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Abstract  

The anterior root of the lateral meniscus provides functional stability to the meniscus. In this study, 

we evaluated the relationship between the position of the tibial tunnel and extrusion of the lateral 

meniscus after anterior cruciate ligament reconstruction, where extrusion provides a proxy measure 

of injury to the anterior root. The relationship between extrusion and tibial tunnel location was 

retrospectively evaluated from computed tomography and magnetic resonance images of 26 

reconstructed knees, contributed by 25 patients aged 17 to 31 years. A measurement grid was used 

to localize the position of the tibial tunnel based on anatomical landmarks identified from the three-

dimensional reconstruction of axial computed tomography images of the tibial plateaus. The 

reference point-to-tibial tunnel distance (mm) was defined as the distance from the midpoint of the 

lateral edge of the grid to the posterolateral aspect of the tunnel aperture. The optimal cutoff of this 

distance to minimize post-operative extrusion was identified using receiver operating curve 

analysis. Extrusion of the lateral meniscus was positively correlated to the reference point-to-tibial 

tunnel distance (r² = 0.64; P < 0.001), with a cutoff distance of 5 mm having a sensitivity to 

extrusion of 83% and specificity of 93%. The mean extrusion for a distance >5 mm was 0.40±0.43 

mm, compared to 1.40±0.51 mm for a distance ≤5 mm (P < 0.001). Therefore, a posterolateral 

location of the tibial tunnel aperture within the footprint of the anterior cruciate ligament decreases 

the reference tibial-to-tunnel distance and increases extrusion of the lateral meniscus post-

reconstruction. 
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Introduction 

During reconstruction of the anterior cruciate ligament (ACL), it is generally accepted that 

the tibial attachment of the graft should be located in an anteroposterior direction on the tibial 

plateau, with the anteromedial tunnel localized just anterior to its native anatomical position.1,2 

However, although clinical consensus exists regarding the ideal location for the femoral tunnel, no 

such consensus has been reached for the tibial tunnel. The regional anatomy of the tibial attachment 

of the ACL is complex, and accurate location of the tibial tunnel is likely to be of clinical 

importance.  

Anatomical studies have identified the tibial attachment of the ACL to be either oval or 

triangular in shape,3,4 and to be surrounded by several bony landmarks, including the anterior ridge, 

medial intercondylar ridge and tubercle, intertubercular fossa, lateral intercondylar tubercle, and 

lateral groove.5 No ligamentous tissue is attached to the lateral intercondylar tubercle and 

intercondylar fossa.5 In addition, Siebold et al. demonstrated that the tibial ACL insertion is “C”-

shaped along the medial tibial spine and the center of the ‘‘C’’ is the bony attachment of the anterior 

root of the lateral meniscus.6 Cadaveric studies have also described the lateral meniscus (LM) to 

have an anterior tibial attachment area of 140.7 mm2 and to be inserted deeply beneath the 

anatomical footprint of the tibial attachment of the ACL, itself having an attachment area of 218.4 

mm2.2 Therefore, 63.2% of the LM anterior root and 40.7% of the tibial attachment of the ACL 

footprint overlap.7 There is also evidence that the LM anterior root dives underneath the tibial 

attachment of the ACL, while the anterior fibers of the LM blend into the anterolateral part of the 

ACL. This anatomical coupling between the ACL and the LM is likely to contribute to the extent 

of LM extrusion after tears of the anterior horn of the meniscus, explaining the significantly higher 

incidence of cartilage degeneration associated with anterior horn tears, compared to other types of 
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meniscal tears.8,9 A previous histological study of the tibial attachment of the ACL demonstrated 

that the LM anterior root and the posterior root of the LM form an ACL-LM complex via dense 

fiber connections located on the tibial surface.9 Using safranin O staining, Furumatsu et al.10 

demonstrated that fibers of the ACL-LM complex become gradually more dense from their 

posterior to anterior points of attachment, with the ACL-LM transition zone being located 7 to 8 

mm from the anterior ridge of the tibia. Additionally, in their study of 12 cadaveric knees, LaPrade 

et al.11 reported a significant reduction in the ultimate failure strength of the attachment of the LM 

anterior root after reaming of the tibial tunnel during anatomic single-bundle (SB) ACL 

reconstruction.  

