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Abstract


Background/Objectives: All-inside ACL reconstruction has emerged as a minimally invasive alternative to conventional techniques, with potential advantages in graft configuration and reduced surgical trauma. This study aimed to compare the clinical outcomes of all-inside and full tibial tunnel ACL reconstruction, focusing on graft diameter, postoperative stability, and functional recovery. We hypothesized that the all-inside technique would allow for thicker grafts and yield superior postoperative knee stability and functional outcomes, with postoperative anterior laxity as a major outcome of interest. Methods: This retrospective comparative study reviewed patients who underwent ACL reconstruction between January 2020 and February 2024. From January 2020 to September 2022, a four-strand hamstring autograft with full tibial tunnel technique (FT-4) was used, while from September 2022, a six-strand hamstring autograft with the all-inside technique (AI-6) was adopted to enable thicker grafts and optimize fixation. Among a total of 103 patients, 1:1 propensity score matching (PSM) was performed based on age, sex, BMI, laterality, ALL reconstruction, meniscal lesion, and preoperative anterior laxity (SSD). Graft diameter and clinical outcomes, including knee stability and functional scores, were compared between the matched groups. Results: After PSM, two comparable groups of 29 patients each were established. Graft diameter was significantly larger in the AI-6 group (9.5 ± 0.7 mm) compared to the FT-4 group (7.8 ± 0.8 mm, p < 0.001), while other baseline characteristics remained well balanced between the groups. At the final follow-up, both groups exhibited significant improvements in anterior laxity, functional scores, and pivot shift grades (all p < 0.001). The AI-6 group demonstrated superior outcomes with a significantly higher Lysholm score (82.2 ± 6.7 vs. 75.6 ± 8.9, p = 0.002), lower WOMAC score (8.0 ± 4.3 vs. 12.9 ± 10.5, p = 0.023), and reduced anterior laxity (1.6 ± 1.1 mm vs. 2.5 ± 1.4 mm, p = 0.005) compared to the FT-4 group, whereas no significant differences were observed in the IKDC, Tegner, Korean knee score, or pivot shift test results. A simple linear regression revealed a significant negative correlation between graft diameter and postoperative anterior laxity (B = −0.398, p = 0.048). Conclusions: The present study demonstrated that the use of a six-strand hamstring graft configuration in the AI-6 technique resulted in significantly thicker grafts and was associated with reduced postoperative anterior knee laxity compared to the FT-4 technique. While interpretation of these findings requires caution in light of MCID thresholds, the AI-6 group showed favorable outcomes in anterior laxity and selected functional scores, such as the Lysholm and WOMAC. This technique may offer practical clinical value, particularly in populations prone to smaller graft diameters, as it facilitates adequate graft thickness through multifold preparation, with the all-inside approach accommodating the inherent graft shortening.
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1. Introduction


The conventional approaches for anatomical anterior cruciate ligament (ACL) reconstruction, including the modified transtibial, anteromedial portal, and outside-in techniques, have been widely accepted. Meanwhile, all-inside ACL reconstruction has emerged as an alternative technique characterized by tibial socket preparation and the potential for combination with various femoral tunnel methods, with the aim of improving clinical outcomes. Originally facilitated by the development of retrograde drilling systems in the early 2000s, the technique was later refined and popularized by Lubowitz, who emphasized its minimally invasive nature and the advantages of controlled intra-articular fixation [1,2,3,4]. The key differences between these approaches lie in the tibial tunnel drilling technique, graft preparation, and fixation strategies. These technical differences have sparked discussions regarding their potential impact on biomechanical and functional outcomes [5,6,7,8].



Traditional anatomical ACL reconstruction employs a full-length tibial tunnel, where a consistent diameter tunnel is drilled from the tibial cortex to the intra-articular exit. In contrast, all-inside ACL reconstruction utilizes a socket-based tunnel design, where only a short socket is created at the tibial insertion sites, precisely matching the diameter and length of the graft [9].



This technique features a distinct tibial-side fixation method compared to the standard approach. In traditional ACL reconstruction with the hamstring autograft, the graft that extends outside the tibial tunnel is additionally secured using a screw and washer or a spike. In contrast, the all-inside technique employs an adjustable loop cortical button on both the femoral and tibial sides, allowing for controlled graft tensioning within the sockets and minimizing metal irritation on the tibial side [9].



Another distinction between the two techniques is the preparation of the hamstring autograft. In traditional ACL reconstruction, the hamstring tendons are typically folded twice to create a sufficiently strong graft. However, in cases where the harvested tendons are relatively small or when only the semitendinosus is used, this configuration may result in a smaller graft diameter, which could potentially increase the risk of graft failure in high-demand athletes or individuals with larger physiques [10,11,12,13,14].



In contrast, 5- or six-strand graft configurations form thicker grafts and offer a reliable method to increase the diameter of relatively small hamstring autografts, helping to avoid failures related to undersized grafts [15]. The ability to prepare a thicker graft, which results in a shorter graft length due to increased folding, represents a potential advantage of the all-inside technique over conventional ACL reconstruction, as the shorter graft is well suited for socket-based tunnel preparation [16]. A recent meta-analysis reported that all-inside ACL reconstruction was superior to full tibial tunnel ACL reconstruction in terms of functional outcomes and tibial tunnel expansion, while postoperative anterior translation was comparable between the two techniques [3]. However, in most of the cited studies, a four-strand semitendinosus graft was used for the all-inside group, whereas the full tibial tunnel group utilized doubled gracilis and semitendinosus tendons. This differs from the present study, in which a six-strand hamstring autograft was used in the all-inside group, potentially influencing graft diameter outcomes.



