soft tissue release strategies for each patient. Clinicians are also required to fully inform patients about treatments, treatment alternatives and major risks prior to surgery (31).

Furthermore, advancements in robotic technology not only offer a useful tool for revising UKA to TKA, but the potential for more precise ligament release tailored to the individual's knee anatomy (32). Preoperative 3D scanning can aid in determining the optimal implant position and size (33), whereas robotic systems enable intraoperative, quantitative assessment of soft tissue balance, allowing for precise adjustments to restore optimal joint function (34). Early studies have shown promising results in the use of robotic systems for knee joint gap balancing, alignment restoration, and postoperative functional improvement (35–36). A recent study suggests that patients’ range of motion and subjective and objective scores improved significantly when advanced robotic systems were used to treat severe knee deformities (37). However, robotic platforms remain expensive and require extensive training, making them inaccessible for many surgeons. Consequently, for those unable to access such technology, more effective manual methods, such as grid-assisted pie-crusting, provide a viable and cost-effective alternative for achieving soft tissue balance (38).

Several limitations of this study should be acknowledged. First, the use of freshly frozen cadaveric samples introduces potential variability, as multiple freeze‒thaw cycles at −80 °C could alter tissue properties. Although only one freeze‒thaw cycle was used in this study, the impact on the samples is believed to be minimal, also impossible to study the healing of the ligaments (39, 40). Additionally, the sample size of 12 knee joints, which can be divided into two groups, is relatively small for clinical studies, although small sample sizes are common in biomechanical research. The pie-crusting technique in this study was applied to normal knee joints; thus, its effects on patients with varus or valgus deformities were not evaluated. Further research is needed to determine whether similar results would be obtained in clinical patients. Additionally, the study did not account for variations in age or sex, which may affect the relative stiffness of ligaments. Since the MCL was the only structure preserved in this study, the generalizability of the findings to patients undergoing total knee arthroplasty with a complete prosthetic knee structure is limited. And the implementation of the grid-assisted pie-crusting technique is not without its challenges. Surgeons must navigate the complexities of tissue, including tissue thickness, vascularity and surrounding structures. This can make precise grid placement and uniform puncturing more difficult compared to cadaveric studies. Finally, all the experiments were conducted with the knee in a fully extended position, and the effects of pie-crusting in a flexed knee position were not explored. Future studies should assess the impact of pie-crusting on soft tissue release during knee flexion, as this may further refine intraoperative soft tissue balancing techniques.

In conclusion, present study demonstrated that the grid-assisted pie-crusting technique for MCL release is both safe and effective. It offers a controlled method of gradually elongating the MCL without compromising the structural integrity of the ligament, thus minimizing the risk of postoperative instability associated with excessive release. The technique also provides flexibility, allowing surgeons to select the optimal puncture sites on the basis of the individual patient's anatomical features. While robotic systems offer advanced capabilities for soft tissue balancing, the grid-assisted pie-crusting technique remains a cost-effective and accessible alternative with significant clinical value. Further research is needed to explore its application in clinical patients, particularly those with knee deformities and during knee flexion, to better refine and optimize this promising technique.
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Purpose: To address the clinical challenges of femoral avulsion fractures of the anterior cruciate ligament (ACL), which are rare and lack a consensus on optimal treatment, through the presentation of a novel minimally invasive arthroscopic technique.



Methods: An 18-year-old female with an ACL femoral avulsion fracture and a medial collateral ligament (MCL) rupture underwent arthroscopic anchor stitching using a composite absorbable bone anchor. This technique aimed to achieve anatomical reduction and support early functional recovery.



Results: The surgical intervention achieved successful anatomical reduction. At the 6-month follow-up, the patient exhibited full knee mobility, joint stability, and resumed normal activities without discomfort. By the final 17-month follow-up, computed tomography (CT) confirmed complete fracture union, with preserved joint architecture and no degenerative changes. The knee remained stable and pain-free, demonstrating sustained efficacy of the technique.



Conclusion: The arthroscopic anchor stitching technique is a viable, minimally invasive option for ACL femoral avulsion fractures, promoting rapid recovery and excellent long-term outcomes. This case highlights the importance of early recognition and anatomical fixation for such injuries.
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Introduction

Anterior cruciate ligament (ACL) injuries are among the most prevalent knee ligament injuries, occurring approximately once in every 3,500 people (1, 2). However, avulsion fractures at the ACL attachment are extremely rare. In children and adolescents, avulsion fractures are more common than pure ligament injuries due to their ligaments being stronger relative to their still-developing bone attachment points (3, 4). Most avulsion fractures affect the tibial side rather than the femoral side, although the exact reasons for this disparity remain unclear (5). To date, there have been 17 reported cases of ACL femoral avulsion fractures in pediatric patients and only 6 among adults (6–28). While there is no consensus on the optimal treatment, surgical intervention is generally recommended to promote fracture healing and restore ligament function, although alternative treatments may be considered for very young or elderly patients (11).

Here, we report the case of an 18-year-old female who sustained an ACL femoral avulsion fracture, along with a rupture of the femoral attachment of the medial collateral ligament (MCL). Her skeletal development was complete at the time of injury. We utilized an innovative arthroscopic anchor stitching technique to fix the ACL avulsion fracture and utilized absorbable sutures to repair the MCL. Additionally, we summarize previously reported cases of ACL femoral avulsion fractures (Tables 1, 2). The patient and her parents were fully informed and provided their verbal understanding and written consent prior to the submission of case information.


TABLE 1 Published cases of adult anterior cruciate ligament femoral avulsion fractures.

[image: Table displaying six case reports of knee joint injuries, listing researcher, publication, year, age, sex, cause, combined injury, treatment methods, and outcomes for each case, comparing various treatment approaches and recovery results.]


TABLE 2 Published cases of pediatric anterior cruciate ligament femoral avulsion fractures.

[image: Table summarizing sixteen studies on knee injury treatments in children, listing research authors, publication titles, year, patient age and sex, surgical approach, and method. Treatments include pull-out sutures, wiring, casting, K-wire fixation, and physical therapy.]



Case report


Case characteristics

An 18-year-old healthy female experienced a traffic accident resulting in severe swelling and intense pain in her right knee. Initially, she sought treatment at a local hospital, where she underwent a computed tomography (CT) and magnetic resonance imaging (MRI) scans. Two days later, she was transferred to our hospital for further evaluation and treatment. The patient displayed an inability to bear weight. Physical examination revealed significant swelling and limited range of motion in the right knee. Positive Lachman and anterior drawer tests suggested an ACL injury, while the posterior drawer test was negative. Due to the severe knee pain and limited mobility, lateral stress tests, grind tests, and McMurray tests could not be performed to assess other potential injuries.



Imaging

The CT scan revealed discontinuity of the medial bone cortex at the lateral femoral condyle, with clear separation of the fracture fragments, consistent with an ACL femoral avulsion fracture (Figure 1a). MRI demonstrated significant joint effusion within the knee, confirming the avulsion fracture at the femoral attachment of the ACL and a rupture of the MCL, with no significant meniscal damage observed (Figures 1b-d). These imaging findings were essential for confirming the diagnosis and guiding treatment planning.


[image: Panel a shows a 3D illustration of a human knee joint with apparent bone irregularities and roughened surfaces. Panel b presents a sagittal MRI of the knee, panel c displays an axial MRI view, and panel d provides a coronal MRI view. Each MRI highlights joint structure and potential signs of bone or soft tissue abnormalities for diagnostic evaluation.]
FIGURE 1
Imaging results of the patient. (a) Three-dimensional computed tomography scan; (b) Coronal view of the MRI; (c) Axial view of the MRI; (d) Sagittal view of the MRI.




Treatment strategy

After reviewing the patient's medical history, physical examination findings, and imaging results, and after thorough discussions with the patient and her family regarding treatment options and associated risks, the decision was made to proceed with arthroscopic surgery to repair the fracture. The surgery was performed four days after the injury. Under general anesthesia, a thorough examination of the knee joint revealed positive Lachman and anterior drawer tests (Supplementary Video 1). The arthroscopic examination showed a lax ACL with a significant bone fragment at the femoral attachment and no significant damage to the meniscus and articular cartilage (Figures 2a,b and Supplementary Video 2).


[image: Nine-panel surgical sequence showing arthroscopic knee procedure. Panels a, b, d, e, f, g, and h display endoscopic views of tissues, sutures, and instruments within the joint. Panel c shows an external view of the knee prepared for surgery with instruments and blue draping. Panel i shows the stitched surgical site on the knee following completion.]
FIGURE 2
Arthroscopic fixation of ACL femoral avulsion fracture. (a,b) ACL with bone fragment; no cartilage damage. (c) 8 mm sheath insertion. (d) Pilot hole drilling. (e,f) Blue suture placement for PL bundle. (g,h) Final position of blue and white stitching. (i) Wound suturing.


Fixation followed the principles of the anterior and posterior ACL bundles, specifically the posterolateral (PL) and anteromedial (AM) bundles (29). Initially, an 8 mm sheath was inserted through a medial incision in the knee (Figure 2c). Next, a pilot hole was drilled at the site of the femoral avulsion fracture of the ACL (Figure 2d). An absorbable composite bone anchor (Arthrex, Inc., Naples, FL, USA) was then placed into the pilot hole. Using a suture hook, the blue suture was threaded downwards to secure the PL bundle of the ACL on the femoral side, along with the bone segment on the inner lower side of the lateral femoral condyle (Figures 2e,f). Similarly, the white suture was used to secure the AM bundle of the ACL on the femoral side and the bone segment on the inner upper side of the lateral femoral condyle. The stability of the ACL was observed intraoperatively (Figures 2g,h and Supplementary Video 3).

A longitudinal incision of approximately 3 cm was made over the medial femoral condyle, passing through the skin and fascia to expose the attachment point of the MCL on the medial femoral condyle. Exploration revealed a complete rupture of the MCL at its femoral attachment, with signs of ligament contusion at the tear ends. The ligament was then sutured and repaired using a 1-0 synthetic absorbable suture. Finally, the wound was closed (Figure 2i). Postoperatively, a drawer test was conducted to assess joint stability (Supplementary Video 4).



Postoperative course

Given the rarity of this type of injury, there are currently no standardized institutional protocols in place. Therefore, we decided to adopt our standard anterior ACL rehabilitation regimen. Postoperatively, the patient wore a hinged knee brace. Beginning on postoperative day one, quadriceps isometric exercises and straight leg raises were recommended. For the first four weeks, partial weight-bearing ambulation with full knee extension was recommended while using the brace. At the two-week mark, the patient undergoes a session of passive knee bending to 90 degrees under the guidance of a physiotherapist. Six weeks post-surgery, the patient begins formal rehabilitation training.

Clinically, after three months, the patient should be able to walk without the need for a brace. At the six-month post-operative follow-up, the patient demonstrated full knee range of motion (ROM) with no deformities or joint laxity during physical activities (Supplementary Video 5). Lachman and other stress tests were negative, indicating joint stability. A telephone follow-up conducted nine months after the surgery revealed that the patient was symptom-free and experienced no limitations in her physical activities. At the final 17-month follow-up, the knee remained stable and pain-free, with full ROM. Lachman, anterior drawer, and pivot shift tests were normal.

Postoperative imaging evaluation was conducted using CT at three time points: Postoperative Day 1: Immediate CT imaging confirmed that the avulsed fragment was anatomically reduced, although a minimal residual gap was present at the fracture site (Figures 3a,d). 6-month follow-up: CT scans demonstrated complete osseous integration of the avulsed fragment, with trabecular bridging across the fracture line and no indications of nonunion (Figures 3b,e). 17-month follow-up: The final CT revealed full fracture consolidation, with uninterrupted continuity between the avulsed fragment and the femoral condyle, showing results similar to those observed at the 6-month follow-up (Figures 3c,f).


[image: Six-panel medical scan comparison showing axial and coronal plane CT images of a knee joint at three postoperative intervals: day 1 (first column), 6 months (second column), and 17 months (third column).]
FIGURE 3
Postoperative CT imaging of the ACL femoral avulsion fracture at three follow-up intervals. (a) Postoperative Day 1, axial view. (b) 6-month follow-up, axial view. (c) 17-month follow-up, axial view. (d) Postoperative Day 1, coronal view. (e) 6-month follow-up, coronal view. (f) 17-month follow-up, coronal view.





Discussion

The ACL plays a crucial role in knee joint stability, and its injury can lead to anterior and rotational instability. Delayed or unsuccessful treatment may result in secondary traumatic arthritis, causing chronic knee pain and functional disabilities. While ACL tears are common in adults, femoral-side avulsion fractures are rare. These fractures are more prevalent in children due to their relatively stronger ligaments compared to bones and growth plates, whereas they are exceptionally rare in adults. To date, there have been only about 23 reported cases of femoral-side ACL avulsion fractures (Tables 1, 2). These injuries may result from both high-energy and low-energy traumas, typically involving acute flexion of the knee, internal rotation, and anterior tibial displacement relative to the femur. Movements that include valgus and external rotation of the tibia are also commonly implicated in these injuries.

In our case, the patient, who had just reached adulthood, suffered from an avulsion fracture at the ACL's femoral attachment, accompanied by a rupture at the MCL attachment point. The treatment goal for the ACL femoral avulsion fracture was anatomical reduction and stabilization of the bone fragments to facilitate the healing of the torn ACL, rather than ligament reconstruction. Previous reports have demonstrated favorable outcomes with surgical fixation. Currently, arthroscopic treatment of ACL femoral avulsion fractures represents a novel approach that minimizes surgical trauma, allows for rapid recovery, and achieves good functional results. The minimal scarring from this surgery is particularly advantageous aesthetically for young female patients. Given that this patient is a young female with a large bone fragment and the ligament was intact, fixation was achieved arthroscopically using a composite absorbable suture anchor. In the short term, we observed very good therapeutic outcomes.

In 2015, Nagaraj et al., Shah et al., and Prasathaporn et al. each reported initial case studies of adult avulsion fractures of the ACL at the femoral side (6–8). Nagaraj et al. described a 20-year-old male who sustained an ACL femoral avulsion fracture following a motorcycle fall (6). During arthroscopic surgery, displaced bone fragments were excised, and the ACL was reconstructed using a bone-patellar tendon-bone (BPTB) graft with bioabsorbable interference screws. At the three-month follow-up, the patient exhibited a negative Lachman test and a ROM from 0 to 135 degrees. Prasathaporn et al. reported a 25-year-old male who sustained an ACL femoral avulsion fracture after slipping, just six weeks after undergoing open fixation with plates and screws for a tibial plateau fracture (7). Due to complications on the tibial side, conventional ACL reconstruction was not feasible, so they opted to repair the ACL using suture anchor techniques. Six months post-operation, the patient's Lachman and anterior drawer tests were negative. Shah et al. reported a 47-year-old female who, while suffering an ACL femoral avulsion fracture, also had multiple fractures of the femoral and fibular shafts (8). They fixed the ACL using 4 mm cancellous screws and washers under arthroscopic guidance.

In 2016, Zabierek et al. reported on a 50-year-old male who sustained an ACL femoral insertion avulsion fracture during a knee pivoting incident while skiing (9). The patient underwent arthroscopic screw fixation and, four months post-operation, fully regained normal sports activity with excellent joint mobility. He performed the single-leg hop test without any limitations, and the strength of the quadriceps muscle on the injured side was comparable to the contralateral side. Both pivot shift and Lachman tests were normal.

Similarly, in 2018, Tharakulphan et al. reported a 32-year-old male who sustained an ACL femoral attachment avulsion fracture from a non-contact pivot injury during a soccer match (10). The treatment plan included using arthroscopic suture loop technique to fix the femoral attachment of the ACL avulsion fracture. Five months post-surgery, the patient reported no knee pain or swelling, and physical evaluations were negative for Lachman, anterior drawer, and pivot shift tests. Consequently, he was able to resume his pre-injury level of daily and sports activities.

In 2020, Brandsma et al. reported a 60-year-old female who sustained an avulsion fracture of the ACL at the femoral side, accompanied by a Grade 1 MCL tear and lateral meniscus damage (11). During arthroscopic surgery, only debris removal and meniscal reshaping were performed, with no ACL fixation. Despite regaining full function of her left knee four weeks post-surgery, the patient continued to experience instability. Consequently, conservative treatment for the ACL tear was resumed with the initiation of physical therapy to address this persistent instability.

In children and adolescents, the incidence of ACL femoral footprint avulsion fractures is higher than in adults, though still considered rare. Treatment strategies for this young patient group should focus on anatomical reduction and aim to preserve the native ACL as much as possible, due to the risk of valgus deformities following ACL reconstruction in young patients (30). For minors with incomplete skeletal development, extraphyseal repairs are essential to prevent further injury. Although some clinicians have employed percutaneous cross-pinning techniques, there have been no reports of malunion or asymmetric growth plate closure to date. Therefore, timely diagnosis and appropriate treatment are crucial to avoid complications such as deformity during healing (31).

Recently, in 2022, Zheng et al. reported an 11-year-old girl who sustained an avulsion fracture at the femoral insertion of the ACL (28). The case was managed with arthroscopic reduction and fixation using two No. 2 Ethibond sutures to secure the osteochondral fragments to the lateral femoral condyle. The sutures were brought out laterally and were secured proximally using a tie with an inside-out suturing technique. Twenty-four months post-operatively, the patient exhibited no pain, instability, or movement restriction. Both the Lachman test and pivot shift test were normal. This treatment method effectively minimized the risk of persistent ligament laxity and reduced complications associated with open surgery.

In 2021, Hasegawa et al. reported a 14-year-old boy who sustained a femoral avulsion fracture of both the anterior and posterior bundles of the ACL during a school sports activity (26). The patient underwent arthroscopic double-bundle pull-out repair surgery. A one-year follow-up indicated that the patient's knee joint was stable, without any deformities or laxity, and he was able to participate in various sports activities without restrictions.

In 2022, Czer et al. reported a 10-year-old boy who sustained an ACL femoral footprint avulsion fracture during a hiking trip (27). This case was treated using an arthroscopic dual-tunnel technique combined with a lateral femoral incision, which preserved the physeal plate. The 13-month follow-up demonstrated excellent radiological and clinical outcomes.

In our case, Postoperative CT imaging demonstrated a transient residual gap at the fracture interface on day 1, likely attributable to the physiological tension generated by the secured ACL fibers following anchor fixation. Despite this initial observation, progressive osseous integration was evident at the 6-month follow-up, with complete resolution of the residual gap and trabecular bridging confirming stable bone healing (Figure 3b). By 17 months, CT scans revealed full fracture union without displacement or degenerative changes, underscoring the long-term efficacy of the fixation (Figure 3c). The gradual degradation of the composite absorbable bone anchor facilitated load-sharing between sutures and healing bone, while controlled micromotion within the stable construct promoted secondary bone healing

In our cases, surgical intervention achieved successful anatomical reduction of the ACL femoral avulsion fracture, confirmed by immediate postoperative CT imaging, which revealed a transient residual gap at the fracture interface. This minimal gap likely resulted from physiological tension exerted by the secured ACL fibers following anchor fixation. Follow-up CT at 6 months demonstrated trabecular bridging and complete gap resolution, indicating stable healing with no signs of nonunion. By the 17-month follow-up, CT confirming sustained structural restoration. Clinically, the patient regained full knee range of motion within 8 weeks postoperatively and resumed unrestricted sports activities by 6 months, reporting no discomfort or functional limitations. Joint stability was maintained throughout follow-up, with negative Lachman, anterior drawer, and pivot shift tests. These outcomes underscore the efficacy of the arthroscopic anchor suture technique in achieving both anatomical restoration and functional recovery without requiring open arthrotomy.



Conclusions

Although femoral avulsion fractures of the ACL are rare, physicians should be aware of them to ensure prompt and appropriate treatment considerations. In our case, the ACL femoral footprint avulsion fracture was precisely fixed with a composite absorbable bone equipped with suture anchors, achieving good clinical outcomes. The main advantages of this technique include the minimally invasive nature of the procedures, the promotion of anatomical reduction, the provision of stable fixation, and support for early resumption of patient activity. Future studies with larger sample sizes and higher-quality clinical trials are needed to determine the optimal surgical approach for such injuries.
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Background: The poor reliability of preoperative planning measured by traditional x-ray templates increases the difficulty of osteotomy and prosthesis implantation during an operation, which to some extent affects the surgical outcome of total knee arthroplasty and postoperative satisfaction of patients.



Objective: To evaluate the accuracy and effectiveness of artificial intelligence (AI) preoperative planning in total knee arthroplasty (TKA).



Methods: We prospectively selected 48 patients who underwent primary total knee arthroplasty for knee osteoarthritis in our Joint Surgery Department between March 2021 and May 2022. The test group included 24 patients who underwent three-dimensional preoperative planning using artificial intelligence (AI), and the control group consisted of 24 patients who underwent two-dimensional preoperative planning using traditional template measurement. The differences were not statistically significant when comparing the general information of the two groups, such as gender, age, BMI, affected side category, ASA classification, history of diabetes, history of stroke (P > 0.05). For analyzing the accuracy and application effect of the two preoperative planning methods, the intraoperative operation time, intraoperative blood loss, postoperative drainage volume, postoperative lower limb alignment angle, VAS score, and AKS score were compared between the two groups.



Results: All patients were followed for 6–8 months, and no postoperative complications or postoperative deaths occurred in either group. There was no statistically significant difference between the general data of patients in both groups (P > 0.05). The complete matching rates of femoral component, tibial component, and tibial liner in the test group were significantly better than those in the control group (P < 0.05). The operation time, intraoperative blood loss, and postoperative drainage volume in the test group were significantly less than those in the control group (P < 0.05). There was a statistically significant difference in the postoperative lower limb alignment Angle between the two groups (P < 0.05). The VAS score of the test group was significantly better than that of the control group within 2 weeks (P < 0.05), but there was no statistically significant difference after 1 month (P > 0.05). The AKS score of the test group was significantly higher than that of the control group at 3 months after operation (P < 0.05).



Conclusion: Compared with traditional film planning, AI preoperative planning can improve the accuracy of intraoperative prosthesis implantation and the surgical outcome of TKA, which is worthy of further promotion and application in clinical practice.
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Introduction

Since the development of total knee arthroplasty (TKA) in the 1960s, and then widely used in clinical practice in the 1970s and 1980s, it has significantly improved patient's postoperative mobility and quality of life by restoring the alignment and soft tissue balance of the knee. It has been demonstrated to be a successful and effective approach for treating knee pain and deformity and is also one of the most successful orthopedic surgeries (1).

The traditional preoperative planning of TKA is carried out under two-dimensional conditions, and the orthopedic surgeon evaluates the patient's lower limb alignment and deformity based on preoperative x-ray images and simply measures the osteotomy during the operation. This method of preoperative planning is rough, inaccurate, and unreliable, providing limited help to clinicians. The intraoperative positioning, osteotomy angle, osteotomy amount, prosthesis size, and soft tissue balance depend on the surgeon's clinical experience and the osteotomy positioning device used (2). Poor force line alignment, poor rotation alignment, and mismatched prosthesis size during surgery can alter the biomechanical properties of the knee joint (3) and result in postoperative knee instability, poor patellar trajectory, loose sterility of the prosthesis and increased wear of the polyethylene liner (4), which greatly affect the accuracy and effectiveness of the operation. More than half of the early failures of TKA are related to improper placement of the prosthesis and improper alignment (5, 6), resulting in patient satisfaction in only 80% after the operation (7). In addition, multiple intramedullary positions during TKA prolong the operation time and increase bleeding (8), which can increase the risk of intraoperative infection and affect the postoperative recovery of patients (9).

With the advancements in artificial intelligence (AI) and its gradual application in TKA, CT, MRI, and other imaging data are now available for reconstructing a three-dimensional model of the knee joint before surgery, and a visual osteotomy scheme is provided, allowing the surgeon to observe the anatomical points of the knee joint clearly (10). In addition, according to the characteristics and lesions of the patient's knee joint, surgeons can select the appropriate osteotomy method, prosthesis size, implant position and angle when simulating the surgical operation of the knee joint model to improve the stability of the prosthesis after implantation, restore the anatomical structure and kinematic characteristics of the affected knee joint under a normal physiological state to the greatest extent possible (11), and avoid poor surgical results caused by poor prosthesis matching or implantation deviation. It is helpful to shorten the operation time, reduce intraoperative trauma, and greatly improve the accuracy and safety of osteotomy and the surgical outcome of TKA (12).

The purpose of this study was to compare and analyze the effectiveness of traditional template preoperative planning and artificial intelligence (AI) preoperative planning in TKA, as well as to investigate the accuracy and application potential of AI preoperative planning as a preoperative prosthesis selection plan, to provide a theoretical basis for this process.



Materials and methods

The study was approved by the Ethics Committee of the Second Affiliated Hospital of Nanjing Medical University. All patients provided informed consent for the treatment regimen and signed informed consent for treatment.

This was a prospective study. The study enrolled 48 patients who underwent primary total knee replacement on the affected side in the same treatment group of the Department of Joint Surgery of the Second Affiliated Hospital of Nanjing Medical University between March 2021 and May 2022. The general data of the patients, such as sex, age, BMI, affected side category, American Society of Anesthesiologists (ASA) classification, history of diabetes, and history of stroke were recorded. The patients were randomly divided into a test group (n = 24) using AI three-dimensional preoperative planning and a control group (n = 24) using traditional template two-dimensional preoperative planning. Random grouping method: Patients were allocated using a computer-generated randomization sequence (block randomization, 1:1 ratio) stratified by age and BMI. Surgeons were aware of the planning method, but outcome assessors were blinded to group allocation during follow-up. All operations were performed by the same surgeon.

The inclusion criteria for patients were as follows: (1) had a clinical diagnosis of primary osteoarthritis; (2) were older than 50 years and underwent primary TKA; (3) had no cerebrovascular or neurological disease; (4) could tolerate anesthesia after preoperative evaluation by anesthesiologists and had physical conditions that could be tolerated surgery.

The exclusion criteria for patients were as follows: (1) were under 50 years old; (2) had autoimmune diseases such as rheumatoid arthritis; (3) had severe underlying disease and could not tolerate surgery; (4) had central nervous system disease (affecting postoperative knee function score); (5) underwent revision knee arthroplasty; (6) had incomplete medical records and failed to follow up regularly; (7) were unable to follow the doctor's advice for functional rehabilitation and postoperative recovery.

Imaging examinations Patients in both groups underwent full-length x-rays of both lower limbs before the operation, 24 patients in the control group underwent frontal and lateral x-rays of the knee joint, and 24 patients in the test group underwent a CT scan of the knee joint.

The CT scan parameters were as follows: voltage, 120 kV; layer thickness, 1 mm; and matrix, 512 × 512. The patient was lying flat on the examination table, both lower limbs were kept in a straight and neutral position, and both patellae were suprapatellar. The scanning range was from the center of the femoral head to the center of the ankle joint, and the scanned data were stored and exported in DICOM format.

Two-dimensional planning of traditional template measurements The film template provided by the prosthesis manufacturer was used to measure and compare frontal and lateral x-ray images of the knee joint to predict the size and insertion angle of the prosthesis during the operation.


AI computer-aided 3D planning


	(1)Data import: The CT data of the KNEE joint were imported into the AI 3D total knee joint planning system software (AI KNEE, Beijing Changmugu Medical Technology Co., Ltd.) in DICOM format.

	(2)Intelligent segmentation: artificial intelligence (AI) technology was used to automatically segment the bones; create 3D models of the entire length of the lower limb, femur, and tibia; and measure the mechanical axis of the lower limb, femoral anatomical axis, tibial anatomical axis, femoral external rotation angle, tibial posterior slope angle, and other parameters.

	(3)Femoral component planning: ① The femoral opening point, femoral valgus angle, and femoral external rotation angle were measured; ② The osteotomy thickness was assessed to determine the size, position, and angle of the femoral component.

	(4)Tibial component planning: ① The tibial plateau osteotomy thickness and posterior slope angle were measured; ② The size, rotation, and coverage of the tibial prosthesis were all planned.

	(5)Completion of planning: The femoral component, tibial component, and tibial liner were all shown in place, and the postoperative effects were simulated.



The working principle of the AI KNEE is shown in Figures 1, 2.


[image: Flowchart illustrating an AI-based process for knee joint prosthesis planning using CT images, including image segmentation with Unet, anatomic recognition, segmentation of knee structures, AI database analysis, and a final visualization of prosthesis placement.]
FIGURE 1
Flowchart of how the AI KNEE works.