Based on this anatomical evidence, we hypothesized that a lateral shift in the location of 

the aperture of the tibial tunnel within the ACL footprint would increase the likelihood of injury to 

the attachment of the LM anterior root. Therefore, the aim of our study was to evaluate the 

relationship between the location of the tibial tunnel aperture and LM extrusion, where LM 

extrusion is used as a proxy measure of the stability of the LM anterior root after ACL 

reconstruction in patients with no evidence of meniscal injury at the time of surgery. A secondary 

aim was to use the measures of the location of the tibial tunnel aperture and LM extrusion to 

determine the optimal position of the aperture within the tibial attachment of the ACL.  

 

Methods  

This study was approved by our Institutional Review Board, and patients provided 

informed consent prior to participation. The correlation between the location of the tibial tunnel 

aperture and LM extrusion was evaluated through a retrospective review of three-dimensional 

reconstructed computed tomography (CT) and magnetic resonance (MR) images of patients who 
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underwent anatomical ACL reconstruction at our institution between January 2011 and November 

2014. The medical records for 128 consecutive ACL surgeries were reviewed to exclude patients 

with associated injury to the medial and/or lateral meniscus. Among these 128 cases, 26 cases 

(20%) without meniscal injury, contributed by 25 patients, were identified and formed our study 

group. Relevant characteristics of the study group are reported in Table 1. The average time from 

injury to pre-operative MR imaging was 2 weeks (range, 1–4 weeks); average time from injury to 

ACL reconstruction, 3 months (range, 1–10 months); and post-operative MR imaging, 3 months. 

For analysis, the location of the tibial tunnel aperture was quantified from the three-dimensional 

reconstruction of post-operative CT images. LM extrusion was quantified from pre- and post-

surgery MR images.  

Surgical techniques for ACL reconstructions 

Based on patient characteristics, either SB or double-bundle (DB) arthroscopic ACL 

reconstructions were performed, using semitendinosus tendon (ST) and bone-patellar tendon-bone 

(BTB) autografts. SB reconstructions were performed for patients with smaller knees by using an 

ST autograft for recreational athletes and a BTB graft for heavier patients and those playing contact 

sports. Patients with larger knees underwent DB reconstruction using an ST autograft. All 

reconstructions were performed by three experienced surgeons. 

 For DB reconstructions with ST autografts, an outside-in technique was used.12 The 

harvested tendons were double-looped over an Endobutton fixation device (Smith & Nephew Inc., 

Andover, MA), with the distal ends anchored using a Krackow suture, thus recreating the 

anteromedial (AM) and posterolateral (PL) bundles of the ACL. The apertures of the femoral and 

tibial tunnels were localized at the center of the footprint of each bundle. Femoral fixation was 

achieved using the Endobutton system. Tibial fixation was performed with the knee flexed at 20° 
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by using double-spike plates (Meira, Aichi, Japan), with an initial tension of 20 N for the PL bundle 

and 30 N for the AM bundle. The tension in each bundle was independently measured using a 

tensiometer.13 For SB reconstructions, both ST and BTB autografts were used. The distal end of 

the graft was again anchored to the tibia using double-spike plates, with the knee in 20° of knee 

flexion and an initial tension of 30 N.14 The procedures for the BTB grafts were similar, with the 

exception of using a far anteromedial (FAM) portal to drill the femoral tunnel.15 The initial tension 

on the graft was set to 30 N.  

Post-operative rehabilitation protocols 

All patients were maintained in a knee brace for 1 week, to promote initial healing of the 

graft, fixation points, and affected soft tissues. Knee range of motion exercises and partial weight 

bearing were initiated at post-operative week 2. Full weight bearing was permitted at 1 month, 

post-operatively, and running at 5 months, with a return-to-sport permitted at 8 months.  