Therefore, this study aims to compare the clinical effectiveness of all-inside ACL reconstruction with traditional anatomical ACL reconstruction, focusing on key outcome measures such as graft thickness, postoperative stability, functional recovery, and patient satisfaction. We hypothesize that ACL reconstruction utilizing the all-inside technique in combination with a six-strand hamstring autograft will yield a greater graft diameter, which in turn will be associated with reduced postoperative knee laxity and improved functional outcomes compared to the conventional anatomical reconstruction technique employing a four-strand configuration.




2. Materials and Methods


2.1. Demographics


This study was approved by our Institutional Review Board and Ethics Committee (File No. HDT 2025-01-009-001). A retrospective review was conducted on consecutive patients who underwent anterior cruciate ligament reconstruction between January 2020 and February 2024. During the initial period from January 2020 to September 2022, ACL reconstruction was performed using a 4-strand hamstring autograft with the standard full tibia technique (FT-4). From September 2022 to February 2024, the surgical technique was modified to a 6-strand hamstring autograft utilizing the all-inside approach (AI-6). This transition was made to accommodate a thicker graft configuration, which may offer greater mechanical strength and the potential for improved long-term graft integrity, while also optimizing fixation and minimizing bone loss.



Patients were included if they were between 18 and 49 years of age and had undergone primary ACL reconstruction using either the FT-4 or AI-6 technique. Only those with complete ACL tears, confirmed through clinical examination and MRI, and with a minimum follow-up of 12 months were eligible for the study. Patients were excluded if they had multi-ligament knee injuries requiring additional reconstruction, underwent revision ACL surgery, or had associated fractures or osteochondral injuries necessitating additional procedures. Other exclusion criteria included the presence of infection, inflammatory arthritis, or an incomplete follow-up. All the included cases were unilateral, and the analysis was therefore performed on a per-patient basis.



All surgeries were performed by a single experienced surgeon (YJS) using the respective technique based on the time period of intervention.



Clinical and functional outcomes were assessed preoperatively and at the last postoperative follow-up. Postoperative follow-up was conducted at 1 month, 3 months, 6 months, and 12 months, and subsequently at annual intervals.



Both groups followed the same standardized rehabilitation protocol. Postoperative rehabilitation included immediate range of motion exercises and partial weight-bearing with crutches as tolerated. Full weight-bearing was generally allowed by 4 weeks after surgery. Closed-chain exercises and proprioceptive training were initiated starting from 4 weeks postoperatively. Return to sports activities was typically permitted at 6 to 9 months, depending on individual progress.



Complications were defined as any postoperative adverse event requiring additional medical or surgical management beyond routine rehabilitation and follow-up care. Based on this definition, one patient in the FT-4 group developed a postoperative flexion contracture that required two arthroscopic adhesiolysis procedures. A residual contracture of 5° was observed at final follow-up. No other postoperative complications occurred in either group, and no perioperative complications were identified.




2.2. Surgical Technique


In both groups, the femoral tunnel was established using either the outside-in approach or the transportal technique, depending on intraoperative considerations. According to the senior surgeon’s operative strategy, the outside-in technique was favored in cases where preservation of the femoral remnant was feasible, as it provided better control over tunnel placement while minimizing disruption of the remaining native ACL fibers. In contrast, when the femoral side was characterized by an empty wall or minimal residual tissue, the transportal technique was employed.



In the outside-in technique, the femoral tunnel was created under visualization through the posteromedial portal. After inserting the arthroscope via the posteromedial portal, partial septal resection was performed to allow detailed visualization of the inner wall of the lateral femoral condyle, facilitating accurate tunnel placement. The femoral tunnel was positioned precisely at the anatomic ACL femoral footprint, targeting the anteromedial (AM) bundle’s direct fiber attachment site. Using a retrograde FlipCutter (Arthrex, Naples, FL, USA), the femoral socket was drilled approximately 7 mm shorter than the total measured length to prevent outer cortex breakage. Alternatively, the femoral tunnel was created using the transportal technique. Under direct visualization through the anteromedial (AM) portal, the femoral tunnel was drilled at the same position described earlier, with the knee hyperflexed to over 120 degrees. The reamer was introduced via the far anteromedial portal to achieve the desired tunnel placement.



In the all-inside ACL reconstruction technique (AI-6 group), the graft was prepared using a triple-folded 6-strand hamstring autograft technique. Both the semitendinosus and gracilis tendons were harvested and whipstitched at both ends. Using a harvested hamstring length of approximately 22–25 cm, the final graft length was adjusted to approximately 7.5 cm (Figure 1(A)).



An adjustable cortical suspensory device was secured at each end of the folded graft to ensure proper fixation [17]. On the tibial side, the tibial socket was created in the AM bundle orientation at the native ACL footprint using a FlipCutter (Arthrex, Naples, FL, USA). To ensure that the combined length of the femoral tunnel, tibial tunnel, and intra-articular segment exceeded the total graft length, the angle of the tibial tunnel guide was adjusted accordingly (Figure 1(B)).



Before graft passage, leading sutures were advanced through the femoral and tibial tunnels and retrieved via the anteromedial portal. The sutures connected to the adjustable cortical suspensory devices at each graft end were then linked to the corresponding leading sutures. The graft was first passed and secured on the femoral side, followed by tibial passage and fixation, ensuring proper tensioning and stabilization.



In the standard full tibia group (FT-4 group), a full-length tibial tunnel was drilled using the conventional technique, starting from the anteromedial cortex. The graft was prepared using a double-folded 4-strand hamstring autograft, utilizing both the semitendinosus and gracilis tendons (Figure 2(A)).



Fixation in the FT-4 group was achieved using an adjustable suspensory device on the femoral side. On the tibial side, an interference screw was used for primary fixation, with additional fixation performed using a screw and spike washer (Figure 2(B)).