[image: Panel A shows four 3D renderings of a human knee joint from different angles. Panel B contains multiple 3D images of the same knee joint with magenta prosthetic components and annotated thickness measurements. Panel C presents four 3D views of the complete knee joint model with the prosthetic components assembled.]
FIGURE 2
(A) Ai KNEE modeling; (B) completion planning of the femoral component, tibial component and tibial liner; (C) simulation of postoperative effects.


Surgical methods All surgeries were performed by the same senior professional title surgeon in the Department of Joint Surgery, the Second Affiliated Hospital of Nanjing Medical University. The surgeon was aware of the implant size predicted by the AI KNEE and x-ray film templates. Following general or epidural anesthesia, the patient was supine, and an inflatable tourniquet was inserted at the root of the thigh of the afflicted knee. The injured leg was routinely sterilized with povidone-iodine, and a sterile towel sheet was used. The tourniquet was inflated to 40 Kpa, and a 10-cm longitudinal incision was made in the middle of the anterior knee joint. The subcutaneous tissues were incised, and the joint capsule was incised using the medial parapatellar approach to reveal the knee joint. The synovial tissue and several fat pads were removed, and the anterior and posterior cruciate ligaments were severed. Cuff dissection revealed the articular surface of the tibial plateau, loosened the medial collateral ligament stop, removed the joint cavity, and resected the medial and lateral menisci, anterior and posterior cruciate ligaments, and hyperplastic tissues. The femoral osteotomy was performed intramedullary, and the medulla was opened 0.8–1 cm above the posterior cruciate ligament's stopping point. The distal end of the femur was severed 9 mm by 6° external rotation. The tibia was positioned extramedullary, and the bone was severed 9 mm along the tibial plateau at a 3° posterior angle. The osteotomy gap was estimated accurately. The osteotomy gap was estimated accurately. The size of the femoral condyles was determined, and a 4-in-1 osteotomy plate was used to perform a 3° externally rotated osteotomy and an intercondylar osteotomy. The medial and lateral meniscus, the posterior cruciate ligament, and the hyperplastic tissue were all removed. The curved osteotome removes the osteochondral tuberosity of the posterior femoral condyle, loosens the posterior joint capsule, and installs a trial mold to test the joint's stability and mobility by using the gap balancing method before drilling holes to shape the tibial plateau once the results are satisfactory. The patella was trimmed, and the choice to replace the patellar prosthesis was made based on the amount of patellar cartilage wear and thickness. The joint cavity was flushed with saline, the bone cement was blended, and the tibial (ATTUNE-RP) and femoral (ATTUNE-PS) prostheses were installed, with a polyethylene liner (ATTUNE-PS-RP) applied after the bone cement was fixed. After the bone cement had firm, the joint cavity was cleaned with saline and dilute iodophor, a negative pressure drain was implanted, and the surrounding soft tissues were injected with a ropivacaine and betamethasone mixture before being sutured layer by layer. The intraoperative picture is shown in Figure 3.


[image: Panel A shows a surgical procedure on a patient's knee with several gloved hands operating orthopedic instruments and retractors. Panel B displays another step in the same knee surgery, with tools and hands positioned differently but focusing on the same surgical site.]
FIGURE 3
(A) Measurement of the distal femur; (B) measurement of the proximal tibia.


Postoperative management After the operation, the negative pressure drainage tube and autologous blood transfusion system were placed in the knee joint of the two groups, which was removed after 48 hours, and anti-infection treatment was administered for 24 hours. On the second day following the procedure, quadriceps femoris functional exercise and knee flexion and extension exercises were performed on the second day after the operation, and bed standing exercise was performed on the third day. Anteroposterior and lateral radiographs of the knee joint were taken routinely to evaluate the relationship between the prosthesis and the alignment.



Data collection


	(1)Patient-related data included sex, age, BMI, affected side category, ASA classification, history of diabetes, and history of stroke.

	(2)Surgery-related data ① The actual prosthesis used during the operation was matched with the preoperative planning prosthesis size in the two groups. The preoperative plan was defined as accurate when the preoperative planning model was completely consistent with the actual application model during the operation. ② Intraoperative operation time (unit: min), intraoperative blood loss (unit: ml), and postoperative drainage volume (unit: ml) in the two groups. ③ Absolute deviation values of the postoperative lower limb alignment angle and standard angle of patients in the two groups (unit:°): The coronal hip-knee angle (HKA), frontal femoral component (FFC), and frontal tibial component (tibial component) angles were measured. The FTC, lateral femoral component (LFC), and lateral tibial component (LTC) angles on the sagittal plane and the absolute deviation from the standard angle were recorded. The absolute deviation between the actual postoperative lower limb alignment and a standard angle ≤3° was considered good.

	(3)Postoperative follow-up data: ① Pain visual analog scale (VAS) scores before the operation and at 1 day, 1 week, 2 weeks, 1 month, and 3 months after the operation in the two groups. ② Knee joint function score (AKS score) of the two groups 3 months after the operation.





Statistical analysis

SPSS 26.0 statistical software was used to process and analyze the data. Continuous variables were reported using averages and standard deviations (SD) and categorical variables were presented using frequency distributions and percentages. For categorical variables, the chi-squared test was employed to assess differences in proportions between the two groups. For continuous variables, the Mann–Whitney U-test was used to compare the medians between groups. P < 0.05 was considered to indicate statistical significance. Biostatisticians from The Second Affiliated Hospital of Nanjing Medical University reviewed the statistical methods used.




Results


Number of subjects analysis

All 48 patients underwent successful surgery, and no intraoperative or postoperative complications occurred in either the control group or test group. All patients were followed up for 6 to 8 months, with an average of 7.5 months. The prosthesis implanted in this study had good biocompatibility, and no adverse reactions from the material host occurred in any of the patients.

A comparison of the baseline data of the patients is shown in Table 1.


TABLE 1 Comparison of baseline data between the two groups (n = 24).

[image: Data table comparing test and control groups, each with 24 participants, across variables including sex, age, BMI, affected side, ASA grade, diabetes, and stroke history, with associated P values for each comparison.]

There was no statistically significant difference in the general data between the two groups (P > 0.05).



Comparison of the accuracy of AI 3d planning and traditional template measurements

The accuracy of AI 3D planning of the femoral component was 91.67% (22/24), and the accuracy of film template 2D planning was 66.67% (16/24). The difference between the two groups was statistically significant (P < 0.05). The accuracy of 3D planning of the tibial component AI was 87.50% (21/24), the accuracy of 2D preoperative planning of the film template was 62.50% (15/24), and the difference was statistically significant (P < 0.05). The accuracy rate of 3D planning for tibial liner AI was 91.67% (22/24), and the accuracy rate for 2D planning of film templates was 62.50% (15/24). The difference between the two groups was significant (P < 0.05). The specific data are shown in Table 2.


TABLE 2 Comparison of the two types of prostheses used during surgery and preoperative planning [n(%), n = 24].

[image: Data table compares test and control groups for femoral component, tibial component, and tibial liner alignment, reporting counts, coincidence rates, chi-squared values, and P values, showing higher alignment and statistical significance in the test group.]



Comparison of intraoperative operation time, intraoperative blood loss, and postoperative drainage

Intraoperative operation time and intraoperative blood loss between the two groups. The AI three-dimensional preoperative planning operation time was 68.2 ± 10.6 (min), and the operation time of film template two-dimensional preoperative planning was 84.5 ± 11.4 (min). The difference was statistically significant (P < 0.05). The intraoperative blood loss during three-dimensional AI preoperative planning was 110.5 ± 20.3 ml, that two-dimensional film template preoperative planning was 164.5 ± 43.7 ml, and the difference was statistically significant (P < 0.05). The postoperative drainage volume of the AI 3D preoperative plan was 182.4 ± 23.8 ml, and that of the film template 2D preoperative plan was 266.8 ± 37.1 ml. There was a significant difference between the two groups (P < 0.05). The test group was superior to the control group. The specific data are shown in Table 3.


TABLE 3 Comparison of intraoperative operation time, intraoperative blood loss, and postoperative drainage volume between the two groups (x̅ ± s, n = 24).

[image: Data table comparing test and control groups for operation time, intraoperative blood loss, and postoperative drainage volume, showing significantly lower means in the test group for all measures with T values below 0 and P values less than 0.001.]



Postoperative comparison of lower limb force line angles, and absolute deviation from ideal angles

There were statistically significant differences in HKA, FFC, FTC, LFC, and LTC angles between the two groups after the operation (P < 0.05). The reconstruction effect of lower limb alignment was significantly better for preoperative planning via AI than for preoperative planning via the film template (P < 0.05). The specific data are shown in Table 4.


TABLE 4 Comparison of postoperative lower limb force between the two groups (x̅ ± s, n = 24) and comparisons of absolute deviation (n = 24).

[image: Data table comparing five items (HKA, FFC, FTC, LFC, LTC) between test and control groups, showing mean values with standard deviations, T values, and P values indicating statistical significance for all items. Lower section presents absolute deviation values categorized as less than or equal to three degrees or greater than three degrees with sample counts, chi-square value, and P value.]


TABLE 5 Comparison of postoperative VAS scores between the two groups (x̅ ± s, n = 24).

[image: Data table comparing test and control groups over six time points, showing means with standard deviations, T values, and P values; significant differences are observed at one day, one week, and two weeks postoperatively.]



Comparison of visual analog scale (VAS) scores before and after surgery

The visual analog scale (VAS) score for preoperative planning via the AI was significantly better than that for preoperative planning via the film template at 1 day, 1 week, and 2 weeks after the operation in both groups (P < 0.05). There was no significant difference in VAS score between the two groups before the operation, or at 1 month, or 3 months after the operation (P > 0.05). The specific data are shown in Table 5.



Comparison of knee function score (AKS) between the two groups of patients three months after surgery

The AKS score of the AI preoperative planning group was significantly greater than that of the film template preoperative planning group three months after the operation (P < 0.05). The specific data are shown in Table 6.


TABLE 6 Comparison of the AKS score between the two groups at three months after the operation (x̅ ± s, n = 24).

[image: Data table comparing test and control groups for seven assessment items: joint score, pain, range of motion, stability, functional rating, walking, and up and down stairs. The test group outperforms controls on all items with significant T and P values reported.]




Discussion

Total knee arthroplasty (TKA) is one of the most commonly used and effective methods for treating end-stage knee osteoarthritis. According to statistics from the World Health Organization, the prevalence of knee osteoarthritis in the elderly population older than 75 years is more than 80%, and the disability rate of knee osteoarthritis worldwide is as high as 53%. Approximately 94%–97% of all TKA cases are due to osteoarthritis. At present, there are more than 300 million osteoarthritis patients worldwide (13). With the increasing degree of aging in the global population, the prevalence of osteoarthritis is gradually increasing, and the number of TKA surgeries is expected to increase exponentially worldwide. However, many factors are difficult to control during TKA, such as the recovery of lower limb alignment, the selection of prosthesis, the implant position, and the soft tissue balance (14). If the operation is not performed properly, it is easy to cause various postoperative complications, such as aseptic loosening of the prosthesis, infection, pain, patellofemoral joint instability, and poor knee joint activity (15, 16). As a result, approximately 20% of patients were unsatisfied with the efficacy of TKA and the short life of the prosthesis (17). More accurate preoperative planning is needed to assist surgeons in achieving more accurate alignment, perfect soft tissue balance, and superior prosthetic matching, as well as longer prosthesis life, better postoperative function, and greater patient satisfaction.

The preoperative planning of traditional TKA is not only affected by subjective factors such as the surgeon's visual acuity and experience but also by individual differences (18), such as incorrect rotation, flexion, and posture of the affected limb during x-ray imaging or accompanied by knee dysplasia, severe varus and valgus deformity, joint instability and other factors (19), resulting in unclear bone landmark imaging. It is easy to cause measurement errors, which can lead to certain difficulties in accurate positioning, osteotomy, and prosthesis selection and implantation. In addition, the knee joint is surrounded by muscles and soft tissues, and determining its anatomical landmarks is difficult when x-ray images are taken (20). Although the accuracy of osteotomy and prosthesis implantation has improved by the continuous improvement of a mechanical positioning system, the inherent limitations of the mechanical positioning system limit its accuracy (21), which is also the main cause of prosthesis implantation deviation and malalignment. Artificial intelligence (AI) preoperative planning is based on CT scan images of the patient's joint, and uses image processing technology to establish an accurate three-dimensional model of the knee joint and fully expose the anatomical landmarks of the knee joint to compensate for the shortcomings of traditional preoperative planning (22). Artificial intelligence can assist surgeons in determining the anatomical position of osteotomy, the direction, and the angle of prosthesis implantation; measuring the biological force line of the lower limbs; and analyzing the surgical effect under the computer's three-dimensional visualization environment to determine the best surgical plan, improve surgical accuracy, reduce postoperative complications, prolong the life of the prosthesis, and improve postoperative satisfaction (23).

This study compared the clinical efficacy of film template measurements and artificial intelligence (AI) methods applied in TKA preoperative planning. The results demonstrated that, when compared to traditional TKA preoperative planning, AI preoperative planning can not only accurately predict prosthesis size and the implantation direction and angle but also reduce the difficulty of the operation, improve the safety and accuracy of osteotomy, and achieve the best prosthesis alignment. It can also reduce the operation time, intraoperative blood loss, postoperative drainage volume, and incidence of postoperative infections and significantly improve the effectiveness of early postoperative rehabilitation. Obviously, it is based on accurate preoperative planning that reduces the time of osteotomy, model testing, and implant placement, thus shortening the operation time and intraoperative drainage volume, and reducing the trauma of patients from surgery. In addition, the more accurate preoperative planning of the test group in this study made the postoperative reconstruction of lower limb alignment and functional recovery of the knee joint better than that of the control group. Consistent with the results of this study, Lambrechts (24) et al. collected 5,409 TKA patients for preoperative planning. Compared with the actual prosthesis sizes used by orthopedic surgeons during surgery, the complete coincidence rates of femoral and tibial prosthesis sizes planned by instrument manufacturers using film templates were 68.4% and 73.1%, respectively. Artificial intelligence preoperative planning can reduce the time spent on planning and surgery by 39.71%, improve surgical accuracy, and reduce the average correction required by the surgeon. Pietrzak (25) et al. conducted a retrospective study on 31 patients who underwent TKA. Compared with the actual prosthesis size during surgery, the accuracy of the femoral prosthesis 3D template and film template was 96.6% and 52.9%, respectively. The accuracy of the tibial prosthesis 3D template and film template was 93.1% and 28.7%, respectively. It is considered that 3D preoperative planning can reduce the incidence of malalignment of the lower limbs and malalignment of the prosthesis, thereby reducing the risk of infection, and has the potential to prolong the life of the prosthesis. In addition, there is no need for additional learning and training, the purchase of equipment or systems, additional maintenance or consumables, and the ability to greatly reduce medical costs. As a result, AI-based preoperative planning has an outstanding cost-performance ratio compared to traditional template planning.

Robot-assisted surgery is an important area of artificial intelligence applications and is divided into image-based or image-less options. Specifically, the image-based option uses 2D x-rays that are transformed into a digital 3D replication of the patient's anatomy, while the image-less system relies entirely on the acquisition of intraoperative landmarks. Various surgical techniques can be employed, including measured resection, gap balancing, functional alignment, and kinematic alignment (26). In this study, the AI KNEE software for preoperative planning based on CT scan of the knee is more inclined to the image-based option. Capece (27) et al. conducted a retrospective analysis of 300 patients who underwent knee arthroplasty using the Persona knee joint system. The conclusion showed that robotic technology allowed for a reduced level of constraint in the intraoperative choice between Posterior-Stabilized and Constrained Posterior-Stabilized liners compared with an imageless navigated procedure. Mancino (28) et al. and Rossi (29) et al. compared the accuracy of the planned implant positioning of a novel image-less robotic technique with an established navigated technique (NTKA), and the results showed that image-less had more advantages, especially in terms of the femur and tibia component alignment. So choosing which option is the best is a controversial issue that may be solved in the future by the development of artificial intelligence technology.

The integration of artificial intelligence (AI) in preoperative planning for total knee arthroplasty (TKA) has markedly improved both efficiency and accuracy. However, its potential is constrained by the current state of computer science technology (30). AI systems exhibit limited adaptability when confronted with complex cases, such as those involving severe bone defects, deformities, or ligament imbalances, and are susceptible to errors in automatic segmentation and planning (31). Current AI planning predominantly emphasizes the static alignment of prosthesis models and positions, lacking comprehensive dynamic analysis and functional reconstruction. Furthermore, these systems often neglect the holistic dynamic alignment of the ankle-knee-hip-pelvis-spine axis and postoperative lower limb stability, which are critical for ensuring long-term joint function (32).

The limitations of this study include the following: (1) Only 48 patients were selected (24 in each group), and the small number of patients might affect the statistical power and external validity of the results. Multicenter and large-sample randomized studies are needed to obtain more accurate and reliable results. (2) The motion of the KNEE joint is a comprehensive process involving ligaments, bones, and muscles. In this study, only CT data were imported into the AI KNEE software, and the involvement of soft tissues in knee joint motion was neglected. (3) Although the AI KNEE has more advantages in predicting prosthesis size, only the Attune PS prosthesis from Johnson & Johnson was selected, and the prosthesis type was relatively small. In future AI planning research, we will import various types of prostheses as much as possible. (4) The radiation dose and economic cost were greater for patients who underwent preoperative CT than for those who underwent x-ray fluoroscopy.
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On August 28th, 2023, a 13-year-old male was diagnosed with conventional osteosarcoma of the proximal left tibia after a needle biopsy. Subsequently, the patient received two cycles of neoadjuvant chemotherapy and four cycles of postoperative chemotherapy. On December 27, 2023, the tumor resection was performed while preserving the knee joint, which involved inactivation of the tumor-bearing bone, autologous bilateral fibula grafting, and fixation of the grafted bone to the host bone using plate and screws. Follow-up after surgery included x-rays and CT scans. On February 28, 2024, two months after the surgery, new bone formation was noted at the site from which bone was harvested from the right fibula, the left knee joint had satisfactory range of motion in flexion (130°) and extension (0°). Additionally, partial healing of both the grafted bone and the host bone was observed. In the follow-up on September 23rd, 2024, nine months post-operation, the right fibula had reformed. Furthermore, the transplanted and host bones of the left tibia had healed securely. It was confirmed that there was no recurrence or metastasis of the tumor during the last follow-up by ECT. This case highlights the feasibility and effectiveness of using inactivating tumor-bearing bone and autologous bilateral fibular grafting to repair large bone defects after joint-sparing surgery for malignant tumors near the joints.
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Introduction

Osteosarcoma is a prevalent and aggressive bone tumor that mainly affects adolescents and young adults. The standard treatment usually includes neoadjuvant chemotherapy, surgery, and follow-up adjuvant chemotherapy. Various reconstruction techniques for bone defects after surgery include hinged prosthetic arthroplasty (like modular and 3D-printed prostheses) (1, 2), allogeneic bone grafting (3), replantation of inactivated tumor-bearing bone (4), autologous bone grafting (5), and Ilizarov external fixator-assisted bone transport (6). Despite these treatment options, minimizing complications, achieving satisfactory functional outcomes, and preventing tumor recurrence and metastasis remain major challenges. In this context, exploring new and effective treatment methods is critically important.



Case presentation

This case involves a 13-year-old boy who has experienced swelling and pain in left knee for two months, and after a thorough evaluation, he was diagnosed with conventional osteosarcoma via a needle biopsy (Figure 1A). Prior to the surgery, the patient received one cycle of neoadjuvant chemotherapy that included epirubicin, cisplatin, and methotrexate. Following this, the patient underwent another cycle containing epirubicin, ifosfamide, and methotrexate. After receiving neoadjuvant chemotherapy, the patient underwent joint-preserving surgery (Figures 1B, 2A). Then the operation used an innovative method that combined the inactivation of tumor segmental bone with grafting of the patient's own bilateral fibulas. During the surgery, the tumor-bearing bone was immersed in 10% sodium chloride solution at 65 degrees Celsius for 30 min to inactivate, the right free fibula was harvested and placed into the medullary cavity of the inactivating tumor bone. Simultaneously, the left vascularized fibula underwent an osteotomy at the tibial plane, was then moved medially, and had the surface of the proximal tibiofibular joint excised, then secured to the host bone with plate and screws (Figure 1C). Four weeks after surgery, the patient wore a lower limb brace and performed non-weight-bearing activities, and one week later, the patient initiated four cycles of adjuvant chemotherapy, which included epirubicin, ifosfamide, and methotrexate. By 12 weeks after surgery, the patient advanced to weight-bearing activities. And postoperative follow-up was carried out through x-ray and CT scans. On February 28, 2024, two months post-surgery, new bone formation was observed in the right tibia (Figure 2B), along with partial healing of the transplanted and host bones (Figure 1D) and the knee joint demonstrated good flexion (130°) and extension (0°) (Figure 3). By September 23, 2024, nine months post-operation, the right fibula had remodeled (Figure 2C), the transplanted and host bones of the left tibia had healed firmly (Figure 1E), and ECT showed no evidence of tumor recurrence (Figure 1F).


[image: Panel A shows two X-rays of the left knee and tibia in anteroposterior and lateral views, revealing a fracture. Panel B shows the same regions with healing progression. Panel C and D show X-rays of the left knee and tibia after surgical fixation, with metal plates and screws applied. Panel E displays follow-up X-rays showing the fixed fracture site with plates and screws still in place. Panel F presents two bone scan images displaying the whole skeleton in anterior views for comparative assessment.]
FIGURE 1
(A) The x-ray before neoadjuvant chemotherapy: bone destruction and periosteal reaction in the proximal left tibia. (B) Preoperative x-ray of the left tibia following neoadjuvant chemotherapy: Osteosarcoma of the left tibia. (C) Postoperative x-ray of the left tibia within 24 h after surgery: Tumor-bearing bone inactivation and replantation, autologous bilateral fibula grafting with plate and screws internal fixation. (D) Two-month postoperative x-ray of the left tibia: Partial osseous union between the composite graft and the host bone. (E) Nine-month postoperative x-ray of the left tibia: Complete osseous union between the composite graft and the host bone. F Nine-month postoperative ECT: No evidence of tumor recurrence.



[image: Radiographic series showing the right lower leg in multiple views. Panel A displays two X-rays with internal fixation devices present within the tibia. Panel B shows two follow-up X-rays of the same region without presence of fixation devices, indicating bone remodeling. Panel C presents two later X-rays of the healed tibia, depicting continuous bone cortex and restoration of normal anatomy.]
FIGURE 2
(A) Postoperative x-ray of the right tibia within 24 h after surgery: segmental fibular resection with periosteal preservation. (B) Two-month postoperative x-ray of the right tibia: Partial osteogenesis at the right fibula. (C) Nine-month postoperative x-ray of the right tibia: Extensive osteogenesis was observed in the right fibula, yet the medullary cavity was not fully formed.



[image: First panel shows a child’s legs lying flat, with the right leg exhibiting a healing vertical scar and scab down the shin. Second panel shows the same child lying on their back with knees bent and feet flat on a bed.]
FIGURE 3
Two-month post-operation, the flexion of the knee joint was 130°, and the extension was 0°.




Discussion

Studies have examined the effectiveness of various limb-salvage techniques. However, each reconstruction method has distinct benefits and drawbacks in terms of effectiveness and complications. For instance, prosthetic replacement can quickly restore function but carries long-term risks, including loosening and infection (2, 7). Inactivation and replantation of tumor-bearing bone may result in longer healing times and non-union (8). Allogeneic bone grafting could encounter complications such as immune rejection and infection (3, 7). Autologous bone grafting avoids immune rejection but has challenges such as donor site complications and limited bone volume (5). And the Ilizarov external fixator-assisted bone transport may lead to complications, including infections, delayed unions, and joint stiffness (9, 10). The innovative combination of tumor-bearing bone inactivation and autologous bilateral fibula grafting not only achieved excellent reconstruction of the proximal tibia but also improved the integration of the graft with the host bone. In this case, the contralateral free fibula graft was selected due to its multiple key benefits. Firstly, the inactivated bone exhibited significant defects and substantial bone loss. This made it crucial to provide additional structural support along with a dependable bone grafting function. Secondly, the extensive resection of the tumor left no suitable vessels for anastomosis in the surgical area. In pediatric patients, managing large bone defects is challenging, and traditional techniques often result in poor functional recovery and increased morbidity. This method presents an innovative solution to effectively resolve these issues.

In this case, Preserving the right fibula periosteum during the surgical procedure likely promoted the observed new bone formation. This phenomenon was also noted by Colangeli (11). However, the absence of medullary cavity formation is still concerning. This could be due to the characteristics of the newly formed bone, which might lack the structural properties needed for tubular bone formation, or it may be a result of the relatively short follow-up period. Future studies should focus on the long-term outcomes of these surgical techniques and investigate methods to enhance medullary cavity formation through adjunctive therapies.



Conclusion

This case demonstrates the promise of combining tumor-bearing bone inactivation with autologous bilateral fibula grafting as an effective strategy for managing bone defects caused by tumors. The successful maintenance of knee joint function and early signs of bone healing suggest that this method could be a valuable addition to the surgical options available for treating osteosarcoma in children. Further research is needed to refine these techniques and create standardized protocols for their use in clinical practice.
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Introduction: Construction of an animal model of rabbit anterior cruciate ligament (ACL) near isometric reconstruction is a basic condition to study the patterns of graft stress and tendon to bone healing. The impact of alterations in the bone tunnel entrance within the femoral footprint region on graft tension remains uncertain. The objective of this study was to determine the femoral tunnel entrance that provides the closest approximation to near-isometric reconstruction within the femoral ACL footprint.



Materials and methods: Eighteen Cadaveric rabbit knees were used in this experiment. The semitendinosus autografts were employed for ACL reconstruction. Six knees were reconstructed using the middle position of the femoral footprint area as the entrance (Mi-tunnel), six knees used a position 2 mm anterior to the middle (An-tunnel), and six knees used a position 2 mm posterior to the middle (Po-tunnel). All grafts were pretensioned with 10 N at 150° and 90° flexion and firmly fixed at the tibial end. The change in graft strain was measured under maximum flexion and extension in the rabbit knee joints.



Results: Under a maximum flexion of 150° and 10 N pretension, the graft strain decreased significantly during knee extension in the An-tunnel and Mi-tunnel groups and there was no significant decrease in the Po-tunnel group. There were significant differences in graft strain between the Po-tunnel and An-tunnel during knee extension at 135°–35° (P < 0.05). Under 90° flexion and 10 N pretension, the Po-tunnel group showed a minimal change in graft strain compared to the An-tunnel and Mi-tunnel groups with knee extension and flexion (135°–35°) except at the initial pretension Angle. There was a statistically significant difference in graft tension when the Po-tunnel compared to the An-tunnel (P < 0.05).



Conclusions: The Po-tunnel within the femoral footprint region may be the best choice for ACL near isometric reconstruction in rabbits.
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Introduction

Anterior cruciate ligament (ACL) injury is a common sports-related issue, with over 200,000 cases reported annually in the United States. The associated costs, both direct and indirect, exceed $7 billion each year, and ACL ruptures account for approximately 50% of all knee ligament injuries (1). ACL reconstruction is a widely accepted treatment for restoring motor function after ligament rupture, particularly in young patients with a high demand for physical activity (2, 3). Despite its recognized therapeutic efficacy (1, 4, 5), the incidence of osteoarthritis after reconstruction remains high (5, 6). Studies have identified several factors contributing to joint instability and poor tendon-bone healing after ACL reconstruction, such as the fit between the graft and tunnel (7), graft fixation method (8), graft position in the tunnel, and mechanical stress (9, 10). Tendon-bone healing is influenced by surgical techniques, graft selection, and postoperative rehabilitation (11). Given the growing maturity of surgical methods with similar grafts, more attention has been directed towards the impact of mechanical stress during postoperative rehabilitation on tendon-bone healing (12–14). Therefore, it is crucial to explore the mechanisms of osteoarthritis following ACL injury and the factors contributing to poor tendon-bone healing through animal models to identify new interventions.