CT image-based measurement 

All patients underwent CT imaging at 1 week post-surgery to localize the tunnel aperture, 

which is difficult to obtain from plain radiographs. CT images were obtained with an Asteion 4 

Multislice CT System (Toshiba Medical Systems, Tochigi, Japan) using 120 kVp and 150 mA, and 

1-mm slice thickness. CT reconstruction of the tibial condyles in the axial plane was completed 

using a three-dimensional volume-rendering technique (AZE Virtual Place software; AZE Ltd., 

Tokyo, Japan). Measurement of the location of the tibial tunnel aperture was obtained using a 

rectangular measurement grid centered over the tibial plateaus, with the size and position of the 

grid individually adjusted using the following patient-referenced anatomical landmarks identified 

from the reconstructed model of the proximal tibia: the medial intercondylar ridge, the anterior 

ridge, the lateral groove, and the intertubercular fossa. To localize the position of the tibial tunnel 
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aperture, the tibial model was placed in a medial view to identify the posterior corner of the widest 

part of the medial tibial plateau, and the Amis-Jakob line was drawn, passing through the posterior 

corner of the tibial plateau and parallel to the medial joint line.16 The model was then rotated to 

visualize the superior aspect of the proximal tibia, with the internal/external rotation adjusted until 

the most posterior articular margins of both the medial and lateral tibial condyles were placed on 

the same horizontal level (Figure 1). The rectangular grid was then drawn over the superior view 

of the model, with the view adjusted until the anterior ridge line and the inter-tubercular fossa line 

were parallel to the posterior line. The location of the anterior ridge and inter-tubercular fossa lines 

was verified on coronal view. The top of the medial intercondylar tubercle was identified in the 

superior view, and the position of this reference point was confirmed in the coronal view. The 

medial intercondylar tubercle line was drawn perpendicular to the posterior line. To define the 

lateral border, a reference point was localized at the midpoint of a line joining the midpoint of the 

anterior ridge and the inter-tubercular fossa lines on the edge of the lateral groove. The lateral 

border was defined by a line crossing this reference point and drawn perpendicular to the posterior 

line. Finally, the reference point-to-tibial tunnel distance (RTD) was defined as the minimum 

distance (mm) from the midpoint of the lateral edge of the measurement grid and the posterolateral 

margin of the tunnel aperture (Figure 2). The localization of the posterolateral margin of the tunnel 

aperture was defined as the posterior and lateral aspect using the measurement grid (Figure 3). 

Using these anatomical references, localization of the reference grid was standardized between 

patients, independent of individual differences in the size of tibial plateaus.  

MR image-based measurement of LM extrusion 

Change in LM extrusion was measured from pre- and post-surgical MR images, with pre-

operative images obtained on average 3 weeks prior to surgery (range, 1–12 weeks) and post-
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operative images obtained 3 months after surgery. MR images were obtained using an Achieva 1.5 

T (Philips, Amsterdam, The Netherlands) or an EXCELART Vantage Powered by Atlas 1.5 T 

(Toshiba Medical Systems, Tochigi, Japan) coil. The extent of LM extrusion was evaluated 

independently by two reviewers using a picture archiving and communication system (PACS) 

workstation (Figure 3). LM extrusion was defined as the distance (mm) from the lateral margin of 

the meniscus to the lateral margin of the lateral tibial plateau, measured using the digital caliper 

function of the PACS software. LM extrusion measurements were obtained in the mid-coronal 

plane by linking the coronal and sagittal image series. Each image sequence was then reviewed to 

identify the most lateral chondral surface of the tibial plateau.17 The increase in lateral meniscal 

tissue extending beyond the most lateral border of the tibial chondral surface was measured and 

recorded. The LM extrusion value was calculated as the difference between pre- and post-operative 

measurements, with a positive value indicative of a larger extrusion post-operatively, whereas a 

negative value was indicative of a larger pre-operative extrusion.  