For both the AI-6 and FT-4 groups, anterolateral ligament (ALL) reconstruction was performed in patients with a pivot shift grade 2 or higher, particularly those actively participating in sports. ALL reconstruction was performed using a 5 mm allogeneic tibialis tendon. The graft was fixed on the femoral side just posterior and proximal to the lateral femoral epicondyle using either a SwiveLock® anchor (Arthrex, Naples, FL, USA) or a 6 mm interference screw. Tibial fixation was performed with a 6 mm interference screw at a point 15 mm below the joint line, midway between Gerdy’s tubercle and the fibular head, with the knee in 30° flexion and neutral rotation.




2.3. Outcome Measure


Graft diameter is recorded during surgery using a graft-sizing block (Arthrex, FL, USA) and defined as the largest diameter of the graft that could pass through the block. Meniscus injuries were documented based on their location (medial or lateral) and classified by type, including ramp lesions, root tears, longitudinal tears, horizontal tears, and others. Additionally, the treatment approach—whether repair or resection—was recorded for each case. The presence or absence of anterolateral ligament reconstruction was also documented.



Anterior laxity is assessed using the Telos device (Telos GmbH, Hennigsdorf, Germany), which quantifies the side-to-side difference (SSD) in anterior tibial translation under a standardized force of 150 Newtons. The pivot shift test is graded on a scale from 0 to 3, and was performed by an experienced senior surgeon (YJS). Functional knee scores, including the International Knee Documentation Committee (IKDC) Subjective Knee Evaluation Form, Lysholm, Tegner, and Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), Korean knee score (KKS), were recorded. All the assessments were conducted preoperatively and at the final follow-up during outpatient visits. The WOMAC and KKS were only assessed at the final follow-up.



The score assessments were performed by a single evaluator who was blinded to the patient information.




2.4. Statistical Analysis


All statistical analyses were performed using SPSS for Windows (version 29.0, SPSS Inc, Chicago, IL, USA). The raw data was organized in an Excel (Microsoft, version 16.0) sheet and uploaded to SPSS for analysis. Descriptive statistics were used to summarize the demographic and clinical characteristics of the two groups. Continuous variables are expressed as means and standard deviations, while categorical variables are presented as frequencies and percentages.



For inter-group comparisons, normality of continuous variables was assessed using the Shapiro–Wilk test. Variables satisfying normality assumptions were analyzed using Student’s t-test, while non-normally distributed variables were analyzed using the Mann–Whitney U test. Ordinal variables were also analyzed using the Mann–Whitney U test. Nominal variables were compared using the chi-square test or Fisher’s exact test, as appropriate. Statistical tests were selected based on distributional characteristics, and reanalysis was performed where necessary to ensure appropriate test application.



For intra-group comparisons, preoperative and postoperative data were analyzed using paired t-tests or the Wilcoxon signed-rank test. A significance level was set at p < 0.05.



To minimize selection bias and ensure comparability between the AI-6 and FT-4 groups, propensity score matching (PSM) was employed. The PSM method matched patients based on relevant baseline characteristics, including sex, age, BMI, laterality, concomitant anterolateral ligament (ALL) reconstruction, meniscal lesion, and preoperative anterior laxity (SSD).



The propensity scores were calculated using the PSM process embedded in SPSS, estimating the likelihood of receiving either the AI-6 or FT-4 technique based on these covariates. Patients were then matched 1:1 using the nearest neighbor matching algorithm with a caliper set to 0.1 to maintain balance across the variables in both groups. After matching, differences in clinical outcomes, such as knee stability and functional knee scores, were analyzed between the two groups.



Additionally, standardized mean differences (SMDs) were calculated to assess the balance between groups for variables used in PSM.





3. Results


A total of 121 cases were retrospectively reviewed, and 18 were excluded according to the predefined criteria. The remaining 103 patients were included in the analysis, comprising 30 patients in the AI-6 group and 73 in the FT-4 group. After PSM, 29 matched cases were selected for each group (Figure 3).



The mean follow-up duration was 27.1 ± 3.8 months (range, 20.3–35.1 months) in the AI-6 group and 29.6 ± 13.8 months (range, 12.1–57.3 months) in the FT-4 group. Preoperative characteristics of the matched cohorts are summarized in Table 1. Among the variables, graft diameter was significantly greater in the AI-6 group, whereas no significant differences were observed in other baseline characteristics. However, some SMDs exceeded the ideal cutoff of 0.1. Although an SMD below 0.1 is preferred, values up to 0.25 are sometimes considered acceptable. A few variables surpassed this threshold, likely due to small sample size and retrospective design, which should be acknowledged as an important limitation with the potential to affect the validity of the group comparisons.



3.1. Within-Group Analysis of Clinical Outcomes


At the final follow-up, analysis of clinical outcomes within each group revealed significant postoperative improvements. In the AI-6 group, postoperative anterior laxity (SSD), IKDC score, and Lysholm score improved to 1.58 ± 1.1 mm, 78.03 ± 7.0, and 82.2 ± 6.7, respectively (all p < 0.001). Similarly, the FT-4 group showed corresponding values of 2.5 ± 1.4 mm, 77.2 ± 8.4, and 75.6 ± 8.9 (all p < 0.001). Both groups showed significant gains in activity level, with Tegner scores increasing from a median [IQR] of 6 [1.5] in the AI-6 group and 5 [1.5] in the FT-4 group (all p < 0.001).



Postoperative pivot shift grades also improved significantly in both groups (all p < 0.001), with the AI-6 group showing 16 patients at grade 0, 12 at grade 1, and 1 at grade 2, while the FT-4 group had 16 at grade 0, 9 at grade 1, and 4 at grade 2.




3.2. Between-Group Analysis of Clinical Outcomes


Inter-group comparisons of functional knee scores at the final follow-up demonstrated significantly superior outcomes in the AI-6 group for Lysholm and WOMAC scores, whereas no significant differences were observed in IKDC, Tegner, or KKS. A summary of the detailed data is shown in Table 2.