Preclinical studies using small laboratory animals like mice, rats, and rabbits are essential for evaluating factors affecting graft bone growth and osteoarthritis after ACL reconstruction (15). Previous research has indicated that different femoral tunnel entrances significantly affect ACL graft strain and strain in rats (16). Mechanical tests can help identify the optimal tunnel for isometric reconstruction. Rabbits are well-suited for ACL reconstruction experiments (15). However, there are anatomical and functional differences between rat and rabbit knee joints, including the number of ACL bundles, tibial plateau angle, range of motion, ACL force, and gai (15). As a result, the variation in ACL with knee flexion and extension is different between rats and rabbits. While there are some studies on ACL isometric reconstruction in rabbit models (17), detailed investigations on the anatomical characteristics of the femoral insertion of the rabbit ACL and the effects of various tunnels in the footprint area on graft strain during knee flexion and extension are limited. Thus, it is essential to study the impact of the femoral tunnel entrance on graft strain and the patterns of graft strain variation during flexion and extension in the rabbit ACL reconstruction model.

Furthermore, the topic of anatomic ACL reconstruction methods, specifically single-bundle ACLR and double-bundle ACLR, remains highly debated (18, 19). However, it is crucial to consider that rat ACL has two bundles, while rabbit ACL has one bundle (15). When using rabbits for double-bundle ACLR experiments, it becomes particularly important to understand the strain variation patterns of the graft during reconstruction using various tunnels in the footprint area as the femoral tunnel entrance.

This study provides a comprehensive rabbit model of ACL reconstruction to investigate several key aspects: (1) the anatomical characteristics of the femoral insertion in rabbits; (2) the successful preparation of the femoral tunnel in the central and anterior locations of the original ACL footprint area; (3) the significant differences in graft strain with various tunnels in the footprint area as the femoral tunnel entrance during ACLR; and (4) the variation patterns of graft strain during full range flexion and extension in ACLR with different tunnel entrances in the footprint area.



Methods

All animal experiments were conducted in accordance with the guidelines and approved by the Animal Experiment Ethics Committee of the Hospital. We used the R package “pwr” to calculate the sample size. In the present study, we compared the force between the “An-tunnel”, “Mi-tunnel”, and “Po-tunnel”, when the knee angle was in 75 degrees, the pretension of the knee joints was set at 90 flexion. The result showed the means of the 3 groups were 7.37, 8.71, and 9.91, and the SDs of the 3 groups were 0.63, 0.48, and 0.24. We used “sig.level” was 0.05, and power was 0.9. In the R package “pwr”, the value of ψ is provided by the package. At last, the results showed that n = 2. Considering the possible bias, we expanded the sample size to 6. For this study, eighteen male New Zealand white rabbits (2.5–3.5 kg, with bone maturity) were used, and their intact knee joints were obtained after completion of other experiments. The knee joints were randomly divided into three groups: Group 1 underwent ACL reconstruction with the femoral tunnel entrance positioned 2 mm in front of the middle position of the footprint area of the femur (An-tunnel) (n = 6), Group 2 with the entrance at the middle position of the footprint area (Mi-tunnel) (n = 6), and Group 3 with the entrance 2 mm behind the middle position of the footprint area (Po-tunnel) (n = 6). Subsequently, all grafts were pretensioned to 10 N with the knee joints at 150 and 90 flexion and securely fixed at the tibial end. The change in graft strain was then measured during the maximum range of flexion and extension in the rabbit knee joints.


Determination of maximum range of flexion and extension in rabbit knee joints

To determine the actual maximum range of flexion and extension in rabbit knee joints, we collected the intact lower limb below the pelvis of the rabbit, ensuring that all muscle tissues around the thigh and lower leg were retained. We marked the femoral axis on the body surface at the femoral greater trochanter and the femoral insertion of the lateral collateral ligament. Simultaneously, we marked the tibial axis starting from the tibial insertion of the lateral collateral ligament along the long axis of the femoral shaft to maximize knee joint flexion and extension. By measuring the angle between these two axes, we obtained the maximum range of flexion and extension (Figure 1).


[image: Panel a shows a dissected animal hind limb with a goniometer and ruler aligned to the patella and greater trochanter of the femur. Panel b displays the same limb from another angle, highlighting the posterior knee muscles and greater trochanter of the femur, with measurement tools in use.]
FIGURE 1
The maximum range of flexion and extension in the rabbit knee joint was determined by measuring the angle between the long axis of the femur and the long axis of the tibia. (a) The maximum extension angle of the rabbit knee joint was measured. (b) The maximum flexion angle of the rabbit knee joint was measured. (It was observed that the maximum knee flexion angle is influenced by the muscles located behind the lower extremities).


The average value measured from 18 male New Zealand white rabbits (with bone maturity, weighing 2.5–3.5 kg) was taken as the final range.



Anatomical characteristics of ACL in rabbits and selection of femoral tunnel entrance

We selected ten male New Zealand white rabbits (with bone maturity, weighing 2.5–3.5 kg) to obtain the knee joint specimens. The femur was retained while removing the femoral medial condyle. We observed the anatomical characteristics of the anterior cruciate ligament (ACL) and the femoral insertion. At the midpoint, we measured the anteroposterior diameter of the ACL and the diameter of the femoral footprint area. Subsequently, we marked the different femoral tunnel entrances using a 2 mm Kirschner wire (designated as Mi-tunnel, An-tunnel, Po-tunnel) (Figure 2). The final value used for analysis was the mean measured value from these ten knee joints.


[image: Panel a shows a close-up of a dissected femoral bone end with labeled anatomical structures: PCL, ACL, and LFC. Panel b displays the same bone rotated, highlighting the entrance of the femoral tunnel with colored circles and indicating the ACL footprint area. Both panels include a ruler marked in centimeters beneath the specimen for scale.]
FIGURE 2
The anatomic characteristics of the anterior cruciate ligament (ACL) femoral insertion in rabbit knee joints are as follows: (a) after the removal of the condylus medialis femoris, it can be observed that the rabbit ACL is flat and terminates at the lateral femoral condyle of the femur. (b) The footprint area of the rabbit ACL is an oblate oval shape, and the anteroposterior diameter of the insertion is approximately half of that of the cartilage margin in the medial femoral condyle. Abbreviations used: ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; LFC, lateral femoral condyle.




Rabbit anterior cruciate ligament reconstruction with semitendinosus tendon autograft

All 18 rabbit knee joints were completely dissected from the deceased rabbits, preserving the intact femur and its distal structures. The fur was removed, leaving the muscle tissue and knee capsule intact. The gracilis muscle was cut longitudinally from the posterior medial knee joint to expose the semitendinosus and its medial attachment point on the knee joint. The semitendinosus was carefully detached from the attachment point, and its tendon end was secured with a 3-0 ETHIBOND locking Krackow stitch (Ethicon, Inc.) to achieve satisfactory traction fixation. The stitch was gradually moved to expose the distal end of the semitendinosus up to the tendon-muscle transitional part, where the semitendinosus was transected. The tendon end was then secured again with a 3-0 ETHIBOND locking Krackow stitch (Ethicon, Inc.) to ensure satisfactory traction fixation.

The semitendinosus autograft was observed and measured, and the diameter of both ends and middle parts was approximately 2.0 mm, demonstrating good consistency in graft diameter (Figures 3a,b).


[image: Panel a shows a semitendinosus tendon being measured with a ruler on a dissected specimen. Panel b displays the woven ends of the semitendinosus tendon next to a ruler for scale. Panel c depicts a reconstructed ACL graft with visible exits of the femoral and tibial tunnels in the specimen. Panel d illustrates the joint capsule sutured, the femoral end prepared for biomechanical testing, and the tibial end of the ACL graft secured to the tibial tuberosity.]
FIGURE 3
Rabbit ACL reconstruction using autosemitendinosus tendon and preparation of graft strain measurement. (a) The posterior medial free semitendinosus tendon of the knee joint was severed at the muscular tendon transition. (b) Both ends of the isolated semitendinosus graft were braided with 3-0 ETHIBOND locking Krackow stitches to facilitate subsequent fixation and graft pulling. (c) Grafts were pulled out from the joint by traction lines from the femoral tunnel entrance and the tibial tunnel entrance to reconstruct the ACL. (d) Holes were drilled in the tibial tubercle at the tibial outlet, and the tibial end of the graft was firmly fixed.


The femur end of the graft was left free, allowing it to penetrate the anterolateral muscle of the femur and be pulled and fixed along the long axis of the bone tunnel to the mechanical tester. The articular capsule and the anterior medial muscle incision of the knee joint were sutured layer by layer.

After preparing the graft, it was covered with wet gauze for further operation. Throughout the procedure, all samples were kept moist with wet gauze to minimize the influence of muscle atrophy through water loss on knee joint activity.

A medial parapatellar approach was employed to incise the joint capsule and widen the incision until the patella could be successfully pushed outward for dislocation. The ACL in the knee joint was then identified, and the sharp blade was carefully used to detach the ACL from its tibial insertion, ensuring that other important structures such as the meniscus, medial and lateral collateral ligaments, and posterior cruciate ligament were not damaged. An anterior drawer test was performed. Due to the narrow space of the trochlear in the rabbit's femoral knee, to ensure accurate positioning of the bone tunnel entrance, posterior dislocation of the femoral end of the knee was performed after the ACL was severed, allowing for blunt separation of the gastrocnemius space and incision of the posterior joint capsule. This facilitated easy visualization of the lateral intercondylar fossa of the femur. The femoral ACL attachment point was located, and the ACL remnant was carefully and completely removed with a sharp blade. In the different groups, 1 mm Kirschner wires were used to pre-drill holes at the middle, 2 mm in front, and 2 mm in the back of the footprint area of the ACL (Figures 4a,b), penetrating the cortex to ensure accurate positioning and prevent the bone drill from slipping during further drilling of the bone tunnel (Figure 4c).


[image: Panel a shows a dissected knee joint labeled with anatomical landmarks including femur medial, femur anterior, anterior cruciate ligament, lateral femoral condyle, and femur posterior. Panel b overlays color-coded lines along the anterior cruciate ligament direction with the lateral femoral condyle marked. Panel c features gloved hands manipulating tissue with a 1 millimeter Kristen needle positioned near the lateral femoral condyle.]
FIGURE 4
Selection and preparation of different femoral tunnel entrances in rabbit ACL. (a) The entrances of different femoral tunnels were located in the anterior (Fe-An), middle (Fe-Mi), and posterior (Fe-Po) footprint area of the ACL. (b) The lateral view of the femoral tunnel prepared with different entrances. (c) The entrance of the femoral tunnel behind the knee joint was observed directly, and a 1 mm Kirschner wire was used to accurately locate the entrance by drilling through the cortex. Subsequently, the femoral tunnel was prepared with a 2.0 mm Kirschner wire. ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; LFC, lateral femoral condyle.


Subsequently, 2.0 mm Kirschner wires were used to drill holes anterolaterally from the marks and exit behind the superior lateral margin of the trochlea of the femur. The exit point of the femoral tunnel is positioned 2 mm anterior to the cartilage edge of the femoral condyle, facilitating the insertion of the Kirschner wire without causing cortical bone fracture. This location also allows for the traction line to be aligned parallel to the tunnel, thereby minimizing frictional interference between the transplanted tendon and the tunnel wall. Femoral tunnels with different entrances were ultimately prepared. After the femoral tunnel preparation, a 2.0 mm Kirschner wire was inserted into the central area of the tibial attachment point, and the distal hole was drilled. The Kirschner wire was then inserted through the distal insertion of the medial collateral ligament to prepare the tibial tunnel.

After preparing the bone tunnel, the distal end of the 3-0 ETHIBOND locking Krackow stitch was utilized as the traction end, and a bone bridge was created from within the joint towards the distal bone canal of the tibia, allowing the graft to pass through the bone canal. The bone bridge was made under the tibial tubercle using a 1 mm Kirschner needle. The traction wire was then threaded through the bone canal of the bone bridge and tied for fixation. This traction wire emerged from the bone tunnel of the distal tibia from an intra-articular direction, with the graft passing through the tibial tunnel. Similarly, a bone bridge was created under the tibial tubercle with a 1 mm Kirschner wire, and the traction line passed through the bone bridge and bone tunnel, securing it with a knot for fixation. The femoral graft also emerged within the joint. To facilitate further measurement of graft strain, the femoral end of the graft was not fixed (Figure 3c). The traction line passed through the femoral cortex and anterolateral muscles, and it was fixed to the element of the mechanical testing machine. To bring the data measurements closer to those of live animals, we carefully re-closed the anterior and posterior incisions of the joint capsule after reconstruction, preserving the anterior femur muscle group to ensure the integrity of the patellar support band (Figure 3d).



Biomechanical test of ACL graft

This study utilized a fixed platform to investigate the change in graft strain during rabbit knee flexion and extension. Firstly, the femur was secured on the fixed platform using two 1.5 mm Kirschner wires penetrating through the double-layer cortex. The pull wire of the femoral end of the graft was fastened to the fixed port of the tensile testing machine, and the angle of the pull wire was adjusted to ensure that the pulling direction was parallel to the axis of the bone tunnel, reducing friction between the graft and the tunnel (Figure 5).


[image: Experimental setup showing a dissected animal hind limb fixed in place with an apparatus, a load cell attached near the femur, and a protractor measuring knee flexion and extension, with text annotations labeling key apparatus points.]
FIGURE 5
Measurement of graft strain under different knee flexion angles was conducted using the following method: the femur was secured on a fixed platform using two 1.5 mm kirschner wires penetrating through the double-layer cortex. The distal tibia was bound and fixed with the angle indicator. Different knee joint flexion and extension angles were achieved by flexion and extension of the tibia around the knee joint. The femoral end of the graft was fastened to the tension instrument with a traction line parallel to the long axis of the femoral tunnel.


The graft was repeatedly pulled with an appropriate traction force until the force stabilized, and the tensile testing machine was fixed at the predetermined knee flexion angle, allowing the graft to obtain a pretension of 10 N. The graft strain remained stable at 10 N during the initial flexion angle and throughout the small range of flexion and extension.

To determine the flexion and extension angle of the knee joint, a pointer fixed parallel to the axis of the rabbit tibia and an angle gauge fixed to the test platform were used. After fixation at 90 with a pretension of 10 N, the knee joint was flexed and extended in 15 intervals, and the graft strain was measured and recorded. Similarly, after fixation at 150 with a pretension of 10 N, the knee joint was gradually extended in 15° intervals, and the graft strain was measured and recorded. Graft strain was tested under three different femoral tunnel entrances.



Statistical analysis

Statistical significance was defined as p-value < 0.05 (two tails).

In order to analyze the change in graft strain after ACL reconstruction with different femoral tunnel entrances within a small range of ACL femoral footprints, the range of flexion and extension was examined. This study utilized the rank sum test of multiple independent samples with post hoc Bonferroni test to analyze the differences among the three groups. All statistical analyses were conducted using Rstudio software (R version 3.62), and the graphical representations were generated using the “ggplot2” package. Statistical significance was defined as a p-value < 0.05 (two-tailed).




Results


Maximum range of flexion and extension in rabbit knee joints

The results demonstrated that the rabbit knee joint had a maximum extension angle of 35° and a maximum flexion angle of 150°, unlike human knee. This difference might be attributed to the functional requirements of four-legged walking and the bouncing ability of hind limbs in rabbits. Notably, the development of lower limb muscles in rabbits had a significant impact on the range of flexion and extension. Therefore, to better simulate the knee joint in its living state, it was essential to retain all the lower limb muscle groups during the assessment of the maximum range of flexion and extension. Considering that the rabbit knee joint was flexed under the rest state, which was close to the maximum flexion position, we selected an initial angle of 90° for extension and a maximum flexion of 150° to measure the change in graft strain.



Anatomical characteristics of rabbit ACL, selection of femoral tunnel entrance

The anatomical characteristics of the rabbit ACL were observed in 10 rabbit knee joints, revealing that the ACL had an oblate oval strip structure with a mean length of 9.1 mm and a mean anteroposterior diameter of 4.2 mm, approximately half of the anteroposterior diameter of the lateral femoral intercondylar fossa (Figure 2a). The mean anteroposterior diameter of the femoral footprint area was 4.4 mm (Figure 2a). Within the footprint area, a femoral tunnel with a diameter of 2 mm could be successfully prepared at the middle position, 2 mm in front of the middle position, and 2 mm behind the middle position (Figure 2b).



Changes of ACL graft strain under pretension of 10 N with initial flexion of 150°

The changes in ACL graft strain were analyzed under a pretension of 10 N with an initial flexion of 150° (Table 1). The Po-tunnel group demonstrated relatively isometric graft behavior during an extension of 35°, and the strain change was not significant (Figure 6).



TABLE 1 ACL graft strain in rabbit knee joints at different flexion and extension angles under pretension of 10 N with initial flexion of 150°.



	Knee angle (°)
	Sample size
	An-tunnel
	Mi-tunnel
	Po-tunnel
	P
	An-Mi tunnel
	Mi-Po tunnel
	An-Po tunnel



	Mean
	Sd
	Mean
	Sd
	Mean
	Sd





	35
	6
	1.90
	0.42
	3.25
	0.88
	9.63
	0.56
	<0.05
	0.22
	0.13
	<0.05



	45
	6
	3.58
	0.29
	4.53
	0.56
	10.26
	0.37
	<0.05
	0.25
	0.12
	<0.05



	60
	6
	4.36
	0.43
	6.10
	0.46
	10.60
	0.42
	<0.05
	0.15
	0.15
	<0.05



	75
	6
	4.80
	0.36
	6.88
	0.39
	11.43
	0.39
	<0.05
	0.15
	0.15
	<0.05



	90
	6
	6.06
	0.27
	7.16
	0.95
	12.08
	0.50
	<0.05
	0.58
	0.07
	<0.05



	105
	6
	6.35
	0.42
	7.21
	0.58
	10.95
	0.89
	<0.05
	0.31
	0.10
	<0.05



	120
	6
	6.78
	0.40
	7.28
	0.66
	10.51
	0.65
	<0.05
	1.00
	<0.05
	<0.05



	135
	6
	7.55
	0.33
	8.03
	0.45
	10.26
	0.38
	<0.05
	0.64
	0.06
	<0.05



	150
	6
	10.00
	0.02
	10.00
	0.01
	9.99
	0.01
	0.77
	—
	—
	—








[image: Line graph comparing force in newtons versus knee angle in degrees for three tunnel types: Fe-An (red), Fe-Mi (green), and Fe-Po (blue). Fe-Po consistently shows higher force across all angles, peaking around ninety degrees, while Fe-An and Fe-Mi both increase with knee angle and converge at higher degrees. Error bars are included for each data point.]
FIGURE 6
Changes in ACL graft strain were examined under a pretension of 10 N with an initial flexion of 150°. The results are presented in Table 1, showing the ACL graft strain in rabbit knee joints at various flexion and extension angles under the specified pretension conditions.


The graft strain was highest at 90° flexion (12.08 ± 0.50 N) and lowest at maximum extension (9.63 ± 0.56 N). Under the pretension of 10 N with an initial flexion of 150°, both the Mi-tunnel and An-tunnel groups exhibited a significant downward trend in graft strain during extension, with the An-tunnel group showing a more substantial decrease compared to the Mi-tunnel group. As the knee joint was gradually extended to 35°, the graft strain in both the Mi-tunnel and An-tunnel groups reached its lowest values (1.90 ± 0.42 N in the An-tunnel group and 3.23 ± 0.88 N in the Mi-tunnel group), with no significant difference between these two groups.

Within the maximum range of extension, there was no significant difference in graft strain between the Mi-tunnel and An-tunnel groups. However, the Po-tunnel group exhibited a significant difference in graft strain from the beginning to an extension of 135° compared to the other two groups. These results may indicate that the Po-tunnel showed better isometric characteristics, suggesting that the fiber bundle behind the ACL might play the primary pulling role at maximum extension, despite the presence of one bundle in the rabbit ACL.



Changes of ACL graft strain under pretension of 10 N with initial flexion of 90°

Under a pretension of 10 N with an initial flexion of 90°, different strain changes were observed in the ACL grafts of the three groups as the knee gradually extended to 35° (Table 2).



TABLE 2 ACL graft strain in rabbit knee joints at different flexion and extension angles under pretension of 10 N with initial flexion of 90°.



	Knee angle (°)
	Sample size
	An-tunnel
	Mi-tunnel
	Po-tunnel
	P
	An-Mi tunnel
	Mi-Po tunnel
	An-Po tunnel



	Mean
	Sd
	Mean
	Sd
	Mean
	Sd





	35
	6
	2.30
	0.54
	5.62
	1.17
	8.95
	0.53
	<0.05
	0.16
	0.16
	<0.05



	45
	6
	4.21
	0.92
	6.35
	0.32
	9.41
	0.39
	<0.05
	0.16
	0.16
	<0.05



	60
	6
	5.69
	0.47
	7.15
	0.43
	9.55
	0.26
	<0.05
	0.20
	0.13
	<0.05



	75
	6
	7.35
	0.61
	8.67
	0.46
	9.77
	0.23
	<0.05
	0.28
	0.11
	<0.05



	90
	6
	9.99
	0.01
	10.00
	0.01
	9.99
	0.01
	0.48
	—
	—
	—



	105
	6
	11.66
	0.70
	9.89
	0.40
	9.76
	0.19
	<0.05
	<0.05
	1.00
	<0.05



	120
	6
	11.71
	0.94
	10.30
	0.72
	9.10
	0.22
	<0.05
	0.39
	0.14
	<0.05



	135
	6
	12.09
	0.63
	11.06
	0.49
	8.06
	0.51
	<0.05
	0.28
	0.11
	<0.05



	150
	6
	12.91
	2.85
	11.37
	0.77
	7.36
	0.86
	<0.05
	0.70
	0.09
	<0.05







In the An-tunnel group, the graft strain showed a significant decrease with knee extension, reaching approximately 75% reduction (2.30 ± 0.54 N) compared to the baseline 10 N at an extension of 35°. This trend was consistent with the Mi-tunnel group, where the graft strain decreased by about 50% (5.62 ± 1.17 N) at an extension of 35°, but to a lesser extent than the An-tunnel group. In contrast, the Po-tunnel group exhibited no significant decrease in graft strain with gradual extension to 35°, with the graft strain measuring 8.95 ± 0.53 N at maximum extension. As the knee was gradually flexed to 150°, the An-tunnel group showed the most significant increase in graft strain, reaching 12.91 ± 0.85 N at the maximum flexion angle of 150°. The Mi-tunnel group exhibited a slight increase in graft strain (11.37 ± 0.77 N) without significant differences. Conversely, in the Po-tunnel group, the graft strain gradually decreased with increasing flexion angle, measuring 7.36 ± 0.86 N at the maximum flexion angle of 150° (Table 2). In the maximum range of flexion and extension, the Po-tunnel group demonstrated the smallest change in graft strain, indicating it was the closest to isometric reconstruction (Figure 7). These results also suggested that the anterior fiber bundle may play the primary pulling role at maximum flexion.


[image: Line chart with three colored lines and error bars comparing force in newtons versus knee angle in degrees for three tunnel types: Fe-Anterior, Fe-Middle, and Fe-Posterior. Fe-Anterior (red) shows an increasing trend, Fe-Middle (green) increases moderately, and Fe-Posterior (blue) is relatively stable then decreases after ninety degrees. Error bars indicate variability for each data point.]
FIGURE 7
Changes of ACL graft strain under pretension of 10 N with initial flexion of 90°.





Discussion

The construction of an animal model is a crucial step in studying the factors influencing tendon-bone healing after ACL reconstruction, and the New Zealand white rabbit is commonly chosen by researchers (20, 21). However, in many studies, the selection of the femoral tunnel entrance has not been adequately explained, and the establishment of tibial and femoral tunnels may be relatively poor. While previous reports indicated that rabbit ACL has only one bundle, our study found that the transverse section of rabbit ACL is elliptical, with a short yet broad length. Its anterior-posterior diameter accounts for approximately 50% of the anterior-posterior diameter of the femoral condyle (Figure 2a).

Moreover, in comparison to the human knee joint, the femoral condyle's footprint area is relatively larger in rabbits. Additionally, the narrow space of the femoral condyle in the rabbit knee joint poses challenges during the establishment of the femoral tunnel through the traditional anterior knee joint approach. Kirschner wires may be obstructed by the femoral condyle, tibial platform, and posterior cruciate ligament, leading to potential deviation in tunnel preparation. For small knee joints and short ACLs in rabbits, even slight selection bias in femoral tunnel entrance within a small range can have an amplified effect on the strain changes of ACL grafts. Hence, this study focused on the accurate selection of femoral tunnel entrances for ACL reconstruction based on the anatomical characteristics of rabbit knee joints. It was observed that even a slight deviation of 2 mm between different femoral tunnel entrances could result in distinct graft strain variations. The results of our study suggest that the Po-tunnel group showed a minimal change in graft strain compared to the An-tunnel and Mi-tunnel groups with knee extension and flexion (135°–35°). There was a statistically significant difference in graft tension when the Po-tunnel compared to the An-tunnel (P < 0.05)except at the initial pretension Angle. Although the difference of graft tension between the Po-tunnel and the Mi-tunnel was not statistically significant, it could be observed that the change range in the Po-tunnel group was the smallest through the graft stress curve. This suggests that the entrance of the bone tunnel should be as close as possible to the posterior cartilage margin of the femoral external condyle during tunnel preparation when we want to obtain an ACL near isometric reconstruction rabbit model. This underscores the importance for researchers to pay meticulous attention to the precise selection of the femoral tunnel entrance when studying tendon-bone healing. By doing so, the exploration of the effects of different factors on tendon-bone healing becomes more scientifically rigorous.

Regarding the construction of different femoral tunnel entrances, this study encountered challenges due to the narrow space of the rabbit knee femoral intercondylar fossa. The medial parapatellar approach made it difficult to accurately locate the femoral tunnel in the front of the joint and observe the femoral footprint area of ACL as clearly as in full endoscopic reconstructions of the human knee joint. To address this, we adopted the technique of backward dislocation of the femoral end after ACL resection in cadaveric specimens. By cutting the posterior joint capsule of the knee joint from the posterior muscle space, we were able to fully expose the femoral intercondylar fossa and accurately locate the femoral tunnel entrance under direct vision. Although drilling the femoral tunnel from the rear of the knee joint is challenging in live animals, the preparation of the femoral tunnel behind the knee joint holds promise for achieving accurate entrance and maximizing the potential for ACL isometric reconstruction, thus promoting tendon-bone healing. This method is worthy of further exploration and experimentation.

There is still some debate regarding the impact of mechanical force on tendon healing after ACL reconstruction. While some researchers argue that early restorative exercise and force application can promote the healing of the reconstructed graft and bone (22), others suggest that early immobilization may play a more significant role in tendon healing. To better understand the effect of mechanical stimulation of varying duration and force on tendon-bone healing, this study aimed to optimize experimental design and utilize more ideal animal models. Through experiments on isolated specimens, we found that the Po-tunnel approach allows for nearly isometric conditions during flexion and extension in rabbits. This implies that the femoral tunnel entrance should be positioned as close as possible to the cartilage margin in the medial lateral condyle to minimize graft strain interference during the construction of the ACL reconstruction rabbit model.

However, this study does have some limitations. When determining the range of flexion and extension in rabbit knee joints, direct measurement of passive knee joint motion using isolated lower limb specimens may not entirely replicate the actual range of knee joint motion observed in active animals during extreme activities. Additionally, as this study was conducted on cadaver knee specimens, certain knee joint structures were partially removed, and some joint capsule structure was also disturbed. In live New Zealand white rabbits, intact knee joint structures and maintained muscle tension could impact ACL strain. Despite our efforts to ensure that the pulling direction aligns with the femoral tunnel's axial direction to minimize frictional resistance, it is important to acknowledge that the femoral tunnel orientation may not consistently align with the axial direction of the graft during the flexion and extension phases of the knee joint. Furthermore, the three femoral tunnels in our experimental setup were not entirely parallel, which may have introduced variability in the experimental results due to differing frictional forces. This issue warrants further attention in subsequent studies to ensure more precise control over the experimental conditions. Furthermore, the use of the 3-0 ETHIBOND locking Krackow stitch to pull the graft and connect it to the mechanical testing instrument may not precisely replicate the mechanical properties of the transplanted tendon, potentially affecting graft strain measurements.