Statistical analysis 

The mean and associated 95% confidence intervals (95% CI) of the RTD and LM 

extrusion measurements were calculated. Correlation between RTD and LM extrusion was 

evaluated using Spearman’s rank correlation analysis. The optimal RTD cut-off associated with a 

smaller post-operative LM extrusion was determined by constructing the receiver operating (ROC) 

curve and calculating the Youden index (J). Difference in LM extrusion between patients above or 

below the identified RTD cut-off was evaluated using the Mann-Whitney U test. Statistical 

significance was set at P < 0.05, a priori. Measures of aperture localization and LM extrusion were 

completed by two independent orthopedic surgeons to determine inter-observer reliability using 

the intra-class correlation coefficient (ICC), and with each observer repeating the measurements 
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after a 4-week interval to determine intra-observer reliability.  

Results 

 Measurement of the RTD was reliable, with ICC values of 0.948 to 0.992 for intra-

observer reliability and 0.992 to 0.996 for inter-observer reliability. For the LM extrusion 

measurement, the ICC for intra-observer reliability ranged between 0.899 and 0.975, and 0.991 and 

0.995 for inter-observer reliability. A significant correlation was observed between RTD and LM 

extrusion (r² = 0.64; P < 0.001; Figure 4), with the linear regression line (y = - 0.34 x + 2.61) 

confirming an increase in LM extrusion as a function of an increasing posterolateral location of the 

tibial tunnel aperture within the tibial footprint of the ACL.  

The ROC analysis identified the optimal location of the posterolateral edge of the tibial 

tunnel aperture to be 5.01 mm from the reference point. This RTD cutoff had a sensitivity of 83% 

to LM extrusion and specificity of 93%. Cases were subsequently classified into two groups based 

on this RTD cut-off, ≤5 mm and >5 mm. The two groups were compared with respect to the extent 

of LM extrusion. The relevant clinical characteristics of patients in each group are reported in Table 

1, with between-group differences in LM extrusion reported in Table 2. A mean LM extrusion value 

of 1.40 mm (95% CI, 1.08-1.72 mm) was calculated among patients in the RTD ≤5 mm group, 

compared to a mean LM extrusion of 0.40 mm (95% CI, 0.252-0.748 mm) among patients in the 

RTD >5 mm group (P < 0.001). The lateral aspect of the RTD ≤5 mm group and the RTD >5 mm 

group were 60.7% and 46.0%, respectively (P = 0.52). The posterior aspect of the RTD ≤5 mm 

group and the RTD >5 mm group were -22.1% and 9.4%, respectively (P > 0.001). 

 

Discussion 

The most important finding of our study was that a more posterolateral positioning of the 
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tibial tunnel aperture could induce the LM extrusion after ACL reconstruction. An association 

between tibial tunnel preparation and damage to the LM anterior root has been reported by various 

other researchers.11,18-22 The primary site of damage is the soft tissue fibers, which couple the deep 

layers of the ACL to the LM and the LM to the tibial plateau. These fibers specifically act on the 

LM anterior root attachment itself, explaining the reduction in the ultimate failure strength of the 

LM anterior root with disruption of these fibers.1,23 Ellman et al.24 reported that the fibers overlying 

the ACL tibial insertion did not significantly modify the strength or the stiffness of the LM anterior 

root. Therefore, the LM extrusion identified in our study could have possibly resulted from damage 

to the fibers of the LM inserting into the subchondral bone. However, as a relatively small reaming 

area (6-7 mm-diameter tibial tunnel) caused LM extrusion, complete destruction of the insertion of 

the LM anterior root into the subchondral bone is unlikely in all of our cases. Rather, we propose 

that the tunnel reaming likely overlapped the area of the LM anterior root attachment, which 

resulted in LM extrusion. Evidence for this mechanism is confirmed by identification of a wavy 

appearance of the LM anterior root, due to damage to the anterior insertion of the LM during 

primary ACL reconstruction, on second-look arthroscopy.25 Our study provides original data on 

the importance of tunnel location in actual patients, confirming previous reports from cadaveric 

studies.  