At the final outpatient follow-up, postoperative instability was compared between the two groups, revealing that the AI-6 group demonstrated significantly better results in anterior laxity (SSD), whereas no significant difference was observed between the groups in the pivot-shift test, as detailed in Table 3. The pivot-shift test was conducted in the outpatient clinic by a senior surgeon with extensive experience, ensuring adequate muscle relaxation to reduce the influence of voluntary guarding.



Given that key preoperative variables were balanced through propensity score matching, a simple linear regression was performed to assess the independent association between graft diameter and postoperative anterior laxity. The analysis revealed a significant negative relationship (B = −0.398, β = −0.287, p = 0.048; 95% CI: −0.791 to −0.005). Residual analysis showed no major violations of linearity, normality, or homoscedasticity. The residual sum of squares was 100.995 (df = 46) with a mean square error of 2.196. The model showed a modest fit (R = 0.287, R2 = 0.083), indicating that a larger graft diameter was associated with reduced postoperative anterior laxity.



A post hoc power analysis was performed using G*Power 3.1 (Heinrich-Heine-University Düsseldorf, Germany), with postoperative anterior laxity selected as the main outcome variable for this analysis due to its clinical relevance. Based on the observed group difference (1.6 ± 1.1 mm in the AI-6 group vs. 2.5 ± 1.4 mm in the FT-4 group), the analysis yielded a Cohen’s d of 0.71 and an estimated statistical power of 85.2% (one-tailed, α = 0.05), indicating that the sample size of 29 patients per group was sufficient to detect a clinically meaningful difference with adequate statistical rigor.





4. Discussion


The most important findings of this study were that the six-strand configuration used in the all-inside technique yielded significantly thicker grafts, which resulted in reduced postoperative anterior knee laxity compared to the full tibial tunnel technique. Although some functional outcomes, such as the IKDC, Tegner, and KKS, showed no significant differences between groups, the all-inside group demonstrated superior results in the Lysholm and WOMAC scores. These findings lend partial support to our hypothesis, given that the AI-6 group showed superior anterior knee stability and outperformed the FT-4 group in selected functional assessments.



Previous studies have yielded inconsistent findings regarding the relationship between graft diameter and postoperative knee outcomes, particularly in the context of autograft hamstring reconstruction. Although a direct comparison is limited due to differences in graft configurations, the findings of the current study align with the general trend reported in a recent network meta-analysis, which demonstrated that graft constructs with a greater number of strands, such as four-strands graft with augmentation, were associated with reduced anterior knee laxity compared to lower-strand configurations [18]. These findings suggest that the improved outcomes in the AI-6 group may be partially explained by the increased graft diameter inherent to the six-strand technique, which has been reported as a contributing factor to enhanced postoperative stability [18]. In contrast, a recent meta-analysis of Level I–II studies comparing five-strand and four-strand hamstring autografts demonstrated significantly larger graft diameters in the five-strand group (mean difference of 0.93 mm; 8.5–9.1 mm vs. 7.5–8.1 mm) and found no significant differences in anterior laxity based on the Lachman test [19]. Conversely, our study employing six-strand hamstring autografts revealed significant differences in instrumented anterior laxity. This discrepancy may be explained by both differences in anterior laxity evaluation methods and the distinct graft configurations utilized. Furthermore, this meta-analysis demonstrated that, although some PROMs, such as KOOS ADL and Lysholm scores, favored the five-strand group, the pivot shift test outcomes were similar across both groups, consistent with the findings of our study [19]. It is noteworthy that none of the mean differences in the aforementioned PROMs that favored the five-strand group surpassed the minimal clinically important difference (MCID) thresholds, suggesting comparable overall clinical outcomes [19]. Interestingly, one of the studies included in the aforementioned meta-analysis, by Wan KM et al., reported transitioning to the all-inside technique to accommodate shorter graft lengths, a method similar to the one employed in the present study [16]. They also described that a substantial proportion of Asian patients fail to achieve a graft diameter of 8.5 mm using a conventional four-strand hamstring technique [20,21,22,23].



Consequently, the five-strand technique has been considered particularly beneficial for Asian populations, where smaller graft diameters are more commonly encountered, and can be effectively applied in all-inside ACL reconstruction procedures.



In this context, the all-inside technique has garnered attention as a potential alternative to the traditional full tibia technique. Several recent meta-analyses comparing the two techniques have demonstrated comparable outcomes in terms of postoperative knee function, graft failure, and overall stability [3], while the all-inside technique has shown superior results regarding reduced postoperative pain, improved flexion strength, larger graft diameters, and decreased tunnel widening [1,2]. Upon closer examination focusing specifically on anterior laxity, however, a recent meta-analysis by Zhu et al. reported greater anterior laxity in the all-inside group compared to the full tibia group, which, somewhat surprisingly, contrasts with the findings of our study [24]. Although Zhu et al. speculated that factors such as adjustable loop elongation and the earlier initiation of rehabilitation protocols might contribute to this difference, the true cause remains uncertain. Notably, a detailed review of the three randomized controlled trials included in their analysis revealed that all three studies consistently utilized only the semitendinosus tendon in the all-inside group and both the gracilis and semitendinosus tendons in the full tibia group, resulting in similar graft diameters of approximately 8 mm without statistically significant differences [5,7,8]. Given that our study used a significantly thicker graft in the all-inside group, it is plausible that graft diameter, rather than the surgical technique alone, plays a key role in the differences observed in postoperative anterior laxity. However, further studies are warranted to confirm this notion.