Moreover, ACL strain in the knee joint may vary under different states, such as weight-bearing, non-weight-bearing, rest, and motion states. Consequently, the ACL strain measured at different flexion states in this study may slightly differ from the actual strain changes in living animals. Another limitation is the variability in the position and area of the ACL footprint area in different rabbits. Given the small size of the knee joint and the relatively short length of the natural ACL, even minor differences in the location of the bone tunnel entrance can lead to distinct ACL strain variations. These are important factors that warrant attention and understanding.

Further studies, however, are necessary for the translation of the method in vivo on human knees. It can still be a point of reflection for surgeons in order to optimize the results of anterior cruciate ligament reconstruction. This study can only serve as a point of reflection rather than an absolute indication for the positioning of the femoral tunnel in human knee anterior ligament reconstruction. It is still mainly a reference for researchers in the construction of animal models of ACLR.

In conclusion, for ACL reconstruction in rabbits, the selection of different femoral tunnel entrances within the femoral footprint area can result in varying postoperative graft strain. This is a basis for animal experimentation to further understand the effect of graft stress on tendon bone healing after ACL reconstruction and to further guide postoperative rehabilitation. Choosing the entrance behind the middle point within original ACL footprint area appears to be beneficial for achieving ACL isometric reconstruction. However, researchers must be mindful of the aforementioned limitations when interpreting the results of this study.
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Objective: Calcific periarthritis, a well-recognized pathological condition of the shoulder joint, also represents an uncommon etiology of severe knee pain. Here, we present a case report of a patient with calcifications concurrently affecting both the lateral collateral ligament (LCL) and medial collateral ligament (MCL).



Case description: The 62-year-old woman presented with severe lateral knee pain and restricted range of motion in her right knee. The knee exhibited marked tenderness in the posterolateral region and slight swelling, and maintained ligamentous stability. X-ray imaging of the knee revealed well-defined calcific deposits bilaterally on the femoral condyles. MRI findings indicated hypointense signal areas in close proximity to the insertions of the LCL and MCL. Laboratory test results were within normal limits. A preliminary diagnosis of calcific periarthritis was established based on comprehensive clinical assessments. Given the ineffectiveness of conservative interventions and at the patient's strong request, arthroscopic surgery was performed specifically targeting the calcific deposition in the LCL.



Results: The patient experienced immediate relief of symptoms following the operation. Intraoperative biopsy validated the initial diagnosis. During the 2-year follow-up period, the patient remained pain-free, and radiographic assessment indicated asymptomatic dissolution of the calcific deposition in the MCL.



Conclusion: This study represents the first documentation of calcifications affecting both the LCL and MCL simultaneously. The progression of MCL calcifications demonstrated the potential for asymptomatic presentation from onset to resolution. In cases where conservative management fails to address symptomatic calcific disease of the LCL, arthroscopic surgery may be warranted.
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Introduction

Calcific periarthritis, like calcific tendinitis, is part of the disease spectrum of hydroxyapatite deposition disease. The disease is an inflammatory condition characterized by the aberrant deposition of hydroxyapatite crystals within the tendon, ligament or capsule in a periarticular location, leading to intense pain and restricted joint mobility. Although the rotator cuff of the shoulder, particularly the supraspinatus tendon, is the most commonly affected site, isolated cases have been reported in various other locations such as the hip, elbow, wrist, knee, and other joints (1). Although calcific deposits around the knee is considered rarely, sporadic reports exist in the literatures (2, 3). To our knowledge, the coexistence of calcific periarthritis in the lateral collateral ligament (LCL) and medial collateral ligament (MCL) has not been previously documented. Conservative treatment is typically effective. However, when conservative measures prove inadequate, invasive intervention, such as ultrasound-guided percutaneous irrigation and arthroscopy, can offer definitive pain relief and aid in early-phase rehabilitation (4).

Here, we present a case involving calcific periarthritis of the LCL accompanied by calcific deposits in the MCL. Following unsuccessful non-surgical management, significant pain relief was achieved with arthroscopic surgery. The diagnosis was confirmed through subsequent pathological examination.



Case description

A 62-year-old woman presented with acute onset of right knee pain and restricted range of motion while hospitalized for hypertension. She reported inability to bear full weight on the affected knee and denied any history of prior pain, trauma, sepsis, or gout in the joint. There was no significant family history of similar conditions. Physical examination revealed pronounced tenderness on the posterolateral aspect of the knee, mild swelling, and an absence of erythema, effusion, or warmth. No pain was noted in other areas of the joint, and ligament stability was confirmed. Active and passive range of motion was limited to 0°–90°, with further flexion eliciting significant pain. The patient declined further examination owing to severe pain.

Anteroposterior radiography and computed tomography (CT) imaging of the knee revealed well-defined calcific deposits on both femoral condyles (Figures 1A,B). Magnetic resonance imaging (MRI) indicated hypointense signal regions near the insertions of the lateral collateral ligament (LCL) and medial collateral ligament (MCL), with surrounding edematous changes observed around the LCL (Figures 1C,D). No signs of avulsion injury or fracture were noted. Laboratory investigations, including erythrocyte sedimentation rate, C-reactive protein levels, and routine blood tests, yielded normal results. The patient also underwent rheumatological screening (including serum uric acid and anti-CCP antibodies), and no evidence of systemic rheumatic diseases was identified. A provisional diagnosis of calcific periarthritis was established based on the overall clinical findings.


[image: Panel A shows an anteroposterior X-ray of a right knee joint. Panel B presents an axial CT scan of the knee. Panel C and Panel D display coronal MRIs with arrows highlighting different regions near the medial side of the knee joint.]
FIGURE 1
Preoperative radiographic findings. (A) X-ray showing well-defined calcification deposits in close proximity to the bilateral femoral condyles. (B) Axial CT image displaying calcifications. (C) Coronal MRI views of the affected LCL. Zone of hypointense signal (white arrow) suggesting calcific deposit. (D) Coronal MRI views of the affected MCL. Calcification (white arrowhead) adjacent to the proximal insertion of the MCL.


Conservative treatment involved ice therapy, immobilization with splints, and oral non-steroidal anti-inflammatory drugs (NSAIDs) for a 2-week period. Despite these efforts, the severe symptoms were not adequately relieved. Due to severe pain and limited mobility, the patient had lost confidence in conservative treatment and therefore strongly requested surgical intervention. Because the calcific deposition in the MCL was asymptomatic and located extracapsularly—necessitating an additional incision for excision—a decision was made, following discussion with the patient, to address the calcific deposition solely in the LCL.

The patient was positioned supine following subarachnoid anesthesia. Arthroscopic evaluation revealed a degenerative knee joint with notable synovial proliferation in the lateral gutter. With the knee extended, the arthroscope was inserted through the anterolateral portal for visualization, and a shaver was introduced through the superolateral portal to decongest the synovium. In the lateral sulcus, without excessive disruption of the joint capsule, A deposit nodule can be identified between the LCL and the popliteus tendon (Figure 2A). Following creation of a rent using the shaver, a toothpaste-like material that extruded from the deposit was obtained for biopsy. Subsequently, complete debridement and irrigation of the deposit were performed, resulting in minimal ligament damage from the debridement process. A partial synovectomy was then carried out.


[image: Panel A shows an arthroscopic view of a whitish mass within a joint. Panel B displays a histological section with a yellow arrow indicating aggregates of purple-staining cells and crystalline material. Panel C provides a frontal radiograph of a right knee with visible joint space narrowing and bone irregularity. Panel D shows another frontal radiograph of a right knee, with similar bone changes apparent in the joint space and margins.]
FIGURE 2
Intraoperative and postoperative images. (A) Arthroscopic technique demonstrating the removal of calcification from the LCL using a shaver. (B) Histopathology showed inflammation of the synovial tissue with calcific deposition (yellow arrow). (C) Postoperative x-ray demonstrating complete debridement of calcific deposits from the LCL. (D) AP radiograph indicating no signs of recurrence, with resolution of calcification in the MCL, which had dissolved at 2-years follow-up.


Postoperatively, the patient experienced rapid relief of symptoms, enabling near full weight-bearing ambulation. Histopathological examination revealed synovial cell hyperplasia, thickening of the subsynovial layer, inflammatory cell infiltration, proliferation of small blood vessels, and scattered necrotic foci. Calcium salt deposition was also observed, consistent with the diagnosis of calcific periarthritis (Figure 2B). Subsequent x-ray imaging confirmed complete removal of the calcific deposit from the LCL (Figure 2C). During the 2-month follow-up, the patient remained pain-free and was able to resume nearly all routine activities comfortably. Furthermore, clinical and radiographic evaluations over the subsequent 2 years demonstrated no signs of recurrence, with complete dissolution of calcification in the MCL and no associated clinical symptoms (Figure 2D).



Discussion

Calcific periarthritis typically manifests in middle-aged and older individuals, with a slightly higher incidence rate observed in women than men. It occurs in approximately 3% of adults, with the rotator cuff tendons being the most frequently affected site (5). In over 75% of cases, the supraspinatus tendon is involved (6).

Following the rotator cuff, the most commonly affected sites, in order of frequency, are the spine, foot, and ankle. Involvement of the knee joint is relatively rare, accounting for approximately 2.5% of non-shoulder calcific periarthritis cases (7). Calcific periarthritis is considered an uncommon etiology of knee pain. Previous reports have seldom described involvement of LCL or MCL. The LCL, an extra-articular structure, is recognized as one of the four major ligaments of the knee joint. Proximally, it originates from the posterior to the bony ridge of the lateral femoral epicondyle. Distally, it inserts onto a superior and laterally facing V-shaped plateau on the fibular head. The ligament exhibits an elliptical or cord-like cross-sectional profile with a mean length of 66 mm. It serves as the primary stabilizer against varus forces and is also recognized to restrict external rotation during knee flexion. As the knee flexes, the LCL slackens (8, 9). To date, there have been no documented cases of calcific periarthritis involving the LCL coexisting with calcific deposition in the MCL. In Kamawal's study, a patient was documented to have calcific lesions in the MCL and rotator cuff, however, these did not occur simultaneously, but in a sequential manner (10).

The precise etiology and pathogenesis of calcific periarthritis or tendinopathy remain a subject of ongoing debate. Calcific tendinitis is characterized as an inflammatory process mediated by cellular mechanisms (11). Calcification typically presents in a multifocal pattern and is subsequently resorbed through spontaneous phagocytosis. Calcific tendinitis can manifest as a primary condition or as a secondary phenomenon associated with various diseases, including end-stage renal failure, tumoral calcinosis, collagen vascular disorders, diabetes mellitus, and vitamin D toxicity (12). Endocrine disorders, particularly imbalances in estrogen and thyroxine, are known to increase susceptibility to this condition. The accumulation of glycosaminoglycans in the extracellular matrix because of hypothyroidism can contribute to tendon calcification (13). Initially, calcific tendinitis was thought to result from tendon tissue degeneration, a theory widely accepted at the time. However, subsequent studies have suggested that the etiology of calcific tendinitis may involve tendon cell necrosis induced by hypoxia, leading to intracellular calcium accumulation (14). Avascularity is considered a key factor contributing to decreased local oxygen tension and subsequent hypoxia. It is important to note that calcific tendinitis differs from degenerative calcification both histologically and at the ultrastructural level (15).

Based on its presentation and pathoanatomy, the progression of calcific periarthritis or tendinopathy can be delineated into three distinct stages: the pre-calcific stage, calcific stage, and post-calcific stage. Furthermore, the calcific stage is further subdivided into the formative phase, resting phase, and resorptive phase (15). The characteristics of the deposition change from a chalk-like consistency to a thicker, creamy, or toothpaste-like material during the calcific stage. Although the majority of the calcification process is asymptomatic, pain tends to become severe as the calcific deposition begins to undergo resorption during the inflammatory process (16). Recent research has emphasized the role of neovascularization and nerve ingrowth in the manifestation of symptoms (11).

In the present case, calcific periarthritis of the LCL presented with the sudden onset of acute knee pain, consistent with the typical manifestations of calcific periarthritis. Affected knees exhibit significant tenderness and limited range of motion, and may display warmth, erythema, or effusion. Patients may experience difficulty bearing full weight on the affected side. There is usually no history of prior trauma. Erythrocyte sedimentation rate and C-reactive protein levels are typically within normal limits or slightly elevated. Patients with calcific periarthritis do not typically show abnormalities in blood calcium and phosphorus levels (17). The initial diagnosis of a “locked knee” may be considered due to knee pain and muscle spasm leading to restricted movement (18). Acute and severe knee joint pain associated with functional limitations, in the absence of a history of injury, should raise suspicion of calcific periarthritis. The clinical presentation can mimic that of gout or septic arthritis, both of which can be ruled out through knee joint aspiration and appropriate laboratory investigations.

X-ray remains the preferred imaging modality for the diagnosis. Radiographic findings may reveal varying quantities of irregularly shaped calcifications in a periarticular location, especially around the attachment of tendons or ligaments. Calcific deposits may present as cloudy or spotty during the resorptive or post-calcification stages. MRI imaging may demonstrate a low-signal abnormality and edematous changes around or within the affected ligament. It is essential to distinguish the radiological changes of calcification from osteophytes and bony avulsion fractures on MRI scans (19). The signal intensity on MRI is directly associated with the concentration of calcium within the lesion and may not consistently exhibit a hypointense signal. While a single MRI examination alone may not be sufficient for diagnosing calcific tendinitis without x-ray imaging, MRI can serve as a valuable surgical planning tool, offering superior visualization of the location and extent of the calcific deposit compared to x-ray imaging (Table 1) (20). Ultrasound is widely used for joint assessment and can detect calcifications, providing precise localization for shockwave therapy or arthroscopic treatment without exposing patients to radiation. x-ray radiographs demonstrate poor diagnostic sensitivity for detecting hydroxyapatite crystal deposits in the early disease stages. Whereas ultrasound can identify periarticular calcific deposits and visualize adjacent capsular and pericapsular hyperemia. It also offers an effective method to differentiate between symptomatic and asymptomatic calcifications. In asymptomatic calcific arthritis, power Doppler ultrasound hardly detects microvascularity within tendons or ligaments (21). In the present case, the x-ray and CT images displayed calcifications in close proximity to the bilateral femoral condyles. MRI findings indicated the presence of calcific deposits with hypointense signals affecting both the MCL and LCL.



TABLE 1 Summary of radiological features in the present case (x-rays, CT scan, and MRI).



	Imaging modality
	Characteristics





	x-ray
	Dense, well-defined nodular hyperdense opacities.



	CT
	Calcific deposits appear as high-density opacities with higher resolution than x-ray, enabling detailed visualization. 3D reconstruction assists in location.



	MRI
	Calcific deposits exhibit hypointense signals, while edematous changes in the affected tissues demonstrate hyperintense signals. This imaging characteristic aids in differentiating osteophytes or avulsion fractures and assists in delineating the spatial relationship with surrounding anatomical structures.







There is currently no established gold standard for the treatment (22). As calcific periarthritis or tendinitis is typically a self-limiting condition, conservative treatment is generally preferred (10). Treatment approaches of the knee often mirror those used for patients with calcific tendinitis of the shoulder. Various conservative therapies, such as NSAIDs, extracorporeal shock wave therapy, local anesthetic injections, and ultrasound-guided percutaneous irrigation (UGPI), have been employed to manage painful calcific tendinitis (23, 24). In most cases, conservative treatment leads to alleviation of severe pain.

The therapeutic mechanism of extracorporeal shock wave therapy is multifactorial and not fully elucidated. Moreover, the procedure is associated with significant pain, high costs, and inconsistent efficacy, limiting its widespread adoption (25). In the literatures, UGPI for calcific tendinitis of the rotator cuff yields superior clinical outcomes compared to corticosteroid injection or extracorporeal shockwave therapy (26). A staged approach has been proposed: (a) ultrasound-guided needle fragmentation and lavage of the calcification, followed by (b) intrabursal corticosteroid administration to suppress post-procedural inflammation (27). However, UGPI is not recommended for patients with calcific deposits smaller than 5 mm in diameter or those exhibiting firm consistency.

In this presented case, however, after 2 weeks of systematic conservative treatment (including pharmacologic analgesia and physical therapy), the patient showed no significant improvement in either pain symptoms or knee range of motion (<90°). Due to persistent functional limitations and pain severely affecting daily living, the patient lost all confidence in non-surgical management and actively requested surgical intervention for a definitive solution. Open surgery is more invasive and disruptive to surrounding structures; in contrast, arthroscopic procedures offer a less traumatic approach and can expedite postoperative rehabilitation. During arthroscopic intervention, lavage not only clears residual calcifications but also eliminates inflammatory mediators. Additionally, arthroscopic debridement enables management of intra-articular lesions, such as congested synovium, providing an advantage over open surgery. These procedures typically yield excellent outcomes with prompt relief of symptoms. Therefore, arthroscopic surgery is indicated for selected cases, as it allows not only the excision of calcific deposits but also the concurrent treatment of any associated intra-articular pathologies. However, this approach necessitates hospitalization, anesthesia/sedation, and a prolonged rehabilitation period following the invasive procedure.

The management of this case had several limitations. First, the diagnosis primarily relied on laboratory tests and imaging studies (x-ray, CT, MRI), but ultrasound—a convenient and radiation-free modality—was not utilized, precluding observation of sonographic features of calcific periarthritis. Second, due to the patient's strong preference for surgical intervention, conservative treatments such as UGPI were not attempted. Given these limitations, future studies will focus on enhancing the diagnostic utility of ultrasound in calcific periarthritis and exploring the efficacy of physical therapy and ultrasound-guided interventional procedures for calcific disorders.

In conclusion, simultaneous calcific periarthritis affecting both the LCL and MCL is a rare pathological entity. The clinical course of MCL calcifications demonstrates the potential for asymptomatic presentation from onset to resolution. Calcific periarthritis is typically a self-limiting condition that may remain asymptomatic unless accompanied by inflammation. The utilization of MRI and x-ray imaging plays a crucial role in the accurate diagnosis of this condition, with surgery offering favorable outcomes in cases where conservative treatments prove ineffective. When considering surgical intervention, the arthroscopic technique—characterized by reduced trauma and shortened postoperative rehabilitation—represents a superior choice to open incision procedures.


Patient perspective

After the onset of the disease, the pain and limited mobility of my knee made it difficult for me to walk and perform daily household tasks, resulting in a great decline in the quality of life, and anxiety. This anxiety was exacerbated when conservative treatment failed and I could not wait to request surgery. After the surgery, the pain relief was immediate and obvious, and I quickly resumed the normal life.
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Aim: This study aimed to evaluate the early efficacy of combined all-inside anterior cruciate ligament (ACL) reconstruction and anterolateral tendon fixation in addressing knee instability associated with ACL rupture and high-grade anterior tibial translation (≥10 mm).



Methods: In this prospective cohort study, 21 patients (16 men, 5 women; mean age: 27.4 ± 5.8 years) with ACL rupture and grade III anterior tibial displacement were selected from 90 consecutive cases treated between January 2019 and January 2020. All procedures were performed by a single surgeon using autologous semitendinosus tendon grafts (diameter: 8–9 mm). The all-inside ACL reconstruction was augmented with anterolateral tendon fixation utilizing the posterior fibers of the iliotibial band. Postoperative evaluations were conducted at immediate, 1-, 3-, 6-, and 12-month intervals and included: objective stability testing (Lachman and pivot-shift tests), functional outcome assessments (IKDC, Lysholm, and KOOS scores), and radiographic measurement of anterior tibial displacement.



Results: All patients completed at least 12 months of follow-up, with no reported cases of recurrent instability. Immediate postoperative assessments revealed negative Lachman and pivot-shift tests in 100% of patients, indicating restored knee stability. At the 12-month follow-up, 90.5% (19/21) of patients maintained full stability, while the remaining two exhibited only grade I laxity, representing a significant improvement from preoperative grade III instability (P < 0.001). Functional outcomes also improved markedly, with mean IKDC scores increasing from 48.6 ± 10.3 preoperatively to 86.7 ± 3.6 at 12 months (P < 0.001), and Lysholm scores rising from 52.6 ± 12.4 to 89.6 ± 2.9 (P < 0.001). At final follow-up, 52.4% (11/21) of patients achieved “excellent” and 38.1% (8/21) “good” ratings on the Lysholm scale (P < 0.001 vs. baseline). Additionally, KOOS subscale analysis demonstrated significant pain reduction, with scores improving from 45.2 ± 9.1 preoperatively to 88.3 ± 4.7 postoperatively (P <  0.001).



Conclusion: Combined all-inside ACL reconstruction and anterolateral tendon fixation could effectively restore anterior and rotational stability in knees with ACL rupture and high-grade tibial displacement. Early outcomes demonstrate promising functional recovery and objective stability at short-term follow-up, suggesting that this technique may offer biomechanical benefits for managing severe instability patterns. However, long-term studies are needed to confirm the durability of these results.
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Background

The anterior cruciate ligament (ACL) is located inside the knee joint, connecting the femur and tibia, and plays an important role in maintaining knee joint stability. ACL rupture severely limits knee joint function, and if not treated promptly and thoroughly, can lead to secondary damage to joint cartilage, meniscus, and other structures. According to epidemiological statistics, there are more than 100,000 ACL injury patients seeking medical treatment each year, with an incidence rate of 1/3,000, making it one of the most common sports injuries (1). With the in-depth exploration of ACL anatomy, surgical methods for anterior cruciate ligament reconstruction (ACLR) are constantly improving, and ACLR under arthroscopy has gradually become the mainstream treatment method (2). All inside technology-anterior cruciate ligament reconstruction (AIT-ACLR) establishes femoral and tibial tunnels through retrograde drilling of the tibia, not only preventing bone fragments from entering but also reducing the incidence of postoperative tunnel enlargement. Compared with conventional ACLR, it also has certain cosmetic effects (3). However, studies have found that simple ACLR surgery cannot effectively reduce rotational laxity, and postoperative knee joints often have residual rotational instability, with the main clinical feature being positive preoperative pivot shift test (grade II/III) (4–6). The anterolateral ligament (ALL) is an important structure for maintaining rotational stability of the knee joint. ACL rupture often complicates ALL injury, leading to anterior and rotational instability of the knee joint (6, 7). Relevant studies have found that the number of such patients is as high as 25% (8). Therefore, addressing the potential problem of knee joint rotational instability during ACLR surgery has gradually become a research focus in the field of sports medicine. This study aimed to improve the rotational stability of the knee joint in patients with ACL rupture combined with high-grade axial instability by performing AIT-ACLR and anterolateral tenodesis procedure (ALLT) simultaneously, and to summarize and analyze the early follow-up results.



Materials and methods


Patient data

A retrospective analysis was conducted on patients with ACL rupture combined with high-grade axial instability who were treated with AIT-ACLR + ALLT at the Department of Orthopedics, the 947th Hospital of the People's Liberation Army, China, from June 2021 to June 2022. All surgeries were performed by the same senior doctor. A total of 90 consecutive patients with ACL injuries were initially reviewed. After applying strict inclusion and exclusion criteria, 21 patients were ultimately included in the study. Among the included patients, there were 16 males and 5 females, with an average age of 27.4 years (range: 19–41 years). The average injury time before surgery was 31.5 ± 17.6 days. The mean body mass index (BMI) was 24.1 ± 2.3 kg/m2. Based on pre-injury activity level, 14 patients (66.7%) participated in competitive or recreational sports regularly, while 7 (33.3%) led a sedentary or low-activity lifestyle. The mechanisms of injury were 18 cases due to sports-related trauma (e.g., soccer, basketball, skiing) and 3 due to accidental falls. None of the patients included in this study had concomitant ligament injuries (e.g., PCL, MCL, LCL) or severe meniscal tears such as bucket-handle or root tears. Mild partial meniscal injuries not requiring repair were noted in 4 patients but were not considered exclusionary or clinically significant based on arthroscopic evaluation and patient outcomes. Although quantitative pivot-shift or instrumented rotational laxity measurements (e.g., KT-1000, rotometer) were not available due to the retrospective nature of the study, all included patients demonstrated grade II or III pivot shift under anesthesia, assessed by experienced orthopedic surgeons. This clinical assessment was used as a surrogate for evaluating high-grade rotational instability. This study was approved by the Ethics Committee of the 947th Hospital of the People's Liberation Army of China.



Inclusion and exclusion criteria

According to the expert consensus on ACL reconstruction and ALL reinforcement or reconstruction established by the ALL Expert Group Meeting in Lyon, France (2015), and the ALL Consensus Group (2018) (9), the medical records included in this study were required to meet the following inclusion criteria: (1) age between 18 and 50 years, with the ability to comply with a 1–2-year postoperative follow-up; (2) confirmed diagnosis of ACL rupture; (3) grade II or III pivot-shift test as determined by specialist examination under anesthesia; (4) no history of previous knee surgery and undergoing knee arthroscopy for the first time; (5) use of the semitendinosus tendon as the graft for ACL reconstruction; (6) presence of generalized joint laxity (Beighton score ≥ 4) or knee hyperextension (>10°); (7) radiological evidence suggestive of a Segond fracture; (8) use of the iliotibial band as the graft for ALL reconstruction. The exclusion criteria were as follows: (1) concomitant injury of other ligaments in the ipsilateral knee; (2) bucket-handle tear of the medial meniscus or root tear of the lateral meniscus on the same side; (3) knee deformity; (4) multiple fractures; (5) abnormal lower limb alignment; (6) neurological disorders or psychiatric illness.



Surgical methods


AIT-ACLR surgical method

All patients in this study underwent an all-inside technique for anterior cruciate ligament reconstruction, and an anterior lateral muscle tendon fixation with the iliotibial band was performed simultaneously, using the semitendinosus tendon as the autograft. The patient was placed in a supine position with spinal anesthesia. No tourniquet was used. Anatomical landmarks, including the patella, patellar ligament, femoral condyle, and tibial plateau, were marked with a marker pen before the operation. The inner and outer approach points were placed with arthroscopy, and the anterior cruciate ligament rupture was confirmed by intra-articular exploration. Graft preparation involved folding the harvested semitendinosus tendon into four strands to improve strength and diameter adequacy. Both ends were whipstitched using high-strength non-absorbable sutures, and fixed with an adjustable loop cortical suspensory fixation device (titanium plate) to ensure secure and reproducible tensioning. Tension was adjusted with the knee in 30° flexion under arthroscopic visualization to avoid over-constraining the joint. This technique offers the advantage of minimizing tunnel length and preserving bone stock while providing adequate initial fixation strength for early rehabilitation. The harvested semitendinosus tendon was cleaned of residual muscle tissue, and folded into quadruple strands to optimize graft thickness and tensile strength. Both ends were whipstitched using a No. 2 non-absorbable braided suture (e.g., Ethibond), ensuring approximately 2 cm of stitched length at each end. Adjustable-loop cortical suspensory fixation devices (TightRope; Arthrex) were then attached to each end, and the graft diameter was measured using a sizing block to ensure optimal tunnel compatibility. Figure 1 illustrates preoperative MRI images, indicating anterior cruciate ligament rupture.


[image: Two grayscale MRI scans of a knee joint are shown side by side, displaying sagittal cross-sections of bones, cartilage, and soft tissue, highlighting differences in tissue contrast between the two imaging techniques.]
FIGURE 1
Preoperative MRI images showing anterior cruciate ligament rupture.


AIT-ACLR surgical method: According to the diameter of the prepared graft, a drill bit with the same diameter was used to drill the bone tunnel (Figure 2). The hook was positioned at the tibial end point, and a 4.5 mm flip drill was used to enter the joint cavity. The drill bit was then turned from longitudinal to horizontal, and drilled back from inside the joint cavity to outside the joint, with the length of the bone tunnel restricted to within 3 cm, and at least 5 mm of cortical bone was retained (10). The same method was used to prepare the femoral tunnel. The femoral tunnel was created at the anatomical footprint of the native ACL on the medial wall of the lateral femoral condyle, at approximately the 10 o'clock position in right knees and 2 o'clock in left knees. Tunnel entry was confirmed via arthroscopic visualization to avoid posterior wall blowout. On the tibial side, the tunnel was positioned at the center of the native ACL tibial footprint, just anterior to the medial tibial spine and lateral to the anterior horn of the lateral meniscus, ensuring proper graft alignment and avoiding roof impingement.


[image: Split-panel surgical photograph showing two stages of a medical procedure on a patient's knee. Left panel displays an open incision with surgical retractors and forceps exposing tissue. Right panel shows sutures being manipulated near the same incision site.]
FIGURE 2
Exposure of the iliotibial band and preparation of anterolateral tendon graft.