Our image-based assessment could improve accuracy in localizing the tibial tunnel during the 

reconstruction procedure. In current practice, the ‘quadrant technique’ is usually used, a technique 

that was developed to provide a standardized localization of the tunnel between patients.26-28 

However, a significant variation in tibial tunnel placement between surgeons and institutions29 has 

been reported using the quadrant technique.30-33 Because the center of the ACL insertion was the 

bony insertion of the LM anterior root,6 this variation could increase the risk for damage to the LM 



11 

 

anterior insertion. Our image-based technique uses a rectangular measurement grid to localize the 

aperture of the tibial tunnel, with positioning of the grid based on patient-specific anatomical 

references identified from an individualized three-dimensional reconstruction of the tibial plateau. 

The reliable identification of the anatomical reference used to place the grid on the tibial plateaus 

has previously been well described by Tensho et al., including an anterior ridge on the anterior 

boundary, a lateral groove on the lateral boundary, and an intertubercular fossa on the posterior 

boundary.5 Therefore, the use of these three bony landmarks is clinically feasible. Currently, the 

insertion angle of the guide pin dictates the orientation of the tunnel aperture. However, even if the 

guide angle includes the anterior ridge on the anterior boundary providing a general posterolateral 

direction for the tibial tunnel, the intra-operative angle of reaming will be influenced by the size 

and orientation of the tunnel aperture, with a decrease in angle increasing the risk for injury to the 

LM anterior insertion. Therefore, we measured the distance between the posterolateral aspect of 

the tibial tunnel aperture and the reference point as the shortest RTD. The lateral groove that we 

use as a reference includes both the ACL footprint and the LM anterior root. However, due to 

individual differences in the shape of ACL footprint, classified as oval or triangular in shape,3,5 the 

safe zone, in which the risk of injury to the LM anterior insertion would be low, will vary depending 

on the shape of the ACL footprint, as shown in our supplemental figure (Figure S-1). Consequently, 

we propose that the reference point for tunnel localization should be set outside the lateral groove 

to lower the risk of injury to the LM anterior insertion, with the lateral wall of the groove being 

used as a reproducible reference point. Notably, the position of the guide pin aligns with the center 

of the tunnel aperture. Therefore, even if the insertion position of the guide pin is set outside the 

lateral groove, injury to the LM anterior root is still possible if a large tibial tunnel is created. As 

the risk of injury to the LM anterior insertion is influenced by tunnel size, it was difficult to exactly 
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evaluate the relationship between tunnel location and LM extrusion (r2 = 0.10; Figure S-2). By 

contrast, the distance between the reference point and the posterolateral edge of the tunnel aperture 

did correlate with LM extrusion (r2 = 0.64; Figure 4).  

Use of patient-specific anatomical landmarks provides standardization, eliminating effects 

of individual variation in the size of the tibial plateaus on aperture localization. Localization of the 

reference point at the posterior edge of the LM anterior root is not visually identifiable by 

arthroscopy. Intra-operatively, the reference point can be localized around the intersection provided 

by the medial margin of the lateral tibial plateau and the posterior edge of the LM anterior root. 

Arthroscopic probing can be useful to identify our reference point (Figure 5). Although not directly 

identifiable by direct vision, the location of this reference point was sufficiently reliable in our 

study, with a mean (SD) localization at 38.6±5.0% of the anterior-to-posterior depth of the tibial 

plateau, and 63.3±2.6% of the medial-to-lateral width of the tibial plateau (Figure 6). Based on this 

reliability for the localization of this reference point, we suggest that the RTD could provide a 

reliable index to identify optimal aperture location. Our image-based assessment could be used in 

prospective studies to further characterize the association between a posterolateral location of the 

tibial tunnel and LM extrusion, as well as to evaluate the clinical outcomes of this relationship on 

the future development of knee osteoarthritis.34 

As an innovation in our study, we also used an ROC analysis (Figure S-3.) to evaluate the 

relationship between deviation in the location of the tibial tunnel aperture away from an optimal 

RTD of 5 mm on the extent of LM extrusion. For cases with RTD values >5 mm, the increase in 

post-surgical LME was 0.4 mm, compared to 1.4 mm for cases with RTD values ≤5 mm (Table 2). 