Furthermore, upon closer inspection, two of these studies were conducted at the same institution and merely reported outcomes at different follow-up periods, and did not demonstrate statistically significant differences in anterior laxity [5,8]. Only one study reported a statistically significant difference in anterior laxity between the groups. However, despite the statistical significance, the mean SSD was 2.9 mm in the all-inside group and 2.3 mm in the full tibial tunnel group, which raises questions about the clinical relevance of this difference [7]. This critical discrepancy in graft configuration, sample size, and outcome reporting may account for the opposing findings, as our study demonstrated superior postoperative anterior laxity in the all-inside group, likely attributable to the larger graft diameters achieved in our cohort.



As previously discussed, most studies on the all-inside technique have reported results using only the semitendinosus to construct the graft, a method associated with several advantages, such as reduced soft tissue damage and improved flexor power, owing to gracilis sparing. Given these advantages, the all-inside approach also offers a notable technical merit in its ability to accommodate a graft that is relatively thick despite its short length. Although harvesting the semitendinosus alone may suffice in certain cases, it does not always yield a sufficiently thick graft, particularly when a more robust construct is desired. In our study, combining the semitendinosus and gracilis tendons to create a six-strand graft within the all-inside technique provided a practical and effective solution to achieve adequate graft diameter [10,19,25,26].



A key strength of this study is the direct comparison of two distinct graft constructions using propensity score-matched cohorts, providing practical insight into graft preparation strategies. This highlights the clinical relevance of the six-strand hamstring graft configuration, which enables the use of thicker grafts associated with improved postoperative anterior knee stability and select functional outcomes. Given the higher prevalence of smaller graft diameters among Asian populations, this approach may offer particular value in such cohorts by facilitating adequate graft thickness through multifold techniques. Additionally, the all-inside technique offers a practical solution to accommodate the shorter length inherent to six-strand grafts. However, this approach may introduce technical challenges during graft passage, as both femoral and tibial tunnel insertions must be accessed sequentially through the same portal.



Nevertheless, the purported advantages of the all-inside technique reported in this study should be interpreted with caution, considering the following limitations. First, graft failure was not included as a clinical endpoint in the analysis. Given that several previous studies have indicated a potential association between increased graft diameter and reduced failure rates, omission of this outcome may have limited the comprehensiveness of the findings [10,11,12,13]. Eggeling et al. reported that clinical failure following ACL reconstruction can be defined as postoperative anterior laxity (SSD) greater than 6 mm [27]. From this perspective, although graft failure was not included in the primary outcome analysis of the present study, one patient in the FT-4 group demonstrated postoperative anterior laxity (SSD) exceeding this threshold, thereby meeting the criteria for clinical failure. In contrast, no such cases were observed in the AI-6 group. While this finding was not statistically analyzed due to the limited sample size, it may suggest a potential difference in failure risk between graft configurations, warranting further investigation in future studies with larger cohorts and longer-term follow-up.



Second, when interpreted in light of the MCID, the clinical relevance of the observed inter-group differences warrants careful consideration. Although the AI-6 group showed statistically superior outcomes, the clinical magnitude of these differences varied across outcome measures. Specifically, the Lysholm score showed a mean difference of 6.6 points, exceeding the MCID range reported in prior studies (typically 4–10 points) with a corresponding effect size (Cohen’s d) of 0.85, indicating a large effect [28]. In contrast, the WOMAC score demonstrated a mean difference of 4.9 points, which did not reach the commonly cited MCID threshold of 6–12 points, with an effect size of 0.58, corresponding to a medium effect [29,30]. Regarding anterior laxity, the SSD was 0.9 mm, with an effect size of 0.72. Although statistically significant, this difference may not be clinically perceptible, as MCID values for anterior translation are generally considered to be ≥2 mm [31]. These findings highlight the importance of considering both statistical and clinical relevance when interpreting postoperative outcomes.



Third, while the sample size in this study remains relatively small, the use of propensity score matching helps mitigate potential confounding factors and strengthens the validity of our findings. By matching participants on key baseline characteristics, this approach enhances the comparability between the AI-6 and FT-4 groups, providing a more reliable estimate of the treatment effects despite the limited sample size. Additionally, given the retrospective nature of the study, a formal primary endpoint was not prospectively designated. However, a post hoc power analysis was performed based on the observed difference in postoperative anterior laxity, which yielded a statistical power of 85.2%, supporting the reliability of this outcome measure in our analysis.



Fourth, this study’s retrospective design inherently carries risks of selection bias and potential inconsistencies in data collection. Residual confounding from unmeasured variables cannot be entirely excluded. Additionally, the relatively short-term follow-up limits the assessment of long-term outcomes and graft durability. Therefore, further prospective studies with extended follow-up are warranted to validate and expand upon these findings.




5. Conclusions


The present study demonstrated that the use of a six-strand hamstring graft configuration in the AI-6 technique resulted in significantly thicker grafts and was associated with reduced postoperative anterior knee laxity compared to the FT-4 technique. While interpretation of these findings requires caution in light of MCID thresholds, the AI-6 group showed favorable outcomes in anterior laxity and selected functional scores, such as the Lysholm and WOMAC. This technique may offer practical clinical value, particularly in populations prone to smaller graft diameters, as it facilitates adequate graft thickness through multifold preparation, with the all-inside approach accommodating the inherent graft shortening.







Author Contributions


Conceptualization, Y.J.S.; Methodology, Y.J.S.; Software, Y.J.S.; Validation, Y.J.S.; Formal analysis, Y.J.S.; Investigation, Y.J.S. and D.K.; Resources, Y.J.S.; Data curation, Y.J.S. and S.Y.S.; Writing—original draft, Y.J.S.; Writing—review & editing, Y.J.S., S.Y.S. and D.K.; Visualization, Y.J.S.; Supervision, Y.J.S.; Project administration, Y.J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of Dongtan Sacred Heart Hospital (protocol No: 2025-01-009-001, date of approval: 24 March 2025).