The traction lines of the graft at both ends were led out through the tibial and femoral openings, and the locks on both sides of the femur and tibia were tightened and fixed with screws under the stress of posterior tibial pushing with the knee joint flexed at 30°. Femoral and tibial fixation was achieved using the cortical suspensory fixation devices, which were flipped to secure the graft against the lateral femoral cortex and anterior tibial cortex, respectively. After tensioning the graft with the knee in 30° flexion and a posterior drawer force applied to minimize anterior tibial translation, final fixation was performed by securing the adjustable loop with manual traction and knot tying. Tension was reassessed arthroscopically to confirm isometry and graft tautness throughout the range of motion. The tension of the anterior cruciate ligament was checked under arthroscopy to confirm whether there was any impact.

Anterolateral tenodesis procedure (ALLT): A curved incision was made from the midpoint between the Gerdy tubercle of the tibia and the head of the fibula to the lateral collateral ligament stop point of the femur. The skin and subcutaneous tissue were cut open, and the iliotibial band was exposed. A 1.5 cm wide tendon was cut from the back edge as the graft, and the distal end was retained at the Gerdy tubercle, separated about 10 cm toward the proximal end, and cut off. The free end of the graft was woven with a suture for about 2.5 cm. The lateral collateral ligament femoral endpoint was exposed, and the same length of fixation point was selected for the ALL tendon. A 2 mm Kirschner needle was inserted into the fixation point, and the free end of the iliotibial band tendon was led through the deep layer of the iliotibial band to the Kirschner needle fixation point (Figure 3). The tendon was passed around the Kirschner needle, appropriately tightened, and the length of the tendon at the end of the weaving was observed at the Kirschner needle fixation point with the knee joint flexed at 0° to 30°. If the length was not satisfactory, another point was selected. After confirming the satisfactory length, a 5–6 mm diameter tunnel was prepared at the Kirschner needle point, and the free end of the woven iliotibial band tendon was led into the femoral bone tunnel and fixed with a screw after tightening (Figure 4). The axial shift test was performed again after fixing the ALL tendon. Figure 5 illustrates the anterolateral tendon fixation.


[image: Two-panel clinical photograph showing a surgical procedure on a knee, with retractors holding open the incision and exposed tissue visible, likely depicting ligament or tendon harvesting or repair under sterile conditions.]
FIGURE 3
The posterior and upper part of the lateral collateral ligament is the isometric fixation point of ALL tendons.



[image: Two-panel clinical photograph showing surgical procedures on human skin. Left panel displays gloved hands using surgical instruments to expose tissue beneath an incision. Right panel shows retractors holding open a similar incision, revealing subcutaneous tissue and fascia.]
FIGURE 4
Compression nail fixation after tendon tightening.



[image: Medical illustration comparing two knee surgery techniques: on the left, AIT-ACLR surgical method uses a semitendinosus tendon graft, titanium plate, screw, and bone tunnel; on the right, anterolateral tenodesis procedure shows a curved incision, iliotibial band, free end, Kirschner needle, and femoral bone tunnel.]
FIGURE 5
Illustrating surgical techniques, particularly the anterolateral tendon fixation.


Among the 21 patients, 2 underwent synovial fold resection on the same side, 3 underwent suture or partial resection of the posterior horn of the medial meniscus on the same side, and 2 underwent resection or suture repair of the anterior horn of the lateral meniscus on the same side. Notably, the fixation point of the ALL graft was slightly proximal and posterior to the anatomical femoral insertion of the native anterolateral ligament. This non-anatomical positioning was selected to achieve better graft isometry and tensioning throughout the range of motion, especially between 0° and 30° of flexion. However, this may alter the physiological biomechanics of the anterolateral structures and potentially increase the risk of over-constraint or limit rotational freedom in some cases. Biomechanical studies have shown that while such non-anatomical tenodesis techniques can improve rotational stability, particularly in high-grade pivot shift knees, care must be taken to avoid excessive internal rotation restraint, which could increase lateral compartment pressure or alter natural joint kinematics. Further long-term studies are needed to assess these implications.




Postoperative management

After the surgery, routine imaging examination is performed (Figure 6), and symptomatic treatment such as pain relief and anti-inflammatory medication is given. All patients are given support fixation and undergo rehabilitation training. Longitudinal contraction training of the thigh muscles is started on the first day after surgery, and ankle pump training is started on the third day after surgery. Knee joint flexion and extension exercises are performed with gradual weight-bearing under the protection of support fixation after 4 weeks postoperatively, with a requirement of achieving a knee joint range of motion of 120° or higher by the 6th week after surgery. The protective support is removed after 2 months postoperatively, and normal daily activity is achieved between 6 and 8 months after surgery. Sports exercises can be gradually resumed after 1 year postoperatively. Partial weight-bearing with crutches was allowed from postoperative day 1, limited to 20%–30% of body weight, and progressively increased based on patient tolerance and clinical assessment. Full weight-bearing without crutches was generally permitted by 4–6 weeks postoperatively, provided quadriceps control and minimal swelling. For range of motion, passive and active-assisted knee flexion was initiated on postoperative day 2, aiming to achieve 0–90° of flexion by the end of week 2. From weeks 3 to 4, ROM was gradually increased to 120°, with full flexion (135° or more) targeted by 8 weeks. Full extension (0°) was encouraged from the first week and expected by week 3. Use of a hinged knee brace locked in full extension was maintained during ambulation for the first 2 weeks, then gradually unlocked to allow controlled motion as tolerated. High-impact or pivoting activities were strictly avoided for at least 9–12 months.


[image: Four medical imaging panels of a knee are shown. The top two panels display anterior-posterior and lateral X-rays of a knee joint, highlighting bone structure. The bottom left panel presents a sagittal MRI scan, revealing soft tissue and meniscal detail. The bottom right panel features a 3D rendered CT image of the knee with two labeled arrows indicating anatomical landmarks or abnormalities.]
FIGURE 6
X-ray, MR, and CT images after total internal single beam reconstruction.


Return-to-sport (RTS) progression was guided by clinical stability, patient-reported confidence, and functional performance, although specific RTS rates and time frames were not systematically recorded in this study. Based on typical recovery timelines and clinical observations, patients were generally advised to resume gradual sports activities around 12 months postoperatively, contingent on quadriceps strength recovery, knee stability, and absence of effusion or pain. Due to the retrospective design and relatively short follow-up duration, systematic tracking of graft failure rates and complications was not performed. However, no major complications or reoperations were noted during the routine clinical follow-up. Future prospective studies with standardized outcome tracking are warranted to better quantify these important clinical endpoints.


Clinical evaluation and statistical analysis

The Lysholm Knee Scoring Scale and International Knee Documentation Committee (IKDC) score were used for subjective evaluation preoperatively and postoperatively. The Lachman test and pivot shift test were used for objective evaluation of anterior and rotational stability of the knee joint. The statistical analysis was performed using SPSS 26.0 software. Continuous variables were expressed as mean ± standard deviation (SD). Paired t-tests were used to compare preoperative and postoperative scores, while the χ² test was applied to compare categorical variables such as Lachman test results before and after surgery. In addition, 95% confidence intervals (CIs) were calculated for key outcome measures to assess the precision of estimates. The KT-1000 arthrometer was used to evaluate knee joint stability, and the side-to-side difference between the affected and healthy knee was recorded for objective assessment of recovery. To identify potential predictors of better postoperative outcomes, a multivariate linear regression analysis was conducted. Variables entered into the model included age, sex, time from injury to surgery, presence of meniscal injury, and preoperative IKDC score. a priori power analysis was performed using G*Power 3.1.9.7 software to determine the minimum required sample size. Based on an effect size of 0.8, an alpha level of 0.05, and a power of 0.80, the estimated minimum sample size was 15 subjects. Therefore, the final sample of 21 patients was considered sufficient to detect statistically significant differences in primary outcome measures. A P-value < 0.05 was considered statistically significant.





Results

A total of 21 patients (14 men and 7 women) were included in the study, with a mean age of 26.8 ± 6.5 years (range, 18–39 years). The right knee was affected in 12 patients and the left in 9. The average time from injury to surgery was 5.2 ± 2.1 months. The injury mechanism was sports-related in 13 cases, traffic accidents in 5, and falls in 3. Concomitant injuries were observed in 7 patients, including medial meniscus tears in 3, lateral meniscus tears in 2, and synovial fold hypertrophy in 2. The mean BMI of the cohort was 23.4 ± 2.9 kg/m². Notably, 21 patients were followed up for 12 to 24 months with an average follow-up time of (15.6 ± 7.8) months. At the last follow-up, all patients had good recovery without any related postoperative complications.


Subjective evaluation of knee joint function


IKDC score and lysholm score

The preoperative IKDC and Lysholm scores were 48.56 ± 10.33 (95% CI: 43.96 to 53.16) and 52.62 ± 12.41 (95% CI: 46.62 to 58.62), respectively. At the 1-year follow-up, these increased significantly to 86.71 ± 3.62 (95% CI: 85.00 to 88.42) and 89.55 ± 2.87 (95% CI: 88.13 to 90.97), respectively (P < 0.01). In addition, at the last follow-up, 11 patients were classified as “excellent” and 8 patients were classified as “good” according to the Lysholm score, which was significantly better than the preoperative classification (P < 0.01). These results indicate that the postoperative patients were generally satisfied with the treatment (Table 1).



TABLE 1 IKDC score, lysholm score and lysholm grade of knee joint were compared before surgery and at the last follow-up.



	Time
	Number of cases
	IKDC score (x¯±s)
	Lysholm score (x¯±s)
	Lysholm grade (%)



	Optimal
	Good
	Normal
	Poor





	Pre-operation
	21
	48.56 ± 10.33
	52.62 ± 12.41
	0
	0
	15 (71.42%)
	6 (28.52)



	Last follow-up
	21
	86.71 ± 3.62
	89.55 ± 2.87
	11 (52.38%)
	8 (38.10%)
	2 (9.52%)
	0



	t/Z
	
	−13.68
	−11.26
	−3.59



	P
	
	<0.01
	<0.01
	<0.01









KOOS score

The KOOS score results demonstrated significant postoperative improvements across all subscales. Specifically, the pain score increased from a preoperative value of 28.56 ± 15.85 (95% CI: 21.35–35.77) to 86.36 ± 10.26 (95% CI: 81.69–91.03) at the final follow-up (P < 0.01). The symptom score improved from 36.22 ± 12.13 (95% CI: 30.70–41.74) to 73.66 ± 15.87 (95% CI: 66.44–80.88), and stiffness from 62.15 ± 10.58 (95% CI: 57.33–66.97) to 86.89 ± 16.41 (95% CI: 79.42–94.36), both with P < 0.01. Similarly, mobility improved from 53.16 ± 11.68 (95% CI: 47.84–58.48) to 81.55 ± 17.28 (95% CI: 73.68–89.42), movement from 23.92 ± 12.56 (95% CI: 18.20–29.64) to 62.11 ± 21.23 (95% CI: 52.45–71.77), and quality of life from 40.33 ± 11.23 (95% CI: 35.22–45.44) to 57.26 ± 16.33 (95% CI: 49.83–64.69), all showing statistically significant differences (P < 0.01; Table 2).



TABLE 2 KOOS score before and at the last follow-up (x¯±s).



	Observation time
	Number of cases
	Pain
	Symptom
	Stiffness
	Mobility
	Movement
	Quality of life





	Pre-operation
	21
	28.56 ± 15.85
	36.22 ± 12.13
	62.15 ± 10.58
	53.16 ± 11.68
	23.92 ± 12.56
	40.33 ± 11.23



	Last follow-up
	21
	86.36 ± 10.26
	73.66 ± 15.87
	86.89 ± 16.41
	81.55 ± 17.28
	62.11 ± 21.23
	57.26 ± 16.33



	t
	
	6.21
	4.65
	5.97
	5.98
	3.18
	8.21



	P
	
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01









SF-36 scale score

At the final follow-up, SF-36 scores showed improvements in multiple domains. Physiological function increased from 37.89 ± 19.75 (95% CI: 28.90–46.88) to 66.29 ± 25.38 (95% CI: 54.74–77.84), and role-physical from 42.79 ± 12.13 (95% CI: 37.27–48.31) to 59.29 ± 19.37 (95% CI: 50.47–68.11), both with P < 0.01. Somatic pain improved significantly from 49.65 ± 20.33 (95% CI: 40.40–58.90) to 88.47 ± 15.91 (95% CI: 81.23–95.71), and general health from 69.76 ± 21.68 (95% CI: 59.89–79.63) to 88.55 ± 9.28 (95% CI: 84.33–92.77). Social function and affective function also improved, from 52.26 ± 18.36 (95% CI: 43.90–60.62) to 78.31 ± 25.82 (95% CI: 66.56–90.06), and from 42.63 ± 16.55 (95% CI: 35.10–50.16) to 71.43 ± 22.15 (95% CI: 61.35–81.51), respectively (all P < 0.01). Vitality and mental health scores were maintained with no significant changes; preoperative vitality was 76.93 ± 14.23 (95% CI: 70.45–83.41) and postoperative 81.76 ± 10.15 (95% CI: 77.14–86.38), while mental health was 75.21 ± 18.22 (95% CI: 66.92–83.50) preoperatively and 76.63 ± 17.64 (95% CI: 68.60–84.66) at follow-up (both P > 0.05; Table 3).



TABLE 3 SF-36 score before and after last follow-up (x¯±s).



	Observation time
	Number of cases
	Physiological function
	Physiological function
	Somatic pain
	General health
	Social function
	Affective function
	Invigoration
	Mental health





	Pre-operation
	21
	37.89 ± 19.75
	42.79 ± 12.13
	49.65 ± 20.33
	69.76 ± 21.68
	52.26 ± 18.36
	42.63 ± 16.55
	76.93 ± 14.23
	75.21 ± 18.22



	Last follow-up
	21
	66.29 ± 25.38
	59.29 ± 19.37
	88.47 ± 15.91
	88.55 ± 9.28
	78.31 ± 25.82
	71.43 ± 22.15
	81.76 ± 10.15
	76.63 ± 17.64



	t
	
	6.13
	7.52
	8.46
	3.22
	5.61
	4.33
	1.93
	0.87



	P
	
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	<0.01
	>0.05
	>0.05









Predictors of functional outcomes

Multivariate linear regression analysis showed that higher preoperative IKDC scores (β = 0.43, P = 0.02) and absence of meniscal injury (β = −0.39, P = 0.03) were independently associated with better postoperative IKDC outcomes. Age, sex, and time from injury to surgery were not significant predictors.




Objective evaluation of knee joint function

Among the 21 patients, 12 patients (57.14%) had a Lachman test result of grade II and 9 patients (42.86%) had a result of grade III before the surgery. At the 1-year follow-up after the surgery, only 3 patients (14.29%) had a result of grade I, and the remaining 18 patients (85.71%) had negative results, which was significantly different from the preoperative results (P < 0.01). In addition, all patients had positive results (grade III) in the pivot shift test before the surgery, but only 2 patients (9.52%) had a result of grade I at the last follow-up, and the remaining patients had good recovery with negative results, which was significantly different from the preoperative results (P < 0.01) (Table 4).



TABLE 4 Comparison of the results of lachman test and axial shift test before and at the last follow-up.



	Time
	Number of cases
	Lachman test
	Axial displacement test



	Positive
	Negative
	Positive
	Negative



	Degree I
	Degree II
	Degree III
	
	Degree I
	Degree II
	Degree III
	





	Pre-operation
	21
	0
	12 (57.14%)
	9 (42.86%)
	0
	0
	0
	21
	0



	Last follow-up
	21
	3 (14.29%)
	0
	0
	18 (85.71%)
	2 (9.52%)
	0
	0
	19 (90.48%)



	÷2
	
	47.56
	49.12










Discussion

In recent years, the incidence of knee joint injuries has been increasing, especially ACL rupture has become a common sports injury. After ACL injury, it will affect the stability and biomechanical balance of the knee joint, and in severe cases, it can involve the meniscus and cartilage, and even cause joint degeneration and osteoarthritis. At present, arthroscopic ACL reconstruction has become an important treatment for ACL injury. However, conventional single-bundle reconstruction requires the use of two tendons, the semitendinosus and gracilis, and has disadvantages such as uneven tension, incomplete bone tunnel filling, and time-consuming and laborious flipping. Studies have shown that the hamstring tendon plays an important role in the knee joint's flexion and internal rotation, and if the hamstring tendon is missing, the knee joint's flexion and internal rotation strength will be reduced by 5% to 10% (11). In addition, the gracilis muscle plays an important role in knee flexion activities over 70°, so preserving the hamstring tendon and the gracilis muscle is particularly important for postoperative rehabilitation (12). This study used the AIT-ACLR technique, which has the following advantages: (1) small skin incision and less bone removal. In the preparation of the bone tunnel at the tibial end, the conventional method is to open the tunnel completely. AIT-ACLR first uses a flip drill to punch through and then turns the drill from longitudinal to transverse and reverse to punch a thick tunnel, which not only helps to preserve the lateral cortical bone of the tibial end, reduce bone removal and surgical incision, but also significantly reduces the incidence of plateau fractures and tunnel ruptures (13). (2) Only the semitendinosus is taken for transplantation, and the gracilis muscle is preserved. The biomechanical characteristics of the ACL are closely related to its cross-sectional area. When the diameter of the graft is less than 8 mm, the risk of surgical failure will increase significantly. Compared with the graft length (11–13) cm required for conventional reconstruction, the AIT-ACLR technique requires only (5–7) cm of graft for ACL reconstruction because of the way the drill is punched through the thick bone tunnel (14). According to the length of the semitendinosus obtained, it can be divided into three or four sections, and its diameter can reach (8–9) mm (15). (3) The bone tunnel is closed and fixed on both sides, with strong stability. Monaco et al. (16) found that compared with the full internal technique of using compression nails to fix the tibial shaft, the conventional single-bundle reconstruction has a risk of tibial tunnel enlargement, compression nail loosening and failure, etc. (4) Light postoperative pain. Because the full internal technique establishes a half tunnel in the femur and tibia, compared with the full bone tunnel and compression nail fixation used in conventional surgery, the damage to the bone cortex and periosteum is smaller, so using the AIT-ACLR technique can significantly reduce postoperative pain.

Considering the variability in femoral attachment points reported in the literature, we selected the fixation point above the posterior fibers of the iliotibial tract at the level of the lateral collateral ligament insertion. This location was chosen to balance graft isometry, minimize iatrogenic injury, reduce incision size, and improve patient tolerance of the procedure. In addition, the fixation technique used for the anterolateral tendon in this study represents a non-anatomical reconstruction method. To date, there are no published clinical studies in China reporting outcomes of combined anterolateral tendon fixation, and it remains uncertain whether this technique may lead to ligament relaxation or failure in the long term. Future studies with larger sample sizes, longer follow-up periods, and imaging-based evaluations such as postoperative MRI or second-look arthroscopy are necessary to validate the durability and biomechanical effectiveness of this approach.

In recent years, the mainstream view is that clinical physicians should pay more attention to the rotational stability of the knee joint while paying attention to the anterior instability caused by ACL injury, such as how to strengthen the lateral structures of the knee joint to improve the efficacy of ACLR treatment (3, 17). Anatomical and biomechanical studies have shown that the probability of the ALL in the human knee joint is 96%, and the slackness of the ALL is highly correlated with rotational instability, mainly manifested as a positive shift test (18). Some believe that the ALL is a composite structure, and adopting surgical methods that strengthen the fixation of the ALL (such as ACLR combined with ALLT) can effectively restore knee joint rotational stability (19, 20). However, there are also opinions that there is still some controversy about whether to choose reconstruction or strengthening fixation for the ALL, and it has been found that ALL strengthening or reconstruction surgery does not significantly improve knee joint rotational stability (21), mainly because the anatomical structure of the ALL is still unclear (22–24). Previous studies have shown that the ALL has different anatomical attachments to the femur and tibia. The controversy about the tibial attachment point of the ALL is small and is generally located between the Gerdy's tubercle and the middle of the fibular head, while the femoral attachment point of the ALL varies greatly. For example, OCKULYAC et al. (24) believed that the femoral attachment point was located at the posterior or upper part of the lateral femoral condyle, while VEREECKE et al. (25) believed that the femoral attachment point of the ALL was slightly anterior to the lateral collateral ligament attachment point. In this study, we comprehensively considered factors such as incision size, iatrogenic injury, ALL length, and patient surgical acceptance, and used the attachment point of the lateral collateral ligament above the posterior fibers of the iliotibial tract as the isometric fixation point of the ALL tendon for anterior lateral tendon fixation.

Recent advances in the understanding of the ALC of the knee, involving the ALL, ITB, and surrounding capsular structures, have underscored its critical role in controlling internal tibial rotation and contributing to pivot shift phenomena (26, 27). Biomechanical studies have demonstrated that isolated ACL reconstruction may be insufficient to fully restore rotational stability in high-demand athletes or patients with high-grade pivot shifts, thereby reinforcing the rationale for augmenting ACL reconstruction with lateral extra-articular procedures (28). Several surgical techniques have been proposed for combined ACL and anterolateral stabilization, including anatomic ALL reconstruction, the modified Lemaire procedure, and ITB-based tenodeses (29). Compared to anatomic ALL reconstruction, which aims to replicate the specific femoral and tibial footprints of the ALL, ITB-based techniques offer technical simplicity and robust biomechanical strength without the need for additional graft harvesting (30). Our approach, using a strip of the ITB for anterolateral reinforcement, aligns with the concept of lateral tenodesis rather than strict anatomical reconstruction, but still offers effective control of rotational laxity. Consistent with the previous findings (31), demonstrating improved pivot shift control with combined ACL + lateral procedures, our results showed substantial improvements in both Lachman and pivot shift tests at final follow-up. The use of the ITB as a graft source for anterolateral augmentation has several advantages: it preserves hamstring tendons, provides a native extra-articular structure with high tensile strength, and allows for a shorter rehabilitation timeline due to minimal donor site morbidity (32). However, potential disadvantages include the risk of over-constraining the lateral compartment if graft tension is excessive, and the non-anatomic nature of the procedure may limit its long-term efficacy in some patients. Future studies comparing different lateral augmentation techniques with long-term follow-up and imaging verification would help determine the optimal strategy for managing combined anterior and rotational instability of the knee.

This study used the AIT-ACLR technique and anterior lateral tendon fixation to treat ACL rupture patients with high-grade shift instability. After surgery, all patients had no complaints of incision infection, knee joint stiffness, pain, etc., and were satisfied with the recovery of knee joint anterior and rotational stability. Considering the variability in femoral attachment points reported in the literature, we selected the fixation point above the posterior fibers of the iliotibial tract at the level of the lateral collateral ligament insertion. This location was chosen to balance graft isometry, minimize iatrogenic injury, reduce incision size, and improve patient tolerance of the procedure. In addition, the fixation technique used for the anterolateral tendon in this study represents a non-anatomical reconstruction method. To date, there are no published clinical studies in China reporting outcomes of combined anterolateral tendon fixation, and it remains uncertain whether this technique may lead to ligament relaxation or failure in the long term. Future studies with larger sample sizes, longer follow-up periods, and imaging-based evaluations such as postoperative MRI or second-look arthroscopy are necessary to validate the durability and biomechanical effectiveness of this approach.

This study has several limitations that must be acknowledged. Firstly, the sample size was relatively small (n = 21), which might limit the statistical power and reduce the generalizability of the findings to a broader population. Secondly, the absence of a control group, such as patients treated with standard ACL reconstruction alone, precludes direct comparison and makes it difficult to isolate the specific effect of anterolateral tendon fixation. Additionally, although the follow-up period ranged from 12 to 24 months (mean 15.6 months), this duration is relatively short for orthopedic interventions, particularly when assessing long-term graft durability, functional stability, and complications such as tunnel widening or ligament laxity. Importantly, no patients underwent second-look arthroscopy or follow-up MRI, limiting the ability to evaluate intra-articular healing and graft integrity beyond clinical assessments. Furthermore, the anterolateral tendon fixation technique used in this study represents a non-anatomical reconstruction approach, and its long-term biomechanical and clinical implications remain unclear. There are currently no published clinical reports from China on this type of combined fixation, and whether this technique may lead to ligament relaxation or failure over extended follow-up (e.g., 5–10 years) requires further investigation. Future studies with larger cohorts, randomized controlled designs, imaging-based follow-up, and extended observation periods are necessary to validate the safety, efficacy, and durability of this combined surgical approach.



Conclusion

In conclusion, in patients with ACL rupture and grade III pivot-shift instability, AIT-ACLR combined with anterolateral tendon fixation could effectively improve both rotational and anterior knee instability, restore joint stability, and possess several advantages, including a small skin incision, minimal bone removal, a closed bone tunnel, bilateral suspensory fixation, preservation of the gracilis tendon, and reduced postoperative pain.
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Objective: To identify specific factors predicting functional outcomes, pain reduction, and patient satisfaction following knee arthroplasty through systematic review and meta-analysis.



Methods: A comprehensive search of multiple databases (Pubmed, Embase, OVID, Medline, Cochrane Library, CNKI, Wanfang, VIP) was conducted for studies published from database inception to December 2024. Studies reporting associations between preoperative factors and standardized outcomes after knee arthroplasty were included. Two reviewers independently screened articles, extracted data, and assessed study quality using modified Jadad scale for randomized trials and MINORS for non-randomized studies. Random-effects meta-analyses were performed for pain duration and red blood cell distribution width (RDW), with meta-regression to assess their prognostic value for functional outcomes measured by standardized knee scores. Heterogeneity was assessed using I2 statistics, and publication bias was evaluated using Egger's and Begg's tests.



Results: Eight studies were included in the final analysis: Four studies examining pain duration (n = 576 patients) and four studies examining RDW (n = 612 patients) met inclusion criteria. Significant heterogeneity was observed in both analyses (I2 = 87% and I2 = 91%, respectively, p < 0.01). Meta-regression revealed that shorter pain duration (<3 years) was significantly associated with better functional outcomes at 12-month follow-up [Weighted Mean Difference (WMD) = −4.532, 95%CI = (−6.439,−2.626), p < 0.001]. Normal preoperative RDW values (11.5–14.5%) were also significantly associated with improved functional outcomes [WMD = −1.742, 95%CI = (−2.371,−1.114), p < 0.001]. Subgroup analyses indicated that the predictive value of these factors was consistent across different surgical techniques (p = 0.42). Publication bias assessment showed no significant bias (Egger's test p = 0.2094, Begg's test p = 0.0833). The high heterogeneity limits the direct clinical application of these pooled estimates and necessitates cautious interpretation.



Conclusion: This meta-analysis identified shorter preoperative pain duration and normal RDW values as independent predictors of better functional outcomes following knee arthroplasty. However, the small number of included studies and high heterogeneity observed warrant cautious interpretation of these findings. These findings can help clinicians identify patients at risk of suboptimal outcomes and potentially guide personalized perioperative interventions. Further research is needed to establish optimal cutoff values and to evaluate the combined predictive power of these factors in clinical practice.



KEYWORDS
knee replacement, prognosis, influencing factors, meta-analysis, knee osteoarthritis





1 Introduction

Knee osteoarthritis (KOA) is a common degenerative condition in elderly populations that significantly impacts quality of life through pain, stiffness, and functional limitation. For end-stage KOA (Kellgren-Lawrence grades III-IV), characterized by substantial joint space narrowing and osteophyte formation, conservative treatments typically provide inadequate relief (1). In these cases, surgical intervention through knee arthroplasty becomes the primary treatment option.

Total knee arthroplasty (TKA) represents one of the most successful orthopedic interventions for end-stage KOA, with reported satisfaction rates between 75% and 97% (2). Despite this success, approximately 15%–25% of patients experience suboptimal outcomes, reporting persistent pain, functional limitations, or dissatisfaction following surgery. Identifying preoperative factors that predict these outcomes would enable better patient selection, expectation management, and potentially guide personalized interventions to improve results.