Although a more posterior positioning of the tibial tunnel in the ACL footprint has traditionally 
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been recommended for ACL reconstruction to lower the risk for roof impingement,35,36 current 

recommendations are for localization of the aperture at the true center of the footprint of the tibial 

attachment of the ACL, adjacent to the anterior horn of the LM, with the goal of approximating the 

mechanical response of the reconstructed graft to the native ACL.21,32,37,38 Ziegler et al. and Zantop 

et al. reported this ‘true’ center to be located 7.5 mm from the center of the LM anterior root.2,21 

However, LaPrade et al.7 suggested that the functional importance of the supplemental soft tissue 

fibers of the LM anterior root should be considered and suggested a location at 5.0 mm from the 

center of the LM anterior root. We agree with this latter recommendation. A significant difference 

in height was identified for patients in our two RTD groups: 1.72±0.06 m for the RTD >5 mm 

group, compared to 1.64±0.06 m for the RTD ≤5 mm group (P = 0.008; Table 2). Height correlated 

with RTD (r² = 0.18, P = 0.008) but not with LM extrusion (r² = 0.07, P = 0.177; Figure S-4). This 

relationship between height and RTD did not explain the significant variance in LM extrusion and, 

therefore, it is unlikely that stature would influence LM extrusion. The relationship between height 

and RTD may be more appropriately explained by differences in surgical technique, with a 

significantly lower number of patients having undergone SB reconstruction (n = 8) compared to 

DB reconstruction (n = 18). In our study group, a SB reconstruction was selected for patients with 

smaller stature who, therefore, had shorter harvested ST lengths, as well as for recreational athletes. 

Interestingly, although the technique is recommended for patients with smaller stature, the SB graft 

itself is larger than the graft diameter for AM bundles used in DB reconstruction, which could 

explain the smaller RTD and, therefore, the higher rate of LM extrusion in cases having undergone 

SB reconstructions. Sex may be another explanatory factor, as women tend to be of smaller stature 

compared to men and tend to have a narrower area of the tibial attachment of the ACL.1 Consequent 

to these sex-specific anatomical differences, women would be expected to have a smaller RTD 
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relative to the size of the tibial tunnel and, therefore, to be at higher risk for damage to the LM 

anterior root and LM extrusion. In our study group, we attempted to obtain an anteromedial location 

of the tibial tunnel aperture in these cases. Considering our findings, we suggest that, for patients 

with a narrow tibial attachment of the ACL or of small stature, purposeful selection of a DB 

reconstruction may be warranted to preserve the structure of the LM anterior root. Future studies 

are required to provide evidence to guide practice around this issue.  

 

Limitations 

The limitations of our study need to be acknowledged. Foremost, the number of cases included in 

our analysis was limited (n = 26), with variation in relevant demographic features among patients; 

this could have influenced outcomes. However, our findings do provide justification for larger, 

population-based studies. In addition, the specific effect of LM extrusion on short- and long-term 

surgical outcomes needs to be specifically evaluated. Currently, evidence exists for specific factors 

being associated with the development of osteoarthritis post-ACL reconstruction, including 

reduced quadriceps strength, higher BMI, meniscectomy at the time of the ACL reconstruction, 

loss of knee extension, and increased knee joint laxity.34,38,39 As LM extrusion will affect the 

mechanics and long-term health of the meniscus, we feel that long-term follow-up observation is 

needed for patients with identified LM extrusion to ascertain its role in knee health and function. 