Informed Consent Statement


Patient consent was waived due to REASON (the study was retrospective in nature, posed no more than minimal risk to the subjects, and involved the use of existing clinical data that were de-identified, and the waiver was not expected to adversely affect the rights and welfare of the participants).




Data Availability Statement


The original contributions presented in this study are included in the article. Further inquiries can be directed to the corresponding author.




Acknowledgments


Our sincere thanks go to Jang Jun-Yeong for his help in compiling and organizing the data in Excel.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Bhimani, R.; Shahriarirad, R.; Ranjbar, K.; Erfani, A.; Ashkani-Esfahani, S. Transportal versus all-inside techniques of anterior cruciate ligament reconstruction: A systematic review. J. Orthop. Surg. Res. 2021, 16, 734. [Google Scholar] [CrossRef] [Scilit]

	



Fu, C.W.; Chen, W.C.; Lu, Y.C. Is all-inside with suspensory cortical button fixation a superior technique for anterior cruciate ligament reconstruction surgery? A systematic review and meta-analysis. BMC Musculoskelet. Disord. 2020, 21, 445. [Google Scholar] [CrossRef] [Scilit]

	



Lv, X.; Wang, M.; Zhao, T.; Wang, L.; Dong, S.; Tan, H. All-inside versus complete tibial tunnel techniques in anterior cruciate ligament reconstruction: A systematic review and meta-analysis of randomized controlled trials. J. Orthop. Surg. Res. 2023, 18, 127. [Google Scholar] [CrossRef] [Scilit]

	



James, L.; Christopher, A.; Kyle, A. All-inside anterior cruciate ligament graft link technique: Second-generation, no incision anterior cruciate ligament reconstruction. Arthroscopy 2011, 27, 717–727. [Google Scholar] [CrossRef] [Scilit]

	



Eichinger, M.; Ploner, M.; Degenhart, G.; Rudisch, A.; Smekal, V.; Attal, R.; Mayr, R. Tunnel widening after ACL reconstruction with different fixation techniques: Aperture fixation with biodegradable interference screws versus all-inside technique with suspensory cortical buttons. 5-year data from a prospective randomized trial. Arch. Orthop. Trauma. Surg. 2023, 143, 6707–6718. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Graf-Alexiou, L.; Karpyshyn, J.; Baptiste, J.J.; Hui, C.; Sommerfeldt, M.; Westover, L. Biomechanical Strength of All-Inside ACL Reconstruction Grafts Using Side-to-Side and Backup Fixation. Orthop. J. Sports Med. 2021, 9, 23259671211006521. [Google Scholar] [CrossRef] [Scilit]

	



Lin, R.; Zhong, Q.; Wu, X.; Cui, L.; Huang, R.; Deng, Q.; Zuo, J.; Jiang, C.; Li, W. Randomized controlled trial of all-inside and standard single-bundle anterior cruciate ligament reconstruction with functional, MRI-based graft maturity and patient-reported outcome measures. BMC Musculoskelet. Disord. 2022, 23, 289. [Google Scholar] [CrossRef] [Scilit]

	



Mayr, R.; Smekal, V.; Koidl, C.; Coppola, C.; Eichinger, M.; Rudisch, A.; Kranewitter, C.; Attal, R. ACL reconstruction with adjustable-length loop cortical button fixation results in less tibial tunnel widening compared with interference screw fixation. Knee Surg. Sports Traumatol. Arthrosc. 2020, 28, 1036–1044. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bosco, F.; Giustra, F.; Ghirri, A.; Cacciola, G.; Massè, A.; Capella, M. All-Inside Anterior Cruciate Ligament Reconstruction Technique: Tips and Tricks. J. Clin. Med. 2023, 12, 5793. [Google Scholar] [CrossRef] [Scilit]

	



Alomar, A.Z.; Nasser, A.S.B.; Kumar, A.; Kumar, M.; Das, S.; Mittal, S. Hamstring graft diameter above 7 mm has a lower risk of failure following anterior cruciate ligament reconstruction. Knee Surg. Sports Traumatol. Arthrosc. 2022, 30, 288–297. [Google Scholar] [CrossRef] [Scilit]

	



Mirzayan, R.; Chang, R.N.; Royse, K.E.; Reyes, C.E.; Prentice, H.A.; Maletis, G.B. Is There a Hamstring Autograft Diameter Threshold for Anterior Cruciate Ligament Reconstruction? Orthop. J. Sports Med. 2025, 13, 23259671241305427. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Spragg, L.; Chen, J.; Mirzayan, R.; Love, R.; Maletis, G. The Effect of Autologous Hamstring Graft Diameter on the Likelihood for Revision of Anterior Cruciate Ligament Reconstruction. Am. J. Sports Med. 2016, 44, 1475–1481. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, D.; Pan, J.K.; Lin, F.Z.; Luo, M.H.; Liang, G.H.; Zeng, L.F.; Huang, H.T.; Han, Y.H.; Xu, N.J.; Yang, W.Y.; et al. Risk Factors for Revision or Rerupture After Anterior Cruciate Ligament Reconstruction: A Systematic Review and Meta-analysis. Am. J. Sports Med. 2023, 51, 3053–3075. [Google Scholar] [CrossRef] [Scilit]

	



Masafumi, I.; Junya, I.; Ken, O.; Kiyotaka, I. Estimation failure risk by 0.5-mm differences in autologous hamstring graft diameter in anterior cruciate ligament reconstruction: A meta-analysis. Am. J. Sports Med. 2024, 52, 535–543. [Google Scholar] [CrossRef] [Scilit]

	



Attia, A.K.; Nasef, H.; ElSweify, K.H.; Adam, M.A.; AbuShaaban, F.; Arun, K. Failure Rates of 5-Strand and 6-Strand vs Quadrupled Hamstring Autograft ACL Reconstruction: A Comparative Study of 413 Patients With a Minimum 2-Year Follow-up. Orthop. J. Sports Med. 2020, 8, 2325967120946326. [Google Scholar] [CrossRef] [Scilit]