Previous research has identified multiple potential predictors of TKA outcomes, including patient factors (age, gender, BMI, nutritional status, psychological factors, pain duration, preoperative function), surgical factors (anesthesia type, surgical technique, implant selection), and rehabilitation protocols (3, 10). Santaguida et al. conducted a comprehensive systematic review examining patient characteristics affecting the prognosis of total hip and knee joint arthroplasty, highlighting the importance of identifying modifiable risk factors (10). While these studies provide valuable insights, many have produced conflicting results or identified associations too weak for clinical application. Additionally, while demographic and surgical factors have been extensively studied, biological markers that might predict outcomes have received comparatively less attention.

Among potential biological predictors, inflammatory markers have shown promise in predicting TKA outcomes. The red blood cell distribution width (RDW), an inexpensive and routinely measured parameter, has emerged as a potential prognostic indicator. Originally used to classify anemias, elevated RDW has been associated with inflammation, cardiovascular disease, and poor outcomes in various medical conditions (4). In the context of TKA, preliminary studies suggest that abnormal RDW may predict complications including infection, venous thromboembolism, and potentially functional outcomes (5, 14). Recent work by Garval et al. further identified multiple prognostic factors of knee pain and function 12 months after TKA in a large prospective cohort study (14).

Similarly, preoperative pain duration has been proposed as a predictor of TKA outcomes, with some evidence suggesting that chronic, long-standing pain may be associated with central sensitization and poorer response to surgery. However, these factors have not been systematically evaluated through meta-analysis.

The present study aims to systematically review and meta-analyze the available evidence on preoperative factors that predict functional outcomes after knee arthroplasty, with specific focus on pain duration and RDW. By identifying reliable predictors of outcomes, we hope to provide clinicians with tools to better select candidates for surgery, manage expectations, and potentially develop interventions to improve results in higher-risk patients.



2 Data and methods


2.1 Study registration and protocol

This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The study protocol, including search strategy, inclusion/exclusion criteria, and analytical methods, was established prior to the literature search.



2.2 Literature search strategy

A comprehensive search was conducted in electronic databases including PubMed, Embase, OVID, Medline, Cochrane Library, CNKI, Wanfang, and VIP from their inception to December 2024. Additionally, ClinicalTrials.gov and reference lists of relevant studies were searched to identify additional eligible studies.

The search was conducted using combinations of the following keywords: “knee arthroplasty,” “knee replacement,” “TKA,” “prognosis,” “outcome,” “prediction,” “functional recovery,” “pain duration,” “red blood cell distribution width,” and “RDW.” Both English and Chinese language publications were considered for inclusion.



2.3 Eligibility criteria

Studies were selected based on the following criteria:

Inclusion criteria:


	1.Study design: Randomized controlled trials or observational studies (prospective or retrospective cohort studies)

	2.Population: Adult patients (≥18 years) undergoing primary knee arthroplasty

	3.Predictors: Studies reporting on preoperative pain duration and/or red blood cell distribution width (RDW)

	4.Outcomes: Functional outcomes measured by validated knee scores (e.g., KSS, WOMAC, Oxford Knee Score), pain scores, or patient satisfaction at a minimum follow-up of 6 months

	5.Statistical reporting: Studies providing sufficient data for effect size calculation (means, standard deviations, odds ratios, or hazard ratios with 95% confidence intervals)



Exclusion criteria

	1.Duplicate publications, conference abstracts without full-text, or studies with insufficient data for analysis

	2.Studies focusing on revision knee arthroplasty

	3.Case reports, reviews, or animal studies

	4.Studies with high risk of bias or methodological quality score below the predetermined threshold






2.4 Study selection process

Two reviewers independently screened titles and abstracts of all identified records for potential eligibility. Full texts of potentially eligible studies were then assessed independently by the same reviewers. Disagreements were resolved through discussion or, if necessary, consultation with a third reviewer. The selection process was documented using a PRISMA flow diagram (Figure 1).


[image: Flow chart illustrating systematic study selection for a review, showing 1,249 records identified, 958 after removing duplicates, 82 full-texts assessed, 74 excluded for various reasons, 8 studies included, divided into 4 pain duration and 4 RDW studies, totaling 1,188 patients.]
FIGURE 1
PRISMA flow diagram showing the study selection process.




2.5 Data extraction

A standardized data extraction form was used to collect the following information: first author, publication year, study design, sample size, patient demographics (age, sex, BMI), surgical procedure details, preoperative pain duration (in months or years), preoperative RDW values, outcome measures, follow-up duration, and statistical results. Specific definitions of pain duration categories varied across studies: three studies defined short duration as <3 years while one study used <2 years; all studies defined normal RDW as 11.5–14.5%. For studies with multiple follow-up points, data from the latest follow-up were extracted. Two reviewers independently extracted data, with discrepancies resolved through discussion.



2.6 Quality assessment

The methodological quality of included randomized controlled trials was assessed using the modified Jadad scale, with studies scoring ≥3 considered high quality. For non-randomized studies, the Methodological Index for Non-Randomized Studies (MINORS) was used, with scores ≥16 for comparative studies and ≥12 for non-comparative studies considered high quality. Quality assessment was performed independently by two reviewers, with disagreements resolved through discussion or third-party arbitration.



2.7 Statistical analysis

All analyses were performed using Review Manager 5.4.1 (RevMan 5.4.1, Cochrane Collaboration) and Stata 16.0 (StataCorp, College Station, TX). For continuous outcomes, weighted mean differences (WMD) with 95% confidence intervals (CI) were calculated. For dichotomous outcomes, odds ratios (OR) with 95% CI were used.

Heterogeneity among studies was assessed using the I2 statistic and Cochran's Q test. I2 values were interpreted as follows: <31% indicated low heterogeneity, 31%–56% moderate heterogeneity, 57%–75% substantial heterogeneity, and >75% considerable heterogeneity. When I2 was <50%, a fixed-effects model (Mantel-Haenszel method) was used; otherwise, a random-effects model (DerSimonian-Laird method) was applied.

Meta-regression analyses were performed to examine the relationship between preoperative factors (pain duration and RDW) and functional outcomes, controlling for potential confounders including age, sex, and BMI. Subgroup analyses were conducted based on surgical technique (conventional vs. minimally invasive), study design, and follow-up duration.

Sensitivity analyses were performed by sequentially excluding individual studies to assess their influence on the pooled effect size. Publication bias was evaluated using funnel plots, Egger's test, and Begg's test. A p-value <0.05 was considered statistically significant for all analyses.

To address the high heterogeneity observed in preliminary analyses, we conducted additional meta-regression analyses to identify potential sources of heterogeneity and performed subgroup analyses based on study characteristics and patient populations.




3 Results


3.1 Study selection and characteristics

The systematic literature search identified 1,247 records through database searching and 23 additional records through other sources. After removing duplicates (n = 312), 958 records were screened by title and abstract, resulting in exclusion of 876 records. Full-text assessment of 82 articles led to exclusion of 74 articles (reasons: 28 did not report relevant predictors, 18 had insufficient outcome data, 15 were review articles, 8 focused on revision surgery, 5 had inadequate follow-up). Finally, 8 eligible studies were included: 4 examining the association between preoperative pain duration and functional outcomes, and 4 investigating the relationship between RDW and post-arthroplasty outcomes. The 8 studies included a total of 1,188 patients (576 patients in pain duration studies and 612 patients in RDW studies), with sample sizes ranging from 68 to 213 patients per study. The PRISMA flow diagram detailing the selection process is presented in Figure 1. Figure 2 shows the risk of bias assessment across all included studies.
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FIGURE 2
Literature evidence level of prognostic factors in knee arthroplasty patients.




3.2 Quality assessment of included studies

Quality assessment revealed that most included studies had low risk of bias in allocation concealment, blinding, outcome data completeness, and selective reporting. The methodological quality was deemed acceptable for meta-analysis, with modified Jadad scores ranging from 3 to 5 for randomized trials and MINORS scores from 16 to 22 for observational studies. Detailed quality assessment scores for each study are presented in Table 1.



TABLE 1 Quality assessment scores of included studies.



	Study
	Study type
	Quality assessment tool
	Score
	Quality level





	Pain duration studies



	Study 1
	RCT
	Modified Jadad
	4/5
	High



	Study 2
	Cohort
	MINORS
	18/24
	High



	Study 3
	RCT
	Modified Jadad
	5/5
	High



	Study 4
	Cohort
	MINORS
	16/24
	High



	RDW studies



	Study 5
	Cohort
	MINORS
	17/24
	High



	Study 6
	RCT
	Modified Jadad
	3/5
	High



	Study 7
	Cohort
	MINORS
	19/24
	High



	Study 8
	Cohort
	MINORS
	22/24
	High









3.3 Preoperative pain duration and functional outcomes

Four studies (n = 576 patients) reported the association between preoperative pain duration and postoperative functional outcomes after knee arthroplasty. Significant heterogeneity was observed among these studies (I2 = 87%, p < 0.01). This high level of heterogeneity substantially limits the reliability of the pooled estimate and suggests that the true effect may vary considerably across different patient populations and clinical settings. Meta-analysis using a random-effects model revealed that shorter preoperative pain duration (defined as <3 years of symptomatic knee pain before surgery) was significantly associated with better functional outcomes compared to longer pain duration (≥3 years) [WMD = −4.532, 95%CI = (−6.439, −2.626), p < 0.001]. This indicates that patients with shorter duration of preoperative knee pain achieved approximately 4.5 points better improvement on standardized knee function scores. However, the clinical significance of a 4.5-point difference varies depending on the specific knee score used; for the KSS, this represents approximately 5% of the total scale, while for WOMAC it represents approximately 4.7% of the total scale.

To address the high heterogeneity, we conducted meta-regression analyses which identified differences in patient age (p = 0.03) and surgical technique (p = 0.04) as significant contributors to heterogeneity. The detailed meta-regression results are presented in Table 2, showing that for every 10-year increase in mean patient age, the effect size decreased by 1.2 points (95% CI: 0.4–2.0), and minimally invasive techniques were associated with a 2.8-point reduction in effect size compared to conventional approaches (95% CI: 0.8–4.8). Subgroup analysis showed stronger associations in studies using conventional surgical approaches compared to minimally invasive techniques, though this difference was not statistically significant (p = 0.14) (11). Recent advances in patient-specific unicompartmental knee arthroplasty have shown promise in selected patients (11), while meta-analyses comparing different surgical approaches continue to inform clinical decision-making (12).



TABLE 2 Meta-regression results for pain duration analysis.



	Variable
	Coefficient
	95% CI
	p-value





	Mean age (per 10 years)
	−1.2
	−2.0 to −0.4
	0.03



	Female percentage
	−0.02
	−0.05 to 0.01
	0.18



	BMI (per unit)
	−0.15
	−0.32 to 0.02
	0.08



	Surgical technique (MIS vs. conventional)
	−2.8
	−4.8 to −0.8
	0.04



	Follow-up duration (months)
	0.08
	−0.04 to 0.20
	0.21









3.4 Preoperative RDW and functional outcomes

Four studies (n = 612 patients) investigated the relationship between preoperative RDW and postoperative functional outcomes. Considerable heterogeneity was observed among these studies (I2 = 91%, p < 0.01). Given this very high heterogeneity, the pooled estimates should be interpreted with extreme caution, as the true association may differ substantially across different clinical contexts. The meta-analysis demonstrated that normal preoperative RDW values (defined as 11.5–14.5%) were significantly associated with better functional outcomes compared to elevated RDW values (>14.5%) [WMD = −1.742, 95%CI = (−2.371, −1.114), p < 0.001]. While statistically significant, the clinical relevance of a 1.7-point difference on knee function scores is modest and may not represent a clinically meaningful difference for individual patients.

Meta-regression analysis identified baseline inflammatory markers (p = 0.02) and comorbidity burden (p = 0.03) as significant contributors to the observed heterogeneity. Table 3 presents the detailed meta-regression results, demonstrating that studies with higher baseline CRP levels (>5 mg/L) showed 0.8-point reduction in effect size (95% CI: 0.2–1.4), and each additional comorbidity was associated with 0.5-point reduction in effect size (95% CI: 0.1–0.9). Sensitivity analysis showed that removing one study (Wang et al.) reduced heterogeneity (I2 = 68%) while maintaining a significant association [WMD = −1.53, 95%CI = (−2.11, −0.95)], suggesting this study contributed substantially to heterogeneity.



TABLE 3 Meta-regression results for RDW analysis.



	Variable
	Coefficient
	95% CI
	p-value





	Baseline CRP (>5 mg/L)
	−0.8
	−1.4 to −0.2
	0.02



	Comorbidity count
	−0.5
	−0.9 to −0.1
	0.03



	Mean age (per 10 years)
	−0.3
	−0.7 to 0.1
	0.14



	Female percentage
	−0.01
	−0.03 to 0.01
	0.32



	BMI (per unit)
	−0.08
	−0.18 to 0.02
	0.12









3.5 Publication bias

The funnel plots for both analyses appeared visually symmetrical. Formal testing with Egger's test (p = 0.2094) and Begg's test (p = 0.0833) confirmed the absence of significant publication bias in the included studies. However, given the small number of studies (n = 4 for each analysis), the power to detect publication bias is limited, and the absence of statistical significance does not definitively rule out bias.



3.6 Additional analyses

Additional analyses revealed that the prognostic value of both pain duration and RDW remained significant after adjusting for potential confounding factors including age, sex, BMI, and preoperative functional status (p < 0.05 for all analyses). The associations were consistent across different follow-up periods (ranging from 12 to 36 months), suggesting the stability of these prognostic factors over time.

The forest plots for pain duration and RDW analyses are presented in Figures 3, 4, respectively, while the funnel plot for publication bias assessment is shown in Figures 5, 6.


[image: Heatmap with rows labeled by study names and columns labeled with abbreviations, where blue indicates low risk, green low risk, yellow high risk, and light blue unclear risk. Color-coded legends for risk bias and averages are displayed on the side.]
FIGURE 3
Heat map of literature distribution of prognostic factors in knee replacement patients.



[image: Forest plot with two subgroups, group A and group B, displaying mean differences and ninety-five percent confidence intervals for eight studies. Each study is represented by a square, and diamonds indicate pooled estimates for each subgroup and overall.]
FIGURE 4
Forest plot of preoperative pain duration and functional outcomes in knee arthroplasty patients.



[image: Forest plot showing meta-analysis sensitivity test results for eight studies, each omitted in turn, with corresponding p-values, tau-squared, tau, and I2 values. Blue squares represent effect estimates with horizontal lines indicating ninety-five percent confidence intervals, and a diamond summarizes the total effect size and confidence interval. X-axis ranges from negative zero point three to zero point three.]
FIGURE 5
Forest plot of RDW and functional outcomes in knee arthroplasty patients.



[image: Funnel plot displaying mean values on the x-axis and standard error on the y-axis, with data points scattered around a central dotted triangle, used to assess publication bias in meta-analyses.]
FIGURE 6
Funnel plot for assessment of publication bias in knee arthroplasty prognostic factors.





4 Discussion

Total knee arthroplasty (TKA) remains the gold standard treatment for end-stage knee osteoarthritis, providing significant improvements in quality of life, pain relief, and function for most patients (6). However, approximately 15%–25% of patients report dissatisfaction following TKA, highlighting the need to identify preoperative factors that predict outcomes and could guide clinical decision-making (7, 8). Recent evidence suggests that preoperative education and physiotherapy may enhance outcomes (13), while innovative approaches using chatbots to promote adherence to home physiotherapy show promise (15). This meta-analysis focused on two potential prognostic factors—preoperative pain duration and red blood cell distribution width (RDW)—that may help identify patients at risk of suboptimal outcomes. However, our findings must be interpreted cautiously due to the limited number of included studies and the substantial heterogeneity observed.

Our findings demonstrated that shorter preoperative pain duration (<3 years) was significantly associated with better functional outcomes following knee arthroplasty. This association has several potential explanations. First, prolonged pain may cause greater structural damage to the knee joint, limiting the potential for functional recovery (9). Second, chronic pain can induce central sensitization, where the central nervous system becomes hypersensitive to pain signals, potentially leading to persistent postoperative pain regardless of successful mechanical correction. Third, long-standing pain often impacts patients’ psychological state, which may negatively influence their engagement with postoperative rehabilitation protocols, thereby affecting functional recovery.

The considerable heterogeneity observed in the pain duration analysis (I2 = 87%) is not unexpected given the variations in study populations, surgical techniques, and outcome measures. More importantly, this high heterogeneity indicates that the effect of pain duration on outcomes may not be uniform across all patient populations, suggesting the need for individualized assessment rather than applying a universal cutoff value. Our meta-regression indicated that patient age and surgical approach contributed significantly to this heterogeneity, suggesting that these factors may moderate the relationship between pain duration and outcomes. For clinical application, we recommend that clinicians consider pain duration in conjunction with patient age and planned surgical technique when counseling patients about expected outcomes. Specifically, younger patients with shorter pain duration undergoing conventional TKA may expect the most favorable outcomes. The choice between unicompartmental and total knee arthroplasty should also be considered based on individual patient factors, as each approach offers specific advantages in terms of maximal performance and satisfaction (16). Furthermore, patient-specific instrumentation has shown potential for improving component alignment, which may contribute to better outcomes (17).

Our analysis also identified normal preoperative RDW values (11.5–14.5%) as a significant predictor of better functional outcomes after knee arthroplasty. RDW, a measure of variation in red blood cell size, has emerged as a marker of systemic inflammation and oxidative stress, conditions that can impair tissue healing and recovery (18). The pathophysiological mechanisms linking RDW to postoperative outcomes may involve several pathways.

Elevated RDW has been associated with chronic inflammation, which can negatively impact tissue healing and recovery following surgery. In the context of knee osteoarthritis, inflammatory cytokines such as IL-6 and TNF-α may affect bone marrow function and iron metabolism, thereby influencing RDW levels. Higher RDW may reflect underlying inflammatory processes that could impair functional recovery following arthroplasty. Additionally, elevated RDW may be associated with anemia, potentially leading to tissue hypoxia and impaired muscle function during rehabilitation (19).

For clinical practice, we recommend routine preoperative assessment of RDW as part of the standard blood count. Patients with elevated RDW (>14.5%) should undergo further evaluation to identify and address potential underlying causes such as nutritional deficiencies, chronic inflammation, or occult medical conditions. While our analysis suggests a modest effect size (1.7-point difference), addressing elevated RDW preoperatively may contribute to overall optimization strategies. However, elevated RDW alone should not be considered a contraindication to surgery; rather, it should prompt comprehensive preoperative optimization.

The high heterogeneity in the RDW analysis (I2 = 91%) was partially explained by differences in baseline inflammatory markers and comorbidity burden across studies. This extreme heterogeneity suggests that the relationship between RDW and outcomes may be heavily influenced by patient-specific factors and the overall inflammatory milieu. Future research should focus on developing more sophisticated predictive models that incorporate RDW along with other inflammatory markers and clinical factors. Our sensitivity analysis revealed that one study contributed disproportionately to this heterogeneity, highlighting the need for standardized approaches to measuring and reporting RDW in future research.

Regarding surgical timing considerations, our findings suggest that pain duration should be considered when evaluating candidates for TKA. However, we do not recommend delaying surgery solely based on elevated RDW. Instead, the decision for surgical timing should be individualized, considering multiple factors including: (1) the severity of functional limitation and its impact on quality of life, (2) the failure of conservative management, (3) the patient's overall medical status and optimization potential, and (4) the patient's expectations and goals. For patients with long-standing pain (>3 years), additional preoperative counseling about potentially modest functional gains and consideration of adjunct therapies (such as pain management consultation or psychological support) may be warranted.

These findings have several clinical implications. First, they suggest that pain duration should be considered when evaluating candidates for knee arthroplasty, with earlier intervention potentially leading to better outcomes. Patients with long-standing pain might benefit from additional preoperative interventions aimed at addressing central sensitization and psychological factors. Second, RDW, an inexpensive and routinely measured laboratory parameter, could be incorporated into preoperative risk assessment. Patients with elevated RDW might benefit from preoperative optimization strategies, including management of underlying inflammatory conditions and nutritional deficiencies.

Our study has several strengths, including its focus on two specific prognostic factors that can be readily assessed in clinical practice, the use of meta-regression to explore sources of heterogeneity, and sensitivity analyses confirming the robustness of our findings. However, several limitations should be acknowledged. First, the small number of included studies (only 4 for each factor) severely limits the generalizability of our findings and increases vulnerability to the influence of individual studies. This small sample size also limits our ability to perform comprehensive subgroup analyses and may result in unstable effect estimates. Second, the high heterogeneity observed suggests caution in interpreting the pooled estimates. The I2 values exceeding 85% indicate that the true effects likely vary substantially across different populations and settings, making it inappropriate to apply these findings uniformly to all patients. Third, most studies were observational, introducing potential for bias. The reliance on observational data increases the risk of unmeasured confounding, despite our attempts to adjust for known confounders. Fourth, the definition of “better outcomes” varied across studies, though all used validated measures of knee function. Fifth, the variation in pain duration definitions across studies (with one study using <2 years while others used <3 years) may have contributed to heterogeneity and limits the precision of our recommendations.

Future research should focus on prospective studies with standardized definitions of pain duration and consistent outcome measures. We specifically recommend: (1) large multicenter prospective cohort studies with standardized protocols for measuring pain duration and RDW, (2) development of composite predictive models incorporating multiple biomarkers and clinical factors, (3) investigation of optimal cutoff values for both pain duration and RDW through receiver operating characteristic (ROC) curve analyses, (4) randomized trials testing whether preoperative interventions based on these factors can improve outcomes, and (5) qualitative research to understand how these factors influence patient experiences and recovery trajectories. Additionally, studies examining the combined predictive value of multiple prognostic factors, including both pain duration and RDW, would be valuable for developing comprehensive risk assessment tools. The potential for interventions targeting these factors, such as earlier surgical intervention or preoperative optimization of inflammatory status, also warrants investigation.

In conclusion, this meta-analysis identified shorter preoperative pain duration and normal RDW values as independent predictors of better functional outcomes following knee arthroplasty. However, the clinical application of these findings requires careful consideration of the substantial limitations, including the small number of studies, high heterogeneity, and modest effect sizes. While these factors may contribute to preoperative risk stratification, they should be considered as part of a comprehensive assessment rather than as definitive predictors. These findings can help clinicians identify patients at risk of suboptimal outcomes and potentially guide personalized perioperative interventions. Further research is needed to validate these findings in large prospective cohorts and to develop clinical prediction models incorporating these factors.
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Background: This study aimed to evaluate the treatment effects of three internal fixation methods, including tension band with K-wires, tension band with cannulated screws and tension band with ring-pins on transverse fractures of the patella.



Methods: Patellar fracture patients treated in Shanghai Yangpu District Shidong Hospital from March 2016 to January 2023 were divided into three groups based on the internal fixation method: the ring-pins group (tension band with ring-pins), the K-wires group (tension band with K-wires), and the cannulated screws group (tension band with cannulated screws). Surgery duration, hemoglobin decrease, excellent rate of knee joint function evaluation at postoperative 3 months and 12 months, VAS scores before surgery and at 3 and 12 months after surgery, postoperative complication rate, and removal rate of internal fixation were compared among the three groups of patients.



Results: No significant differences were observed in operation time and the degree of hemoglobin decrease before and after operation among the three groups (P > 0.05). There was a statistical difference in the excellent and good rate of Böstman's score among the three groups of patients 3 months after surgery (P < 0.05). The excellent and good rates of knee joint scores in the ring-pins group and the cannulated screws group in 3 months after surgery were higher than in the K-wires group, and no significant differences were observed in the excellent and good rates of Böstman's score among the three groups at 12 months after surgery (P > 0.05). No significant differences were observed in VAS scores across groups before and after surgery (P > 0.05). The VAS scores at 3 months and 12 months after surgery were lower than those before surgery (P < 0.001). Significant differences were observed in the incidence of postoperative complications (P < 0.05) and hardware removal rates (P < 0.001) among the three groups. The ring-pins group and the cannulated screws group had fewer postoperative complications than the K-wires group.



Conclusion: Compared with K-wires and cannulated screws, ring-pins have the advantages of wide application range, low postoperative complication rate, and easy removal of implants. Treatment experience, low surgical complexity, and good postoperative knee joint function recovery have obvious clinical application value.
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1 Introduction

The patella is an essential component of normal knee function, and fractures of the patella account for 1%–1.7% of all fractures in adults (1). These fractures are most common in patients aged 20–50 years and are often caused by falls or traffic accidents. Transverse fractures are the most common type, accounting for approximately 50% of patellar fractures, and can usually be identified through imaging. Surgical intervention is indicated when the displacement is ≥3 mm, the articular surface defect is >2 mm, or there is dysfunction in knee extension (2). Currently, tension band fixation is a commonly used surgical approach (3), with the tension band with K-wires and tension band with cannulated screws being widely used and considered classic methods. However, both techniques have notable drawbacks, such as the tendency for K-wires to back out or for cannulated screws cause iatrogenic bone damage and increased surgical complexity during removal. With advancements in materials, ring-pins combining the advantages of both classic methods while mitigating some of their shortcomings (4). This technique has been gradually adopted in clinical practice in recent years. Lee et al. demonstrated that all three fixation techniques provide adequate biomechanical stability for normal daily activities (5), Kim et al. reported that the modified technique provides dual benefits: enhanced implant stability and reduced propensity for causing soft tissue irritation (6).

This study retrospectively analyzed 101 cases of transverse patellar fractures treated at our hospital. We compared the therapeutic outcomes of three tension band fixation methods, including surgical duration, hemoglobin level decrease, knee function (Böstman scores), pain relief (VAS scores), complication rates, and implant removal rates. Our findings provide evidence-based recommendations for optimizing fixation strategies.



2 Materials and methods


2.1 Subjects of the study

Patellar fracture patients admitted to Shanghai Yangpu District Shidong Hospital from March 2016 to January 2023 were included in the present retrospective study, comparing the clinical efficacy of three different tension band internal fixation methods. Inclusion criteria were: (1) fresh transverse patellar fractures caused by trauma; (2) aged ≥18 years, without major underlying medical conditions or mental illness, and with regular postoperative follow-up. (3) Patients who were self-sufficient and had normal knee function before the fracture. Exclusion criteria were: (1) patients with major underlying medical conditions or mental illness; (2) patients with concurrent fractures in other parts of the body; (3) patients with preoperative skin abrasions or infections at the surgical site; (4) patients lost to follow-up after surgery. This study was approved by the Ethics Committee of Shanghai Yangpu District Shidong Hospital (2023-061-01).

A total of 101 patients with transverse patellar fractures treated surgically in our hospital from March 2016 to January 2023 were included in the study. The cohort consisted of 39 males and 62 females, aged 25–90 years (average age: 64.1 years). Based on the internal fixation method, patients were divided into three groups: the ring-pins group (tension band with ring-pins, 19 cases), the K-wires group (tension band with K-wires, 51 cases), and the cannulated screws group (tension band with cannulated screws, 31 cases). There were no significant differences in sex, age, or time from injury to surgery among the three groups (P > 0.05). All fractures were located in the middle or lower third of the patella, ensuring group comparability (Table 1).



TABLE 1 Baseline characteristics of the three groups.



	Group
	Cases
	Sex, male/female
	Age, years
	Time from injury to surgery, days





	The ring-pins group
	19
	7/12
	63.0 ± 15.5
	3.7 ± 2.7



	The K-wires group
	51
	19/32
	65.4 ± 13.8
	3.4 ± 3.0



	The cannulated screws group
	31
	13/18
	62.6 ± 9.6
	3.1 ± 2.1



	χ2/F value
	
	0.207
	0.522
	0.742



	P
	
	0.902
	0.595
	0.690









2.2 Surgical methods

All patients underwent the same preoperative preparation, including elevation and immobilization of the affected knee, brace fixation, and routine preoperative examinations. Patients received either spinal or general anesthesia and were placed in the supine position. The surgical area was sterilized and draped, and the procedure was performed under C-arm fluoroscopy.


2.2.1 Preoperative examination

All patients underwent knee x-rays (anteroposterior and lateral views) and CT scans to assess the fracture type and displacement. A comprehensive evaluation of the patient's overall condition and pre-injury knee function was also conducted.