RTD also varied according to the type of ACL reconstruction, with a smaller RTD for SB 

reconstruction than for DB reconstruction. Although the correlation between an increased RTD and 

LM extrusion was high, we were unable to identify a significant difference in risk for LM extrusion 

between the SB and DB groups (Figure S-5). The fewer cases in the SB group than in the DB group 

may have been a confounding factor in our statistical analysis. We must also consider that MR 
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images used for the evaluation of LM extrusion were obtained at different time points before 

surgery and, therefore, factors associated to acute ACL injury, such as swelling, could have resulted 

in error in the measurement of LM extrusion. However, such error is likely to be relatively small 

as the intra- and inter-rater reliability in measurement was high. In addition, we did not extend MR 

imaging beyond the 3-month limit, post-surgery. Therefore, any subsequent change in LM 

extrusion was not assessed. Finally, the identification of reference points directly under imaging 

using arthroscopy was difficult for surgeons because the reference point was localized under the 

LM anterior segment. Intraoperative identification was limited to the approximate location based 

on a few bony landmarks. No significant deviations should exist between CT and intraoperative 

images because the reference point was set based on anatomical landmarks. However, a reliability 

test plan is necessary for the future. We suggest the use of intraoperative CT imaging in the future, 

because it is the most reliable method to identify a reference point. 

 

 

Conclusion 

A posterolateral location of the tibial tunnel aperture within the ACL footprint decreases 

the RTD and increases LM extrusion post-ACL reconstruction. 
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Tables 

Table 1. Demographic and clinical characteristics. 

Variables                Number or mean (range) 

Number of patients/knees 25/26 

Age, years 21 (17-38) 

Sex (men/women) 14/11 

Height, m 1.68 (1.56-1.86) 

Body weight, kg 71 (50-98) 

Body mass index, kg/m2 25 (19-35) 

Reconstruction (single/double) 9/17 

Follow-up period, months  24 (19-38) 

 

 

 

 

 

  



23 

 

Table 2. Between-group comparisons of the extent of extrusion of the lateral meniscus among 

patients with a reference point-to-tibial tunnel distance (RTD) ≤5 mm and among those with a 

RTD >5 mm.  

 

 RTD >5 mm RTD ≤5 mm P value 

Number of knees 

Sex (men/women) 

14 

11/3 

12 

3/9 

 

Reconstruction 

(single/double) 

 

Age, years (range) 

5/9 

 

 

23.6 (19.9-27.0) 

3/9 

 

 

20.3 (16.7-23.9) 

 

 

 

P = 0.077 

Height, m (range) 1.72 (1.69-1.75) 1.64 (1.59-1.68) P = 0.008* 

Body mass index, 

kg/m² (range) 

25.3 (23.4-27.6) 24.6 (22.3-26.9) P = 0.342 

RTD, mm (range) 6.25 (5.76-6.78) 3.15 (2.67-3.63) P < 0.001* 

LME increase, mm 

(range) 

0.40 (0.25-0.75) 1.40 (1.08-1.72) P < 0.001* 

Posterior aspect (%) -22.1 9.4 P < 0.001* 

Lateral aspect (%) 60.7 46.0 P = 0.516 

    

Data reported as mean (95% confidence interval); *, P < 0.05. 
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FIGURE LEGENDS 

Figure 1. Images of the reconstructed proximal tibia, showing: (a) a medial view of the tibia after 

ACL reconstruction, with the Amis-Jakob line (white solid line) drawn parallel to medial tibial 

plateau (white dotted line) and a line drawn perpendicular to the Amis-Jakob line (blue dotted line); 

(b) the proximal tibia; and (c) a top view of the tibial articular surface, with the rotation aspect 

adjusted until both articular surfaces were placed on the same horizontal level. Bar, 10 mm. 