	



Wan, K.H.; Lai, C.Y.; Tang, S.P.; Ng, E.P.; Moy, R.L.; Chan, W.L.; Lee, R.H.; Wong, K.K. The Use of Five-Strand Hamstring Autograft to Increase the Graft Size in Anterior Cruciate Ligament Reconstruction-A Prospective Cohort Study With Satisfactory Early Clinical Results. Arthrosc. Sports Med. Rehabil. 2022, 4, e1923–e1931. [Google Scholar] [CrossRef] [Scilit]

	



Tanpowpong, T.; Kuptniratsaikul, S.; Itthipanichpong, T.; Limskul, D.; Thamrongskulsiri, N.; Supaluxmetha, S.; Rungsaksangmanee, P. Maximizing Graft Diameter: Unleashing the Power of Triple-fold Hamstring Autografts for Anterior Cruciate Ligament Reconstruction. Arthrosc. Tech. 2024, 13, 103131. [Google Scholar] [CrossRef] [Scilit]

	



Malesa, K.; Trams, E.; Kulinski, K.; Kaminski, R. The effectiveness of quadrupled semitendinosus graft technique in anterior cruciate ligament reconstruction: A network meta-analysis assessing various graft preparation techniques. Knee Surg. Sports Traumatol. Arthrosc. 2025, 33, 907–925. [Google Scholar] [CrossRef] [Scilit]

	



Vivekanantha, P.; Nedaie, S.; Grzela, P.; Cohen, D.; Hoshino, Y.; Nagai, K.; Kay, J.; de Sa, D. Though five-strand hamstring autografts demonstrate greater graft diameter, postoperative outcomes are equivocal to four-strand hamstring autograft preparations: A systematic review and meta-analysis of level I and II studies. Knee Surg. Sports Traumatol. Arthrosc. 2023, 31, 4437–4447. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ho, S.W.; Tan, T.J.; Lee, K.T. Role of anthropometric data in the prediction of 4-stranded hamstring graft size in anterior cruciate ligament reconstruction. Acta Orthop. Belg. 2016, 82, 72–77. [Google Scholar]

	



Liau, Z.Q.G.; Ng, M.S.P.; Low, S.S.E.; Chin, B.Z.; Hui, J.H.P.; Kagda, F.H.Y. A novel practical method to predict anterior cruciate ligament hamstring graft size using preoperative MRI. Knee Surg. Relat. Res. 2024, 36, 17. [Google Scholar] [CrossRef] [Scilit]

	



Tang, S.P.; Wan, K.H.; Lee, R.H.; Wong, K.K.; Wong, K.K. Influence of hamstring autograft diameter on graft failure rate in Chinese population after anterior cruciate ligament reconstruction. Asia Pac. J. Sports Med. Arthrosc. Rehabil. Technol. 2020, 22, 45–48. [Google Scholar] [CrossRef] [Scilit]

	



Xie, G.; Huangfu, X.; Zhao, J. Prediction of the graft size of 4-stranded semitendinosus tendon and 4-stranded gracilis tendon for anterior cruciate ligament reconstruction: A Chinese Han patient study. Am. J. Sports Med. 2012, 40, 1161–1166. [Google Scholar] [CrossRef] [Scilit]

	



Zhu, S.; Li, R. All-Inside Anterior Cruciate Ligament Reconstruction Had Clinical Outcome Similar to the Transtibial Technique Except for Improved Side-to-Side Difference and Tegner Activity Scale: A Systematic Review and Meta-analysis. Arthroscopy 2024, 40, 2276–2288. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Marchand, J.B.; Ruiz, N.; Coupry, A.; Bowen, M.; Robert, H. Do graft diameter or patient age influence the results of ACL reconstruction? Knee Surg. Sports Traumatol. Arthrosc. 2016, 24, 2998–3004. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sarakatsianos, V.; Cristiani, R.; Edman, G.; Stalman, A. Diameter of Quadrupled Semitendinosus Autograft in Primary Anterior Cruciate Ligament Reconstruction Did Not Impact Early Revision Rate or Functional Outcome in a Large Cohort of Patients. Arthroscopy 2025, 41, 239–245. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Eggeling, L.; Drenck, T.C.; Breer, S.; Frosch, K.H.; Akoto, R. Association of Remaining Anterior Knee Laxity With Inferior Outcomes After Revision ACL Reconstruction. Orthop. J. Sports Med. 2024, 12, 23259671231219695. [Google Scholar] [CrossRef] [Scilit]

	



Migliorini, F.; Maffulli, N.; Jeyaraman, M.; Schafer, L.; Rath, B.; Huber, T. Minimal clinically important difference (MCID), patient-acceptable symptom state (PASS), and substantial clinical benefit (SCB) following surgical knee ligament reconstruction: A systematic review. Eur. J. Trauma. Emerg. Surg. 2025, 51, 32. [Google Scholar] [CrossRef] [Scilit]

	



Kim, M.S.; Koh, I.J.; Choi, K.Y.; Sung, Y.G.; Park, D.C.; Lee, H.J.; In, Y. The Minimal Clinically Important Difference (MCID) for the WOMAC and Factors Related to Achievement of the MCID After Medial Opening Wedge High Tibial Osteotomy for Knee Osteoarthritis. Am. J. Sports Med. 2021, 49, 2406–2415. [Google Scholar] [CrossRef] [Scilit]

	



Maredupaka, S.; Meshram, P.; Chatte, M.; Kim, W.H.; Kim, T.K. Minimal clinically important difference of commonly used patient-reported outcome measures in total knee arthroplasty: Review of terminologies, methods and proposed values. Knee Surg. Relat. Res. 2020, 32, 19. [Google Scholar] [CrossRef] [Scilit]