2.2.2 Surgical procedure

A longitudinal incision was made over the patella, and the fracture site and intra-articular hematoma were cleared. The fracture ends were reduced and temporarily fixed with reduction forceps. The ring-pins group: Two φ2.0 mm ring-pins were inserted from the inferior to the superior pole of the patella. A cable was passed through the pinhole in a figure-of-eight configuration. The knee was flexed and extended to ensure stable fixation, and fluoroscopy confirmed satisfactory reduction and proper positioning of the ring-pins and cable. The ends of the ring-pins were bent and cut. The K-wires group: Two φ2.0 mm K-wires were inserted from the inferior to the superior pole of the patella. A cable was used in a figure-of-eight configuration. The knee was flexed and extended to ensure stable fixation, and fluoroscopy confirmed satisfactory reduction and proper positioning of the K-wires and cable. The ends of the K-wires were bent and cut. The cannulated screws group: Two guide pins were inserted from the inferior to the superior pole of the patella. Two φ3.5 mm cannulated screws were placed over the guide pins, and a cable was used in a figure-of-eight configuration. The knee was flexed and extended to ensure stable fixation, and fluoroscopy confirmed satisfactory reduction and proper positioning of the screws and cable.



2.2.3 Postoperative management

Prophylactic antibiotics were administered within 1 h before surgery and discontinued within 24 h after the procedure. Routine pain management and anti-swelling treatments were provided. Blood biochemical tests were repeated, and functional exercises were initiated on the first postoperative day, with knee flexion ≥90° and full extension. Gradual weight-bearing and knee flexion-extension exercises were performed at 6–8 weeks postoperatively.




2.3 Evaluation criteria

All patients were followed up for 3–12 months postoperatively. Radiologic exams were conducted to assess fracture healing and knee function. The primary outcomes included: (1) Intraoperative conditions: surgery duration (from skin incision to wound closure), blood loss (hemoglobin decrease before and after surgery), and hospital stay. (2) Excellent and good rates of knee function Böstman scores at 3 and 12 months postoperatively (Böstman score (7): assessed based on knee range of motion (6 points), pain level (6 points), impact on daily activities (4 points), muscle atrophy (2 points), need for crutches (2 points), joint effusion (2 points), weakness during walking (2 points), and stair-climbing ability (2 points). A score of 20 is poor, 20–27 is good, and 28–30 is excellent. (3) Preoperative and postoperative Visual Analog Scale(VAS) scores at 3 and 12 months (8): participants mark their pain level on a continuous line, with 0 indicating no pain, 1–3 mild pain, 4–6 moderate pain, 7–9 severe pain, and 10 unbearable pain). (4) Postoperative complication rates (e.g., wire migration, soft-tissue irritation) and hardware removal rates.



2.4 Statistical analysis

Statistical analysis was performed using jamovi 2.3.28.0 software. Categorical data were expressed as percentages and analyzed using the χ2 test. Continuous data were expressed as mean ± standard deviation. The Shapiro–Wilk test was used to assess normality. Data conforming to a normal distribution were analyzed using the F-test, while non-normally distributed data were analyzed using the Kruskal–Wallis H-test. Intra-group comparisons were performed using repeated measures ANOVA. P < 0.05 was considered statistically significant.




3 Results


3.1 Surgical and postoperative recovery conditions

All patients were followed up for 12–18 months (mean: 15 months). No infections, non-unions, or internal fixation failures occurred. All wounds healed well, with no iatrogenic injuries. The average hospital stay was 10.9 days. There were no significant differences in surgery duration, hemoglobin decrease, or hospital stay among the three groups (P > 0.05) (Table 2).



TABLE 2 Comparison of intraoperative and postoperative conditions among three groups.



	Group
	Surgery duration, minutes
	Hemoglobin decrease, g/L
	Hospital stay, days





	The ring-pins group
	89.1 ± 40.8
	1.8 ± 8.4
	10.0 ± 2.2



	The K-wires group
	82.8 ± 35.0
	5.8 ± 11.4
	11.9 ± 3.4



	The cannulated screws group
	71.5 ± 23.7
	7.5 ± 9.5
	9.8 ± 2.7



	χ2/F value
	1.577
	1.649
	9.001



	P
	0.454
	0.199
	0.011









3.2 Postoperative knee function Böstman scores

There was a significant difference in the excellent and good rates of Böstman scores among the three groups at 3 months postoperatively (P < 0.05). However, there was no significant difference at 12 months postoperatively (P > 0.05) (Table 3). In the K-wires group, 4 out of 8 patients with poor functional scores at 3 months showed improvement to good after hardware removal at 12 months.



TABLE 3 Proportion of excellent/good outcomes of postoperative knee function Böstman scores among three groups.



	Group
	3 months before hardware removal
	12 months before hardware removal





	The ring-pins group
	100%
	100%



	The K-wires group
	84%
	92%



	The cannulated screws group
	100%
	100%



	χ2
	8.518
	4.083



	P
	0.014
	0.130









3.3 Postoperative pain conditions

There were no significant differences in VAS scores before and after surgery among the three groups (P > 0.05). However, the VAS scores at 3 and 12 months postoperatively were significantly lower than preoperative scores (P < 0.001) (Table 4).



TABLE 4 Preoperative and postoperative VAS scores among three groups.



	Group
	Preoperative
	3 months post-op
	12 months post-op
	F value
	P





	The ring-pins group
	5.11 ± 1.15
	1.63 ± 0.50
	1.05 ± 0.23
	175.054
	<0.001



	The K-wires group
	4.88 ± 0.99
	1.65 ± 0.59
	1.12 ± 0.33
	477.586
	<0.001



	The cannulated screws group
	4.87 ± 0.76
	1.68 ± 0.54
	1.03 ± 0.18
	405.583
	<0.001



	χ2
	0.831
	0.117
	2.133
	
	



	P
	0.660
	0.943
	0.344
	
	









3.4 Postoperative complications

There were significant differences in postoperative complication rates (P < 0.05) and hardware removal rates (P < 0.001) among the three groups (Table 5). In the ring-pins group, there was 1 case of soft-tissue irritation. In the K-wires group, there were 6 cases of soft-tissue irritation and 6 cases of wire migration. In the cannulated screws group, there were 2 cases of soft-tissue irritation. The hardware removal rate was correlated with postoperative complications (P < 0.001). Considering the influence of age, we compared the incidence of postoperative complications between those >70 and ≤70 years old, both within and across groups, revealed no statistically significant differences (P > 0.05) (Table 6).



TABLE 5 Comparison of postoperative complications and hardware removal rates among three groups.



	Group
	Postoperative complications
	Implant removal, %





	The ring-pins group
	5.3% a/0%b
	21.1%c



	The K-wires group
	11.8% a/11.8%b
	74.5%c



	The cannulated screws group
	6.5%a/0%b
	22.6%c



	χ2 value
	6.148
	27.881



	P
	0.046
	<0.001




	aSoft-tissue irritation.


	bWire migration.


	cProportion of all patients in each group.









TABLE 6 Comparison of postoperative complications among the three groups with age stratification (>70 years).



	Group
	Cases
	Postoperative complications
	χ2 value
	P





	The ring-pins group
	5
	0% a/0%b
	0.377c
	0.539c



	The K-wires group
	11
	12.5%a/18.8%b
	0.772c
	0.379c



	The cannulated screws group
	5
	0% a/0%b
	0.411c
	0.521c



	χ2 value
	
	3.869
	
	



	P
	
	0.144
	
	




	aSoft-tissue irritation.


	bWire migration.


	cComparing >70 years cases vs. ≤70 years cases.







Case 1: A 50-year-old female patient presented with right knee pain and limited mobility for 1 day following a fall. She was admitted with a diagnosis of right patellar fracture. Under general anesthesia with intubation, she underwent open reduction and internal fixation of the patellar fracture using a tension band with ring-pins band. Postoperatively, there were no signs of infection, wire migration, or breakage. After 15 months of follow-up, the hardware was removed, and the patient showed good fracture healing (Figure 1).


[image: Panel A shows anteroposterior knee X-ray of a joint before intervention. Panel B shows a lateral view of the same knee. Panels C and D display anteroposterior and lateral post-surgical X-rays with metallic wires fixing a tibial plateau fracture. Panels E and F demonstrate the same postoperative images at a later stage, showing the fixation maintained. Panels G and H show follow-up anteroposterior and lateral X-rays with healed bone and removed hardware.]
FIGURE 1
The ring-pins group: (A,B) preoperative anteroposterior and lateral x-rays showing significant fracture displacement. (C,D) Postoperative 3-month anteroposterior and lateral x-rays demonstrating satisfactory reduction, smooth articular surface, and no wire migration. (E,F) Postoperative 15-month anteroposterior and lateral x-rays showing blurred fracture lines. (G,H) Postoperative 15-month anteroposterior and lateral x-rays after hardware removal, showing complete fracture healing.


Case 2: A 62-year-old female patient presented with right knee pain and limited mobility for 5 days following a fall. She was admitted with a diagnosis of right patellar fracture. Under general anesthesia with intubation, she underwent open reduction and internal fixation of the patellar fracture using an Tension band with K-wires. Postoperatively, there were no signs of infection, wire migration, or breakage. After 12 months of follow-up, the hardware was removed, and the patient showed good fracture healing (Figure 2).


[image: Panel A and B show anterior-posterior and lateral knee X-rays with intact bone structure. Panels C and D show the same views with surgical fixation using parallel metallic pins and wires. Panels E and F show follow-up images with metallic fixation still present and initial signs of bone healing. Panels G and H depict the same projection with the fixation removed, revealing a healed bone without hardware.]
FIGURE 2
The K-wires group: (A,B) preoperative anteroposterior and lateral x-rays showing fracture displacement and angulation. (C,D) Postoperative 3-month anteroposterior and lateral x-rays demonstrating satisfactory reduction, correction of angulation, and no wire migration. (E,F) Postoperative 11-month anteroposterior and lateral x-rays showing blurred fracture lines. (G,H) Postoperative 12-month anteroposterior and lateral x-rays after hardware removal, showing complete fracture healing.


Case 3: A 59-year-old female patient presented with left knee pain and limited mobility for 1 day following a fall. She was admitted with a diagnosis of left patellar fracture. Under general anesthesia with intubation, she underwent open reduction and internal fixation of the patellar fracture using a tension band with cannulated screws. Postoperatively, there were no signs of infection, screw migration, or breakage. After 13 months of follow-up, the hardware was removed, and the patient showed good fracture healing (Figure 3).


[image: Panel A and B display anterior and lateral x-rays of a knee with a tibial plateau fracture. Panel C and D show the same views after surgical fixation with two screws. Panel E and F present follow-up images demonstrating maintained screw position and fracture healing. Panel G and H depict the knee in anterior and lateral views after screw removal, revealing the healed fracture site without hardware.]
FIGURE 3
The cannulated screws group: (A,B) preoperative anteroposterior and lateral x-rays showing fracture angulation. (C,D) Postoperative 3-month anteroposterior and lateral x-rays demonstrating correction of angulation, smooth articular surface, and no screw migration. (E,F) Postoperative 12-month anteroposterior and lateral x-rays showing blurred fracture lines. (G,H) Postoperative 13-month anteroposterior and lateral x-rays after hardware removal, showing complete fracture healing.





4 Discussion

Patellar fractures are common traumatic fractures in clinical practice, requiring rigid fixation and anatomical reduction to achieve early functional exercise (9), prevent knee stiffness, and restore knee extension function (10). Currently, different internal fixation methods and surgical approaches are used for different types of patellar fractures. Tension band internal fixation is the standard surgical method for patellar fractures (11), with the ring-pins, K-wires and cannulated screws being commonly used. However, there is no widespread consensus on which internal fixation method is superior. The ring-pins group, as a newer technique, combines the advantages of the tension band with K-wires and the tension band with cannulated screws and has been gradually adopted in clinical practice. This study compared the three methods in terms of several dimensions based on 101 cases of transverse patellar fractures treated surgically in our hospital, providing a reference for the selection of surgical methods in clinical practice.

This study found no significant differences in fracture healing time among the three internal fixation methods. The tension band with cannulated screws had no risk of wire slippage, as the screw and wire form a single unit that adheres closely to the bone, providing strong resistance to wire migration (12). This method is less likely to result in fixation failure or fracture displacement and is simple to perform. It is suitable for patellar fractures with large fragments and minimal comminution. However, the drilling process can cause bone damage (13); Bone ingrowth into screws may complicate removal, and cable laceration by screw threads may lead to retained hardware. The tension band with K-wires is simple to perform, cost-effective, and causes minimal bone damage, making it suitable for comminuted fractures. However, K-wires are prone to migration and loosening during and after surgery, leading to unstable fixation (14–17). As surgeons may bend both K-wires ends for stability, removal necessitates cutting a bent end through extended incisions. In this study, 6 cases of wire migration were observed. Additionally, the long ends of the K-wires can irritate the surrounding soft-tissues (18), as seen in 6 cases in this study. However, in our study, 74.5% of patients in the K-wires group underwent hardware removal after fracture healing, which imposed additional economic burdens and surgical risks on these patients. The ring-pins group is similar in surgical technique to the tension band with K-wires, but the wire passing through the ring-pins forms a single unit, which reduced the risk of migration (6, 19) and fixation failure (4, 19). The shorter ends of the K-wires cause less soft-tissue irritation, effectively alleviating postoperative knee pain and allowing for early functional rehabilitation (20). This method combines the simplicity and minimal bone damage of the tension band with K-wires with the advantages of the tension band with cannulated screws.

In this study, there were no significant differences in surgery duration, hemoglobin decrease, time from injury to surgery, or hospital stay among the three surgical methods, and the costs of surgery were similar. This indicates that the complexity of the three surgical techniques is comparable, and the financial burden on patients is similar. The ring-pins group and the K-wires group had slightly longer surgery duration than the cannulated screws group, which may be related to the additional steps of adjusting the depth of the K-wires and bending and cutting their ends. The larger diameter of the cannulated screws causes more bone damage, resulting in a greater hemoglobin decrease in the cannulated screws group compared to the other two groups. Surgeons should consider the patient's bone quality, preoperative hemoglobin levels, and overall condition when selecting the appropriate internal fixation method. The VAS scores before and after surgery showed that all three surgical methods significantly alleviated pain, achieving the surgical goals. The K-wires group had worse knee function scores at 3 months postoperatively compared to the ring-pins group and the cannulated screws group (P < 0.05). However, there was no significant difference in knee function scores at 12 months postoperatively, which may be related to the higher complication rates (e.g., wire migration, soft-tissue irritation) and higher hardware removal rates in the K-wires group. In the K-wires group, hardware removal at 12 months significantly improved knee function scores (P < 0.001), suggesting that timely hardware removal can alleviate pain and dysfunction caused by complications. The high rate of wire migration in the K-wires group may be related to the following factors: (1) The majority of patients in this study were elderly (mean age: 64.1 years), with a high prevalence of osteoporosis and poor bone quality. (2) The smooth surface of the K-wires and the bending of only one end can lead to loosening after fracture healing. (3) Repeated knee flexion and extension can cause deformation of the K-wires, leading to bone resorption due to pressure on the surrounding bone. For elderly patients with osteoporosis, the ring-pins group and the tension band with cannulated screws can reduce the risk of wire migration. Postoperative anti-osteoporosis treatment and rehabilitation should also be standardized.

The optimal fixation method for patellar fractures remains debated, with plate osteosynthesis emerging as a viable alternative to traditional tension band wiring. According to Bickel et al, tension band wiring and locked plating showed comparable 1-year functional outcomes (21). Biomechanical analyses suggest that fixed-angle plate osteosynthesis of the patella offers significantly greater stiffness and lower fracture gap dehiscence than the other fixation methods (22). Siljander et al. reported favorable outcomes with low-profile mesh plates, demonstrating lower complication rates compared to tension band wiring, which is often associated with hardware irritation and secondary surgeries (23).



5 Conclusion

Compared to the other two groups, the ring-pins group demonstrated several advantages, including a broad range of applications, low postoperative complication rates, and ease of implant removal. This method provides a superior treatment experience for patients, characterized by low surgical complexity and favorable postoperative recovery of knee function, making the ring-pins technique a preferred option for patellar fracture surgery.

However, this study has certain limitations. As a retrospective analysis, surgical outcomes may have been influenced by variations in surgeons' skill levels. Additionally, the follow-up period was relatively short, requiring further evaluation of medium- to long-term outcomes. Future studies should incorporate extended follow-up durations to better evaluate the outcomes of these techniques.
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Mucoid degeneration of the cruciate ligaments is an uncommon and often under-recognized cause of chronic knee pain and motion limitation. We report the case of a 62-year-old man with an eight-year history of discomfort, progressive flexion contracture, and restricted range of motion in the right knee. Two prior arthroscopies performed elsewhere failed to identify the cause. Magnetic resonance imaging using a 1.5-Tesla scanner with 3-mm slice thickness demonstrated diffuse, increased intraligamentous signal with intact fibers in both the anterior and posterior cruciate ligaments, consistent with the “celery stalk” sign. Arthroscopy through standard anterolateral and anteromedial portals revealed hypertrophic, yellowish ligament tissue in both cruciates. Approximately 50% of the bulk of each ligament was resected with preservation of the remaining intact fibers to maintain stability. Histologic examination confirmed mucoid degeneration without inflammatory infiltration. At six months postoperatively, the patient achieved full extension, improved flexion to 130°, and complete resolution of pain, without clinical instability. This case emphasizes the importance of considering simultaneous ACL and PCL mucoid degeneration as a potential diagnosis in patients with refractory knee stiffness when common intra-articular pathologies have been excluded.
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Introduction

Chronic knee pain with restricted range of motion in middle-aged adults is most commonly attributed to meniscal pathology or degenerative joint disease (1, 2). Less commonly, mucoid degeneration of the cruciate ligaments is a rare but important differential diagnosis in cases unresponsive to conventional treatment (3–9). It is characterized by intraligamentous accumulation of mucoid material, resulting in ligament thickening with preserved fiber continuity, and typically presents with progressive stiffness and pain without instability (3–9).

Mucoid degeneration involving the anterior cruciate ligament (ACL) has been increasingly reported (3–9). Posterior cruciate ligament (PCL) involvement is uncommon (10, 11), and simultaneous degeneration of both cruciate ligaments is exceptionally rare, with only one case previously described (12). The rarity of this condition may contribute to diagnostic delay, particularly when evaluation focuses on more prevalent intra-articular pathologies.

This case report highlights that concomitant ACL and PCL mucoid degeneration may represent an under-recognized cause of refractory knee stiffness when routine work-up is negative. Diagnosis is typically established by characteristic magnetic resonance imaging (MRI) findings and confirmed through arthroscopic and histologic examination (8, 13). The prevalence of ACL mucoid degeneration has been reported at 1.8%–5.3% in MRI-based studies (14, 15). This report describes a case in a 62-year-old male with an eight-year history of discomfort and restricted active range of motion. After two inconclusive arthroscopies, the diagnosis was made by MRI, a third arthroscopic procedure, and histologic analysis. This case underscores the importance of considering this rare entity in patients with persistent symptoms despite negative findings for common intra-articular pathologies.



Case report

A 62-year-old male presented with an 8-year history of chronic right knee pain and progressively worsening limitation of active range of motion, accompanied by episodic joint effusion. Symptoms were aggravated by prolonged standing or walking. He reported terminal extension pain, difficulty achieving deep flexion, and a subjective sensation of the knee “giving way”, without any actual episodes of mechanical instability. These symptoms significantly impaired his daily activities and quality of life.

The patient had undergone two previous arthroscopic procedures at outside institutions, 8 and 6 years earlier, respectively. The first revealed degeneration of the anterior horn of the lateral meniscus, treated with partial meniscectomy. The second involved excision of a suspected medial parapatellar plica. Despite these interventions, symptoms persisted without meaningful improvement. In both procedures, clinical suspicion focused on more common intra-articular pathologies such as meniscal lesions or synovitis, and the cruciate ligaments were not specifically evaluated for intraligamentous abnormalities.

Physical examination at presentation revealed a 10° flexion contracture with painful limitation of further flexion beyond 100°. There was no joint line tenderness or crepitus. Lachman's, posterior drawer, and McMurray's tests were all negative. Plain standing anteroposterior, Rosenberg, and lateral radiographs showed mild degenerative changes and a narrowed intercondylar notch (Figure 1).


[image: X-ray of a human knee joint in three views: two frontal projections and one lateral projection, clearly depicting bones, joint spaces, and soft tissue contrast for medical evaluation.]
FIGURE 1
Preoperative standing anteroposterior, Rosenberg and lateral radiographs of the right knee showing mild degenerative changes and a narrowed intercondylar notch.


Magnetic resonance imaging was performed using a 1.5-Tesla scanner with 3-mm slice thickness, including T2-weighted and proton-density sequences in sagittal and coronal planes. Fusiform hypertrophy and diffuse intraligamentous high signal intensity were observed in both the ACL and PCL, with preservation of fiber continuity. The characteristic “celery stalk” appearance—linear low-signal fibers within a hyperintense background—was evident in both ligaments (Figure 2) (8, 13). The intercondylar notch was markedly narrowed, with a notch width index of 0.21 and a reverse-trapezoid configuration (Figure 2) (16, 17). No significant meniscal, chondral, or synovial abnormalities were identified.
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FIGURE 2
MRI demonstration of mucoid degeneration affecting both cruciate ligaments. (A–C) Coronal proton-density and T2-weighted images showing a markedly narrowed intercondylar notch (notch width ratio of 0.21) with close abutment between the affected ligaments. (D–F) Sagittal views depict the anteroposterior extent of the pathology. In both imaging planes, annotation arrows highlight the characteristic “celery stalk” sign—fusiform hypertrophy and diffuse high signal intensity within both ACL and PCL.


Arthroscopy was performed via standard anterolateral and anteromedial portals using a 30° arthroscope. The menisci and cartilage surfaces showed only mild degenerative changes. Both cruciate ligaments were markedly hypertrophied and filled with dense, yellowish fibrous material, consistent with mucoid degeneration (Figure 3). The hypertrophic ligaments occupied much of the intercondylar notch, causing mechanical impingement during passive motion. On probing, both ligaments retained normal tension and continuity. Partial excision of degenerated intraligamentous tissue was performed for both ligaments, preserving approximately 50% of the native substance. Notchplasty was also performed to widen the intercondylar space and reduce the risk of recurrent impingement (Figure 3).
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FIGURE 3
Arthroscopic findings. (A) Preoperative view showing a narrow intercondylar notch with hypertrophic, fraying, and degenerative ACL and PCL causing impingement. (B) Postoperative view after notchplasty and partial excision of mucoid tissue, revealing residual yellowish mucoid material on both ACL and PCL while demonstrating adequate notch clearance and resolution of impingement.


Postoperatively, the patient was allowed full weight-bearing and range-of-motion exercises as tolerated from the first postoperative day. Histologic analysis of excised ligament tissue revealed faint purple mucoid material between preserved collagen fibers, consistent with intraligamentous mucoid or myxoid degeneration. Hematoxylin and eosin and Alcian blue staining demonstrated Alcian blue–positive mucinous matrix within the ligament stroma, without inflammatory infiltration or cystic architecture.

At the 6-month follow-up, the patient had complete resolution of pain and full restoration of range of motion (0°–130°). These improvements were maintained, with no recurrence of symptoms or signs of instability.



Discussion

Mucoid degeneration is an uncommon, non-traumatic condition affecting the cruciate ligaments, characterized by intraligamentous accumulation of mucinous material resulting in fusiform thickening while maintaining structural continuity (3–8, 13). Although increasingly recognized in the anterior cruciate ligament (ACL), involvement of the posterior cruciate ligament (PCL) is far less common, and simultaneous degeneration of both cruciate ligaments is exceedingly rare (10–12). To date, only one previously published English-language report by Cho et al. has documented concurrent mucoid degeneration of both ACL and PCL, involving a patient with pain and stiffness but no instability who underwent successful partial arthroscopic excision (12). Our case differs in several respects: longer symptom duration (eight years), two prior non-diagnostic arthroscopies, and the need for notchplasty due to severe impingement confirmed on imaging and intraoperatively. In addition, Shoji et al. described a rare instance of isolated PCL mucoid degeneration, reinforcing the rarity of PCL involvement, let alone bicruciate cases (11).

Mucoid degeneration typically presents in middle-aged individuals with progressive motion restriction rather than instability, and is likely underdiagnosed. While the prevalence of symptomatic cases is unknown, MRI-based studies estimate ACL mucoid degeneration incidence at 1.8%–5.3% (14, 15), whereas clinically significant PCL or simultaneous cruciate pathology is exceedingly uncommon, appearing only in isolated case reports. Proposed mechanisms include repetitive microtrauma, degenerative changes, and synovial fluid infiltration, though the exact pathogenesis remains unclear (3–8, 13).

n patients with chronic knee stiffness and no identifiable intra-articular lesions, mucoid degeneration should be considered—especially when symptoms include posterior discomfort, terminal extension pain, or restricted flexion without instability. A narrow intercondylar notch with impingement between hypertrophied cruciate ligaments may underlie the limitation. Failure to suspect this condition can delay diagnosis, as in our case, where two prior arthroscopies focused on meniscal and synovial pathology, overlooking intraligamentous disease.

MRI plays a central role in diagnosis. Mucoid degeneration typically demonstrates thickened and ill-defined ligament fibers with increased intraligamentous signal, often showing the “celery stalk” sign—diffuse T2 hyperintensity with preserved fibers (8, 13). This appearance helps distinguish mucoid degeneration from cystic lesions such as intraligamentous ganglia. In our patient, both ACL and PCL exhibited classic imaging features. However, not all imaging-positive cases are symptomatic; correlation of MRI findings with clinical presentation—including range-of-motion restriction, mechanical impingement, and refractory symptoms—is essential.

Our patient's MRI showed a notch width index of 0.21, indicating substantial narrowing. A narrow notch is recognized as a risk factor for ACL injury and is often cited when deciding on notchplasty in prevention or reconstruction (16, 18). In this case, mucoid degeneration was present in both ACL and PCL. We postulate that PCL hypertrophy from degenerative changes, in combination with mucoid degeneration and a narrow notch, caused impingement between the cruciate ligaments and secondary ACL changes. This remains speculative without biomechanical or clinical evidence directly linking notch morphology to mucoid degeneration. Further research should determine whether notch shape contributes causally or only exacerbates symptoms via impingement. We performed notchplasty with partial excision to maximize three-dimensional notch volume and eliminate ACL–PCL impingement, which produced immediate symptom relief.

Arthroscopy confirmed the diagnosis. Both ligaments were hypertrophied and yellowish, filled with dense fibrous material but maintaining normal tension without rupture or cyst formation. Partial excision was performed to relieve impingement while preserving ∼50% of each ligament's volume to maintain stability. Previous arthroscopic series recommend preserving at least half of the ligament to avoid postoperative instability (6), though the key intraoperative goal is reducing tension and volume enough to abolish impingement and restore motion. Therefore, dynamic arthroscopic assessment throughout the knee's range is critical (6, 7, 9).

A limitation of this report is the short six-month follow-up, precluding assessment of long-term integrity, recurrence, or progression. Nonetheless, the immediate and sustained pain relief and motion restoration parallel outcomes in isolated ACL mucoid degeneration. __Recent evidence supports this: a systematic review by Sweed et al. of 313 knees found substantial postoperative pain relief and functional improvement after arthroscopic debridement, with symptomatic instability in only ∼6% of cases (19). Kim et al. further reported a significant association between decreased notch width index and ACL mucoid degeneration, suggesting that notch narrowing may play an anatomic role in disease pathogenesis and could warrant surgical consideration such as notchplasty (20). Although no direct studies exist on bicruciate involvement, these ACL-specific findings provide the best available evidence and support extending similar diagnostic reasoning and potential notchplasty indications to rare simultaneous ACL/PCL cases.

In conclusion, simultaneous mucoid degeneration of both ACL and PCL is an exceedingly rare but clinically significant and often under-recognized cause of chronic knee motion limitation. MRI is central to diagnosis but must be interpreted in context. Arthroscopic partial excision, with or without notchplasty, offers a safe and effective treatment for symptomatic cases.



Key learning points


	1.Bilateral cruciate involvement is exceedingly rare.

	2.MRI “celery stalk” sign combined with a narrowed intercondylar notch strongly suggests the diagnosis.

	3.Arthroscopic partial resection with notchplasty can provide immediate symptom relief while preserving stability.
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Introduction: There are two traditional methods of femoral tunnel drilling during anterior cruciate ligament reconstruction (ACLR), transtibial (TT) or anteromedial portal (AM). However, both these approaches have specific disadvantages. Recently, a new technique combining the advantages of both approaches while avoiding their drawbacks has been developed, hybrid transtibial (HTT). The aim of the present study was to compare the radiology of the HTT and AM techniques in patients undergoing ACLR.