Figure 2. Determination of the reference point and RTD. Top view of the tibial surface (a), 

showing the anterior ridge (yellow line and dot) and intertubercular fossa (orange line and dot) 

set parallel to the posterior line (blue). The anterior ridge line is identified by the intersection of 

intercondylar ridge (black arrow) and anterior ridge (yellow arrow) to the index (b, c). The 

intertubercular fossa is identified on superior view (d).The medial intercondylar tubercle line (a 

and e) is shown as a green line and dot. The lateral border line is moved parallel to the lateral 

groove so as to be parallel to the medial intercondylar tubercle line (f). The reference point (red 

circle) is localized at the midpoint between the anterior ridge line and the intertubercular fossa 

line on the edge of the lateral groove. The lateral border line crosses the reference point (a). The 

smallest distance between the reference point and the tibial tunnel aperture defines the RTD (a, 

red dotted double-headed arrow). The measurement grid scale is placed in this box. One scale 

indicates 1.5 mm (a). Bar, 10 mm. 

Fig. 3. Posterior and lateral aspect using the measurement grid. The posterior and lateral aspect 

was defined using the measurement grid. The posterolateral margin of the tunnel aperture: purple 

dot; the reference point: black dot. (a) The reference point was defined as 0%, with anterior being 

a minus value (0 to -50%) and posterior being a plus value (0 to 50%). The reference point to the 

medial edge of the grid was defined as 0 to 100%. The plot of the aspect point of the 
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posterolateral margin of the tunnel aperture and the tunnel area is shown. The less LM extrusion 

group (RTD > 5 mm) is shown as a blue circle (the posterolateral margin of the tunnel aperture) 

and blue area (tunnel aperture). The larger LM extrusion group (RTD ≤5 mm) is shown as red 

circle and red area (b). 

Figure 4. Representative MR images of pre- and post-reconstruction positions of the LM for a 

23-year-old woman who underwent single-bundle reconstruction, showing: (a) the pre-operative 

lateral meniscus position, with the lateral border of the lateral tibial plateau identified by a white-

dotted line; (b) the post-operative extrusion of the lateral meniscus, with the lateral margin of the 

extruded lateral meniscus identified by the red line. The white arrowhead shows the absolute 

extrusion of the lateral meniscus. Bar, 10 mm. 

Figure 5. Correlation analysis between the reference point-to-tibial tunnel distance (RTD) and 

extrusion of the lateral meniscus.  

Figure 6. Three-dimensional images showing a superior view with the measurement grid and 

arthroscopic findings identified. (a) lateral intercondylar tubercle; (b) reference point; (c) reference 

point-to-tibial tunnel distance (RTD). The reference point can be localized along the lateral 

intercondylar tubercle on the outside wall of the lateral groove by gradually shifting the probe in 

an anterolateral direction until a ‘flat point’ under the lateral meniscus was identified, and defined 

as our reference point. AM; anteromedial tunnel, LFC; lateral femoral condyle. 

Figure 7. Top view of the tibial plateaus (a), with an overlay of the rectangular grid (b), showing 

the relative distribution of the reference points (blue dots). The representative reference point was 

located at a mean anteroposterior depth of 38.6% and at a mean width of 63.3% (red dot). 

Figure S-1. Top view of the tibial plateaus, showing the central portion of the plateaus after ACL 

reconstruction, with the lateral groove identified by a yellow area, for: (a) an oval ACL footprint 
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type, with a narrow distance to the lateral groove, and (b) a triangle ACL footprint type, with a 

large distance to the lateral groove. Bar, 10 mm. 

Figure S-2. Correlation analysis between the reference point and the center of the tibial tunnel and 

extrusion of the lateral meniscus (r² = 0.10). 

Figure S-3. The receiver operating characteristic (ROC) curve calculated from the data relating 

the reference point-to-tibial tunnel distance (RTD) and extrusion of the lateral meniscus; AUC, 

area under the curve.  

Figure S-4A. Correlation analysis between reference point-to-tibial tunnel distance (RTD) and 

patient height (r² = 0.18).  

4B. Correlation analysis between extrusion of the lateral meniscus and patient height (r² = 0.07).  

Figure S-5. Correlation analysis between the reference point-to-tibial tunnel distance (RTD) and 

extrusion of the lateral meniscus for (a) single bundle reconstruction (r² = 0.86) and (b) double 

bundle reconstruction (r2=0.48). 

 

 

 

 

 

 

 

 

 

 