	



Grassi, A.; Di Paolo, S.; Dal Fabbro, G.; Eroglu, O.N.; Macchiarola, L.; Lucidi, G.A.; Zaffagnini, S. Objective laxity and subjective outcomes are more influenced by meniscal treatment than anterior cruciate ligament reconstruction technique at minimum2 years of follow-up. J. Isakos 2022, 7, 54–59. [Google Scholar] [CrossRef] [Scilit] [PubMed]








[image: Jcm 14 06010 g001] 





Figure 1. (A) Final construct of a 6-strand hamstring autograft. (B) Sagittal computed tomography image showing the configuration of the tibial tunnel after all-inside ACL reconstruction. 
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Figure 2. (A) Completed configuration of a four-strand hamstring autograft. (B) Sagittal computed tomography scan depicting the morphology of the full-length tibial tunnel after standard ACL reconstruction. 
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Figure 3. Flow diagram of patient selection and propensity score matching. a hamstring tendon, b body mass index, c anterolateral ligament. 
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Table 1. Comparison of patient characteristics after PSM.






Table 1. Comparison of patient characteristics after PSM.












	Variables a
	AI-6

(n = 29)
	FT-4

(n = 29)
	p-Value
	SMD h





	Age (year) *
	27.7 ± 8.3
	30.3 ± 12.2
	0.629
	0.249



	Sex *
	
	
	
	



	 Male (%)/Female (%)
	18 (62.1)/11 (37.9)
	19 (65.5)/10 (34.5)
	1.0
	0.072



	Body mass index (kg/m2) *
	26.3 ± 3.5
	26.5 ± 3.3
	0.879
	0.040



	Side *
	
	
	
	



	 Right (%)/Left (%)
	18 (62.1)/11 (37.9)
	21 (72.4)/8 (27.6)
	0.401
	0.221



	Time from Injury to surgery (weeks)
	3.9 ± 4.5
	5.2 ± 5.0
	0.249
	



	Time from surgery to final follow-up

(months)
	27.1 ± 3.8
	29.6 ± 13.8
	0.067
	



	Preop b anterior laxity (SSD c, mm) *
	6.0 ± 1.3
	6.0 ± 1.6
	0.972
	0.009



	Preop pivot shift grade under anesthesia (0/1/2/3) (%)
	3 (10.3)/13 (44.8)/9 (31.0)/4 (13.8)
	0 (0.0)/12 (41.4)/14 (48.3)/3 (10.3)
	0.307
	



	Preop IKDC d
	52.6 ± 5.1
	49.7 ± 6.5
	0.067
	



	Preop Lysholm
	40.6 ± 8.7
	43.8 ± 8.2
	0.191
	



	Preop Tenger e
	2 (2–3)
	2 (2–3)
	0.689
	



	Graft diameter (mm)
	9.5 ± 0.7
	7.8 ± 0.8
	<0.001
	



	Femoral tunnel creation method (OI/TP) f (%)
	20 (69.0)/9 (31.0)
	15 (51.7)/14 (48.3)
	0.283
	



	ALL reconstruction (%) *
	20 (69.0)
	23 (79.3)
	0.368
	0.237



	Meniscus lesion *
	
	
	
	



	  medial
	15
	13
	0.793
	0.138



	   Repair
	
	
	
	



	    Ramp lesion
	9
	6
	
	



	    Midbody-to Ph g longitudinal tear
	4
	2
	
	



	    Ph radial tear
	2
	3
	
	



	    Bucket handle tear
	
	1
	
	



	    Ph horizontal tear
	
	1
	
	



	  lateral
	9
	13
	0.417
	0.287



	    Repair
	
	
	
	



	     Ph radial tear near root
	6
	4
	
	



	     Ph radial tear
	
	4
	
	



	     Ph longitudinal tear
	3
	5
	
	







a data are presented as the mean ± standard deviation or the number of patients. Depending on the characteristics of the variables, statistical analyses were conducted using Student’s t-test, Mann–Whitney U test, Pearson chi-square test, or Fisher’s exact test. b preoperative; c side-to-side difference; d International Knee Documentation Committee; e values are presented as median (range); f OI: outside-in; TP: transportal; g posterior horn; h standardized mean difference. * variables used for propensity score matching.













 





Table 2. Inter-group comparison of functional scores.
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Variables a

	
Group

	
Mean ± SD

	
p-Value






	
Lysholm

	
AI-6

	
82.2 ± 6.7

	
0.003




	
FT-4

	
75.6 ± 8.9




	
IKDC b

	
AI-6

	
78.0 ± 7.0

	
0.684




	
FT-4

	
77.2 ± 8.4




	
Tegner c

	
AI-6

	
6 [1.5]

	
0.289




	
FT-4

	
5 [1.5]




	
WOMAC d

	
AI-6

	
8.0 ± 4.3

	
0.023




	
FT-4

	
12.9 ± 10.5




	
KKS e

	
AI-6

	
83.5 ± 7.1

	
0.528




	
FT-4

	
82.5 ± 7.2








a data are presented as the mean ± standard; b International Knee Documentation Committee; c Values are presented as median [interquatile range]; d Western Ontario and McMaster Universities Osteoarthritis Index; e Korean knee score.













 





Table 3. Inter-group comparison of postoperative instability.






Table 3. Inter-group comparison of postoperative instability.





	Variables a
	AI-6
	FT-4
	p-Value





	Anterior laxity (SSD b, mm)
	1.6 ± 1.1
	2.5 ± 1.4
	0.005



	pivot shift grade (0/1/2/3) (%)
	16 (55.2)/12 (41.4)/1 (3.4)/0 (0.0)
	16 (55.2)/9 (31.0)/4 (13.8)/0 (0.0)
	0.732







a data are presented as the mean ± standard deviation or the number of patients. b side-to-side difference.
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