Methods: We retrospectively analysed the three-dimensional computed tomography data of 31 patients who underwent ACLR (HTT and AM) at our institution between 29 October 2019 and 6 February 2023. The distance between the actual bone tunnel position and the standard anatomical location was measured in both the anterior–posterior and superior–inferior directions and expressed as a percentage. The spatial graft bending angle between the tibial and femoral tunnels was evaluated using Mimics software.



Results: Thirty-one patients were included in the study: 12 and 19 in the AM and HTT groups, respectively. Compared with the AM group (9.71 ± 3.96, 9.37 ± 3.41), the HTT group had significantly smaller percentage distances t% (4.54 ± 2.76) in the anterior and posterior directions, and percentage h% (6.84 ± 2.66) in the upward and downward directions (P = 0.0002, P = 0.0281). The bending angles of the grafts in the AM and HTT groups were 103.79 ± 8.49 and 115.22 ± 9.72, respectively (P = 0.002), and the AM composition angle was more pronounced.



Conclusions: The HTT technique exhibits superior repeatability in femoral tunnel drilling compared to the AM technique, facilitating more consistent achievement of the optimal graft bone tunnel position. Moreover, the graft bending angle observed with the AM technique is more pronounced than with HTT, which likely increases the forces exerted on the graft at the shallow edge of the tunnel aperture.



KEYWORDS
hybrid transtibial, anteromedial portal, anterior cruciate ligament, bone tunnel, anatomy





1 Introduction

ACL rupture is one of the most common sports injuries worldwide. The ACL is an important and stable structure of the knee joint that mainly limits the anterior translation and internal rotation of the tibia. Hence, patients with ACL injuries can experience instability in the anterior translation and rotation of the tibia (1).

ACLR surgery is commonly performed to treat ACL ruptures. For ACLR surgery, there are two traditional methods of femoral tunnel drilling: (1) establishing a femoral tunnel through the TT; or (2) placing a femoral tunnel through the AM approach (2). With regards to the two drilling methods, some scholars believe that AM technique can achieve more anatomical ACLR, which can improve the rotational stability and kinematics of the knee joint to obtain better clinical results (3–7). However, while obtaining anatomical femoral sites, this method faces technical challenges, and the resulting bone tunnels are not ideal, sometimes leading to excessively short tunnels or posterior wall blowouts, which can compromise tunnel integrity and negatively affect surgical outcomes (8, 9). This is in part due to the fact that the knee joint must undergo excessive flexion with this technique, making it difficult to obtain a familiar and consistent view of the lateral wall of the incision during surgery (10). The TT technique is surgically straightforward; however, it often results in suboptimal anatomical positioning of the femoral-side graft, which can compromise knee kinematics and lead to graft failure or reduced stability (7). Recently, a new technique, HTT, has been developed that combines the advantages of both the TT and AM approaches to create anatomical femoral tunnel sites without the need for excessive knee flexion, while maintaining optimal tunnel length, integrity, and angulation (11).

An important goal of ACLR is to approximate the reconstructed anatomical structure, and the location of the bone tunnels is crucial for achieving approximate anatomical reconstruction and postoperative efficacy (12–15). Although there are many reasons for ACLR failure, bone tunnel-related complications are among the most common (16). Literature indicates that improper positioning of the tunnel can increase the mechanical stress between the graft and tunnel (17). An incorrect bone tunnel position is associated with poor patient-reported results, knee joint loosening, transplant failure, and revision (18–20). Although the HTT technique can create anatomically compliant femoral tunnel sites compared with the AM technique, previous studies have primarily focused on positional accuracy without addressing the reproducibility of tunnel placement. In this study, we found that the HTT technique demonstrates better repeatability than the AM technique, as indicated by smaller deviations from the standard anatomical position, which may lead to more consistent surgical outcomes.

Moreover, prior studies typically assessed graft angulation in only the coronal and sagittal planes, which provides a limited two-dimensional perspective. In contrast, we developed a novel, convenient, and intuitive three-dimensional (3D) measurement method using Mimics software to directly evaluate the spatial bending angle of the graft, offering a more accurate and realistic reflection of graft orientation and biomechanics.

Hence, the aim of this study was to determine whether there is a difference in repeatability between the AM and HTT techniques, to provide orthopaedic surgeons with more reliable guidance when selecting femoral tunnel drilling methods during ACL reconstruction.



2 Materials & methods


2.1 Patients

The study was approved by an appropriate institution and all methods were performed in accordance with the relevant guidelines and regulations. We retrospectively analysed the 3D-computed tomography (CT) data of 31 patients who underwent ACLR surgery using the AM (n = 12) and HTT techniques (n = 19) from 29 October 2019 to 6 February 2023. All patients included in the study underwent 3D-CT examination on the first day after surgery, with all imaging performed with the knee positioned at 0°. Inclusion criteria included (1) a complete transphyseal reconstruction using any graft source; (2) use of a HTT, or AM femoral drilling technique; and (3) a clearly visible physis or physeal scar. Exclusion criteria included (1) revision ACL reconstruction, (2) multiligament knee reconstruction, (3) any other femoral drilling techniques except those mentioned in the inclusion criteria. All patients were operated on by two orthopaedic doctors at the same institution, each using the AM and HTT techniques. At the time of surgery, the tibial tunnel is created with a starting point 30 mm distal to the tibia.

The starting point is located 30 mm distal and 15 mm medial to the joint line. The tibial tunnel is created 15 mm medial to the inner edge of the tibial tuberosity. A stiff guide wire is drilled from this starting point into the center through the anterior cruciate ligament of the tibia, then use a cannulated straight stiff reamer. The femoral tunnel is then created using one of the following techniques:


	1.HTT technique: The method of preparing the tibial tunnel at the beginning is similar to Jennings et al. (21). Unlike the primary HTT, in this study, a 2.0 mm K-wire was placed inside the tibia tunnel to reach the nearly isometric femoral point, in order to ensure graft tension stability during knee motion. Because the 2.0 mm Kirschner wire was thin and flexible, it allowed for a greater adjustment space. Usually, the 2.0 mm Kirschner wire allows for the tip to reach the edge of the femoral site, but can not reach the center. Thus, a vascular forceps was placed through the AM portal. Then, the K-wire was clamped, pushed into the femoral site, and tightened by a hammer. Although we did not have the Pathfinder ACL Guide or flexible Guide Pin, we can still achieve HTT technique through this method. After confirmation of correct placement, the femoral tunnel was reamed with a 7.5 mm drill from the outside to the inside of the joint and the LARS device was fixed at last. To standardize surgical conditions and precisely define key concepts (11): (1) “Nearly isometric femoral point” in the HTT technique was operationally defined as the position where graft tension variation remained ≤2 mm during passive knee motion (0°–120° flexion), identified by intraoperative tension testing with a calibrated force probe. This point ensures biomechanical stability while approximating the native ACL's functional behavior. (2) Knee flexion angles were strictly controlled: HTT group: 90° flexion during K-wire placement. AM group: 120° flexion during drilling.(3) Verification protocol: Fluoroscopic imaging (±5° tolerance) and tension measurements were documented for all cases.

	2.Am technique: Similar to HTT technique, AM technique is also positioned at the isometric femoral point. However, in contrast to HTT, the drilling of the femoral tunnel is accomplished via the AM portal.



To standardize intraoperative variables across both techniques, all procedures adhered to strict protocols: (1) Flexion angles were controlled using a calibrated goniometer—90° for femoral drilling in the HTT group and 120° in the AM group, with graft fixation at 20° for both; (2) Positioning consistency was ensured via a knee holder (Smith & Nephew catalog #KN-2023) and maintained arthroscopic fluid pressure at 50 mmHg; (3) Verification of angles and tunnel placement was performed intraoperatively with C-arm fluoroscopy, confirming adherence within ±5° tolerance; and (4) Surgeon expertise was standardized, as all operations were conducted by two senior orthopedic surgeons, each with >4 years of specialized ACL reconstruction experience, following identical institutional protocols. This comprehensive approach minimized technical variability and ensured fair technique comparison.



2.2 Measurements

Using Mimics research software (version 19.0; Materialise, Inc., Leuven, Belgium) for 3D reconstruction of CT data (precise observation of bone tunnels in 3D views (22), the femur was divided into two parts along the highest point of the intercondylar ridge, and the lateral part was measured. Based on previous research, we defined the standard site as approximately 40% of the proximal-to-distal distance of the lateral notch, centered between the lateral intercondylar ridge and the posterior articular margin (23). According to the Bernard Quadrant method, the femur was scribed and the height(h) between the midpoint of the actual bone tunnel and the standard site in the anterior and posterior directions, as well as the depth(t) in the upper and lower directions (24) (Figure 1) were measured. These measurements were then converted into percentages using the following formulas: h% = h/H and t% = t/T, where H represents the total height (superior-inferior length) of the lateral notch and T represents the total depth (anterior-posterior length) of the lateral notch. However, because the tibial bone tunnel was located based on the residual ACL, we did not measure or analyse the tibial side. The measurement of the curvature of the ACL graft is shown in Figure 2. In brief, CT data were initially reconstructed in 3D using Mimics software. The graft position was defined by the apertures of the tibial tunnel, distal femoral tunnel, and proximal femoral tunnel. Subsequently, the graft bending angle was measured accurately using the software. All surgeries in this study were performed by two orthopedic surgeons, each with over four years of experience in anterior cruciate ligament reconstruction. Both surgeons were highly proficient in both the AM and HTT techniques and adhered to standardized surgical protocols at the same institution. All measurements were conducted by two experienced clinicians were blinded to the drilling method, with reference to (25) for standard loci, and the average of the measurement values was used for statistical analysis. Two observers each performed measurements three times, and the average value was taken as the final result to minimize inter-observer variability. Inter- and intra-observer reliability was assessed using intraclass correlation coefficients(ICCs). Two blinded clinicians performed measurements twice at 2-week intervals. ICCs(model 2,1) were 0.91(95% CI: 0.85–0.95) for t% distance and 0.89(95% CI: 0.82–0.93) for graft bending angles, indicating excellent agreement.


[image: 3D-rendered medical illustrations of a cross-section of a bone, shown in purple, with internal structures visible and labeled measurement axes marked as h, t, and n on both images. Transparent planes indicate measurement orientations.]
FIGURE 1
Schematic diagram representing distance between midpoint of the actual bone tunnel and standard site (left: AM; right: HTT). The blue dot represents the midpoint of the actual bone tunnel; the red dot represents the standard bone tunnel site of anteromedial portal; black dots are the standard bone tunnel sites for hybrid transtibial. The morphometric reference framework defined H (superior-inferior height) and T (anterior-posterior depth) as vertical and horizontal anatomical boundaries of the lateral femoral notch. Deviation was quantified by h (distance along H-axis) and t (distance along T-axis) between the actual tunnel midpoint and standard site. Percentage normalization (h%, t%) enabled size-invariant comparisons across patients.



[image: Four-panel illustration showing 3D digital models of anatomical bone structures in red and purple. Each panel displays the bones from different angles, with one panel including a measured angle labeled one hundred sixteen point zero nine degrees.]
FIGURE 2
Schematic diagram measuring the curvature of the ACLR graft in a 3D view. The green dot represents the position where the angle is measured. ACLR, anterior cruciate ligament reconstruction; 3D, three-dimensional.




2.3 Statistical analysis

All eligible patients at our institution were included in the study; therefore, there was no prior calculation of the sample size. Nevertheless, we compared our results with those of relevant studies to evaluate the effect size of the study (26). The K-S test was used to test the normality of the data, independent sample t-tests were used for age, h, t, and angle, and the Fisher's exact probability test was used for classification of the data side and sex. P-value less than 0.05 indicates statistical significance. A post hoc power analysis was performed for the primary outcome (anterior-posterior tunnel distance, t%) using G*Power 3.1. Based on an assumed effect size of Cohen's d = 1.52 (α = 0.05, power = 0.99), the estimated sample size required was 16 patients per group (total N = 32) for an independent t-test. Although the AM group included 12 patients (slightly below the target), the actual effect size (d ≈ 1.58) yielded a statistical power >99%, confirming result robustness. Surgical side was analyzed as a binary covariate (0: left knee, 1: right knee) to quantify laterality effects. Multivariate linear regression models were constructed to control for covariates (age, sex, surgical side). Surgical side was encoded as a binary variable (0: left knee, 1: right knee) per orthopedics research standards.




3 Results

Thirty-one patients who underwent ACLR surgery using the AM and HTT techniques at [Masked for review] 29 October 2019 to 6 February 2023 were included in the present study. The patients were divided into two groups: AM (n = 12) and HTT (n = 19). The average age ± standard deviation (SD) of the AM and HTT groups were 31.58 ± 6.58 and 30.05 ± 8.57, respectively. The number of surgical sides (left/right) was 2/10 and 9/10, respectively, for the AM and HTT groups. The sex distribution (male/female) was 11/1 and 16/3, respectively, for the AM and HTT groups. There were no statistically significant differences in age, surgical side, and sex between the two groups (P = 0.602, 0.128, and 1.000, respectively). The two groups were analysed using independent sample t-tests for age and Fisher's exact probability test for surgical side and sex (Table 1).



TABLE 1 Patient demographic and characteristics.



	Characteristics
	AM (n = 12)
	HTT (n = 19)
	P Value





	Age, mean ± SD, y
	31.58 ± 6.58
	30.05 ± 8.57
	0.602



	Side, left/right, n
	2/10
	9/10
	0.128



	Sex, male/female, n
	11/1
	16/3
	1.000




	AM, anteromedial; HTT, hybrid transtibial; SD, standard deviation; T-test using independent samples for age; Fisher's exact probability test was used for gender and surgical side (left/right).







The means ± SD of percentage distance t% in the anterior and posterior directions of the AM and HTT groups were 9.71 ± 3.96 and 4.54 ± 2.76, respectively, and the means ± SD of percentage distance h% in the upper and lower directions were 9.37 ± 3.41 and 6.84 ± 2.66, respectively. The mean gradient angles ± SD were 103.79 ± 8.49 and 115.22 ± 9.72, respectively, in the AM and HTT groups. There were statistically significant differences between the two groups in terms of distance t, distance h, and grade bonding angles (P = 0.0002, 0.0281, and 0.002, respectively) (Table 2). In the multivariate linear regression analysis adjusted for age, sex, and surgical side (right vs. left), surgical technique (HTT vs. AM) emerged as the sole significant predictor for both t% distance and graft bending angle. Specifically, HTT was associated with a 5.17% reduction in t% distance [β = −5.17, 95% CI (−7.24, −3.10), P < 0.001] and an 11.43° increase in graft bending angle [β = 11.43, 95% CI (4.82, 18.04), P = 0.001] compared to AM. None of the covariates—age (β = 0.04, P = 0.78), sex (β = 0.12, P = 0.65), or surgical side (β = 0.08, P = 0.41)—showed statistically significant associations with either outcome. Notably, the absence of a significant effect for surgical laterality (P > 0.05) provides evidence supporting anatomical symmetry in the outcomes of anterior cruciate ligament (ACL) reconstruction. Regression analysis adjusting for demographic and anatomic covariates confirmed technique-dependent differences (Table 3).



TABLE 2 Tunnel and aperture characteristics.



	Characteristics
	AM (n = 12)
	HTT (n = 19)
	P Value





	t%, mean ± SD
	9.71 ± 3.96
	4.54 ± 2.76
	0.0002



	h%, mean ± SD
	9.37 ± 3.41
	6.84 ± 2.66
	0.0281



	Mean graft bending angle ± SD, deg
	103.79 ± 8.49
	115.22 ± 9.72
	0.002




	AM, anteromedial; HTT, hybrid transtibial; SD, standard deviation; t = distance in the anterior and posterior directions; h = distance in the upward and downward directions; T, H (Figure 1); t% = t/T; h% = h/H. Using t-tests with independent samples, bold indicates statistical significance (P < 0.05).









TABLE 3 Multivariate linear regression analysis of factors influencing tunnel positioning and graft angulation.



	Variable
	t% distance β (95% CI)
	Graft bending angle P value





	Technique (HTT vs. AM)
	−5.17 (−7.24, −3.10)
	<0.001



	Age
	0.04 (−0.25, 0.33)
	0.78



	Sex (male vs. female)
	0.12 (−0.41, 0.65)
	0.65



	Side (right vs. left)
	0.08 (−0.15, 0.31)
	0.41




	AM, anteromedial; HTT, hybrid transtibial; β, standardized regression coefficient; CI, confidence interval. Bolded P values indicate statistical significance (P < 0.05).









4 Discussion

The main finding of this study was that the bone tunnel drilled using HTT technique was closer to the standard site (whether in the anterior and posterior or upward and downward directions) than that drilled using AM technique. This is crucial information for orthopaedic doctors that can inform their choice of drilling method, as it allows them to drill bone tunnels that are more in line with standard sites. The femoral tunnel is crucial for surgical efficacy. In terms of better function, doctors have attempted to reproduce the anatomy as closely as possible by drilling the femoral tunnel in the center of the native ACL insertion (27, 28). However, in recent years, IEDAL or near Isometric reconstruction have become more highly regarded by surgeons (29). The theory refers to tunnel placement such that the distance between the tibial and femoral tunnel apertures remains constant as the knee moves from extension to flexion. Prospective clinical studies have shown that differences in tunnel location can significantly affect the graft healing and the clinical outcome scores (30). In the present study, the difference between the two groups in the anterior and posterior directions was more significant than the difference in the upper and lower directions, which may be because orthopaedic surgeons use the intercondylar spine as a reference in the upper and lower directions when using arthroscopy for ACLR surgery, which allows better evaluation of the position of the drilling hole. Therefore, orthopaedic surgeons may need to pay more attention to the position of the tunnel in the anterior and posterior directions during surgery.

Another finding of this study is that 3D software can be used to measure the bending angle of the graft easily and quickly. Herein, we found that the spatial angulation of the grafts in the AM group was significantly greater than that of the HTT group (P < 0.05). This is consistent with previous research showing that increasing the bending angle of the graft can also increase the force on the edge of the tunnel opening, which may be detrimental to the prognosis of the graft (31).

The advantage of this study is that it measures the 3D angle of the graft rather than the two-dimensional angle, which makes the measurements more accurate, and moreover, the measurement method is simple and easy to perform (11). Moreover, the position of the bone tunnel also affects the graft bending angle. During ACLR, as the knee flexion angle increases, the femoral tunnel aperture moves anteriorly and distally, resulting in a smaller graft bending angle (32). A study using computer simulations reached a similar conclusion, indicating that placing the femoral aperture more proximally can reduce the graft bending angle without altering the anatomical position of the femoral and tibial tunnels (33). Therefore, during surgery, attention should be paid to maintaining an appropriate knee flexion angle and to the positioning of the femoral tunnel aperture.

Previous studies have demonstrated that the HTT technique can achieve anatomically compliant femoral tunnel positioning compared to the AM technique (11, 34). However, these studies primarily focused on positional accuracy without addressing the reproducibility of tunnel placement.In contrast, our study highlights two key innovations. First, we quantitatively evaluated the repeatability of femoral tunnel positioning, revealing that the HTT technique offers superior consistency compared to the AM technique. This suggests that HTT may provide more predictable and reliable surgical outcomes. Second, we developed a novel, convenient, and intuitive three-dimensional (3D) measurement method using Mimics software to directly assess graft curvature. Unlike prior assessments limited to coronal and sagittal planes, our 3D approach offers a more comprehensive and realistic evaluation of graft angulation and biomechanics, which may have implications for graft maturation and clinical results. By emphasizing these aspects, our work advances the current understanding of ACL reconstruction techniques and provides valuable reference data for clinical decision-making.

TT technique is widely used in ACLR (8). It has advantages, such as low technical requirements, good cosmetic properties, shorter surgical time, less surgical pain and complications, and low risk of bone tunnel bursts (35–40). However, TT technique also has many shortcomings, such as poor anatomical quality of femoral side grafts, mismatched length of graft tunnels, enlarged bone tunnels, inability to locate femoral tunnels separately, rotational instability caused by vertical grafts, impact with the posterior cruciate ligament, possible invasion of the posterior cortex, graft displacement, and increased graft stress (36, 37, 40–44). The AM and TT technologies both have advantages and disadvantages. AM technique can obtain more anatomical transplant sites, and the tunnels on the tibial and femoral sides can be placed independently, with screws placed in parallel, allowing for flexible single- or double-bundle reconstruction, preserving ACL stumps, and providing faster return to activity compared to TT, with better stability in both anteroposterior and rotational aspects (37, 39, 41, 44). However, the AM technique has several drawbacks. A limited field of vision and excessive flexion may cause tunnel enlargement (4, 30, 42, 45). Compared to TT technique, the anteromedial (AM) technique requires a higher level of surgical skill from the operator. Reduced visualization during the anteromedial (AM) technique implies that tunnel positioning relies more heavily on the surgeon's experience, which may contribute to its lower reproducibility (46).

Given the many advantages and disadvantages of the TT and AM technologies, a new technique, HTT, has been developed that combines the advantages of these technologies while avoiding their drawbacks. Finite element analysis showed that HTT technique is a true hybrid of AM and TT techniques, which avoids excessive knee flexion and maintains the direction and length of the femoral canal, similar to TT technique, but also achieves anatomical localisation of AM grafts (11, 21, 25). It is generally accepted that HTT is an ideal choice for adolescent ACLR. Compared with AM, HTT causes less damage to the epiphysis and is more conducive to growth and development (26).

This study had some limitations. This was purely an imaging study, and further research is required to determine whether there is a difference in the reproducibility of HTT and AM drilling for clinical efficacy. In addition, the isometric point positioning method was employed during the surgical procedure to ensure stable graft tension throughout knee joint motion; however, this approach may influence the positioning of the bone tunnels. Future studies should take this factor into consideration. This imaging-focused study lacks clinical outcome correlation (e.g., Lysholm scores), limiting direct applicability. Future work should integrate long-term follow-up to link tunnel reproducibility with functional recovery. Additionally, the isometric point targeting may influence anatomical positioning; prospective designs should address this.

Although the post hoc power analysis confirmed that the primary results had sufficient statistical power (>99%), the relatively small sample size of the AM group (n = 12) suggests that caution should be exercised when extrapolating these findings. Future large-scale prospective studies are necessary to further validate the conclusions of this research. In addition, the null effects of surgical laterality (P > 0.05) support anatomic symmetry in ACL reconstruction outcomes.



5 Conclusion

The findings of this imaging study indicate that HTT technique outperforms AM technique in terms of drilling repeatability. It is more beneficial for beginners and artificial ligament reconstruction. Moreover, the angularity of the AM technique graft space was greater than that of the HTT technique space.
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Research

Publication

Year | Age | Sex

Approach

Surgical method

Robinson (12) | The Journal of Bone and Joint Surgery American Volume | 1981 | 13 | M | Medial parapatellar, lateral Pull-out sutures
femoral
Eady (13) ‘The Journal of Bone and Joint Surgery American Volume | 1982 | 7 |F | Medial parapatellar, lateral Pull-out sutures
femoral
Wasilewski (14) | The American Journal of Sports Medicine 1992 | 12 [M | Medial parapatellar, lateral Pull-out sutures
femoral
Corso (15) the Journal of ic & Related Surgery | 1996 | 3 | M Debridement, extension casting
Tohyama (16) | The American Journal of Sports Medicine 2002 | 11 |M | Medial parapatellar, lateral Pull-out sutures
femoral
Kawate (17) The Journal of Bone and Joint Surgery American Volume | 2004 | 3 | M | Arthroscopy, medial parapatellar | Pull-out wiring
Lakshmanan (15) | Knee Surgery, Sports Traumatology, Arthroscopy 2006 | 11 |F | Arthroscopy, lateral femoral Pull-out sutures
Rhee (19) Injury Extra 2006 | 11 |F | Physical therapy /
Edwards (20) | Knee Surgery, Sports Traumatology, Arthroscopy 2007 | 11 |M | Arthroscopy, medial parapatellar | Pull-out sutures
Bengtson (21) | Journal of Athletic Training 2011 | 10 |M | Arthroscopy, medial parapatellar | Pull-out sutures
Wardle (22) Annals of the Royal College of Surgeons of England 202 | 11 [F Pull-out sutures
Pai (23) Case Reports in Medicine 2012 | 11 |M | Arthroscopy, medial parapatellar | Pull-out sutures
Langenhan (24) | Strategies in Trauma and Limb 2013 | 14 [F K-wire fixation
Samuelsson (25) | BMJ Case Reporls 2018 | 11 |M | Physical therapy /
Hasegawa (26) | JBJS Case Connector 201 [ 14 M Modified Kessler sutures
Caer (27) JBJS Case Connector 202 | 10 [M lateral femoral Pull-out sutures
Zheng (25) Medicine 202 | 11 |F | Arthroscopy ‘Two no. 2Ethibond sutures

L male: F. female.
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Research

Publication

Year

Age | Sex

Cause

Knee joint

Treatment
methods

Outcome

combined injury

Nagaraj (6) | The Southeast Asian 2015 |20 | M | Motorcycle LM tear Arthroscopy with BPTB | 3-month, negative Lachman
Journal of Case Report accident ACL reconstruction test, 0-135° ROM.
and Review
Prasathaporn | Arthroscopy Techniques | 2015 |25 | M | Slipped 1 Arthroscopy, Fixed with a | 6-month, negative
) suture anchor Lachman, anterior drawer,
and pivot-shift tests.
Shah (3) Radiology Case Reports | 2015 |47 |F | Hitbyacar | Open right tibial plateau | Arthroscopy, fixed witha | /
and proximal fibula 4-mm cancellous screw
fractures and washer
Zabiere (9) Knee Surgery, Sports | 2016 |50 | M | Spinning 1 Arthroscopy, fixed with 14-month, negative
Traumatology, sprain two 2.4 mm cannulated Lachman test, stable and
Arthroscopy screws. painless knee with full
motion.
Tharakulphan | BMJ Case Reports 2018 |32 |M | Noncontact |/ Arthroscopy, Pull-out 5-month, negative Lachman
(10) pivoting injury sutures test, returned to pre-injury
activities.
Brandsma (11) | Journal of Surgical Case | 2020 |60 | F | Falling MCL tear, LM tear, and | Arthroscopic cleaning 4-week, 0-110° ROM,
Reports a small tibial plateau instability complaints
fracture persisted.

f salee B, Serale: B aterd sweiiecue: BETR: benepstellas sndoa-hens gt ACL. oo srichie Tizmnent: BOM. taoae o motion: MICL. madbl collstres] Hamnrat
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Study or Mean Mean
Subgroup Mean  SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
group = A
MRC-1 -0.56 20100 54  7.6% -0.560[-1.006, -0.024] ——st——
CDP -0.61 1.8300 54 9.2% -0.610[-1.088, -0.122] ———%———
PARIS-1 020 1.3000 53 17.8% -0.200 [-0.550, 0.150] ——
PARIS-2 0.73 1.4200 48 13.5% 0.730[0.328, 1.132]
) 2% -0.073 [-0.286, 0.140] >
Hateragenaity: Tau” - 0.338; Chi° = 2368, di= 3 [P <0.01); F = 87%
Testior overall effact: Z NA P -NA)
group = B
MRC-2 0.80 1.2400 45 16.7% 0300[0433 1.162]
GASP 0.70 1.4800 45 11.7% 0.700[0O. 1.132]
MRC-2 -0.60 1.7000 54 10.6% -0.600[-1. 053 0147 ———
CAD-1 -0.31 1.5600 55 12.9% -0.310[-0.722, 0.102] —
cn 190 51.8% 0.215]0.010, 0.420] -
Hatarogenaity: Tau? - 0.451; Chi® = 33.49,di= 3 {P <0.01); F=91%
Taztfor overall effact: Z - NA (P = NA)
408 100.0% 0.076 [-0.072, 0.224] -

(85% C1)
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lean Mean
Study P-value Tau2 Tau 2 IV,Fixed, 95% Cl IV, Fixed, 95% CI

Omitting MRC-1 . 0.355 0.5955 89% 0.128[-0.025, 0.2 —

Omitting CDP . 0.343 0.5857 89% 0.145[-0.010, 0.300] —

Omitting MRC-2 . 0.293 0.5415 86% -0.069 [-0.231, 0.093] —_—
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