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Introduction 

Injury to the anterior cruciate ligament (ACL) is one of the most common sports-related 

knee injuries, with an annual incidence of 100,000 to 200,000 in the United States [1]. Due to 

the unsatisfactory outcomes of conservative treatments for ACL injuries, ACL reconstruction 

remains the treatment of choice in most young patients who wish to maintain an active 

lifestyle. However, clinical studies indicate that non-anatomical ACL graft placement is the 

most common technical error that subsequently leads to recurrent instability after 

reconstruction [2, 3]. Therefore, the anatomical placement of an ACL graft is generally 

considered critical to the successful clinical outcome of ACL reconstruction [4], although this 

topic remains controversial.  

The anatomical double bundle ACL reconstruction technique was first reported in 2004 by 

Yasuda et al. [5]. Since that time, several studies have reported that the anatomical 

double-bundle techniques provide more stable anterior-posterior translation (as measured 

using the KT-1000 arthrometer) and restore more rotational stability, compared to the 

conventional single bundle ACL reconstruction [6-8]. However, concerns remain regarding 

double bundle ACL reconstruction. One concern is the need to drill four independent tunnels, 

which doubles the risk of incorrect tunnel placement, and several authors have also reported 

significant tunnel widening after double bundle ACL reconstruction [9]. Furthermore, double 

bundle ACL reconstruction requires longer operative times and creates more extensive bone 

loss, thereby potentially increasing the difficulty of revision surgery. Therefore, attention has 

returned to single bundle reconstruction with grafts that are placed at the center of anatomical 

footprint.  

Several recent biomechanical studies have shown that single bundle ACL grafts that are 

placed in the center of their anatomic insertions can provide nearly normal knee kinematics, 

which are comparable to double bundle ACL reconstruction [10]. In 2010, we began 
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performing anatomical single bundle ACL reconstruction with a navigation system, and have 

successfully restored good knee stability for most of our patients. However, some patient who 

underwent anatomical single bundle ACL reconstruction with a smaller graft (a graft diameter 

of <8 mm) experienced poor rotational stability, and this result is similar to the report by 

Mariscalco et al. [11]. Therefore, we must improve the operative methods for anatomical single 

bundle reconstruction. Several anatomical studies have reported that the femoral insertion for 

the ACL has an oval or semilunar shape [12, 13], and we have also realized that the quadrupled 

semitendinosus and gracilis tendons appear to be oval, rather than circular. Therefore, we 

have designed and developed an original rounded rectangle tendon diameter tester and dilator 

for the new anatomical single bundle ACL reconstruction.  

The purpose of this study was to present an anatomical single bundle technique that used the 

original rounded rectangle shaped dilators to create a rounded rectangular femoral tunnel, and 

to investigate the tunnel’s position, using three-dimensional computed tomography (CT) and 

intraoperative X-p, as well as the incidence of intraoperative complications. 

 

Methods 

 In this study, all subjects were informed regarding the purpose, procedures, and known risks 

of this technique, and informed consent was obtained from all subjects. This study’s design 

was reviewed and approved by our institutional ethics review board. Fifty patients were 

diagnosed with an ACL tear and subsequently underwent ACL reconstruction between July 

2013 and March 2015; all procedures were conducted by a single surgeon (J.N.). A diagnosis 

of an ACL injury was reached based on a history of knee injury and the results of the 

Lachman and pivot shift tests, as well as a side-to-side difference of ≥3 mm when measured 

using the KT-1000 arthrometer (MEDmetric, San Diego, USA). All patients underwent 

magnetic resonance imaging (MRI) to confirm the diagnosis of an ACL tear. The inclusion 
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criteria were a unilateral complete ACL tear and no previous knee ligament surgery, and the 

exclusion criterion was a multiple ligament injury.   

Surgical Technique 

Patient positioning 

The patient was positioned in the supine position on the operation table. A tourniquet was 

placed high on the thigh, and distal and lateral supports were placed to keep the knee flexed at 

an angle of ≥90°.  

Graft harvesting 

The semitendinosus tendon, with or without the gracilis tendon, was harvested using an open 

tendon stripper via a 4 cm oblique incision, which was made medial to the tibial tuberosity. 

When the four-fold semitendinosus graft size was less than 6 × 9 mm (as measured using a 

rounded rectangle diameter tester), we harvested the gracilis tendon. To ensure that the graft 

fit into the rounded rectangular tunnel, the original rounded rectangle measuring device was 

used to evaluate the graft diameter (Fig. 1). 

Femoral tunnel 

The femoral tunnel was created before the tibial tunnel via an additional low anteromedial 

portal, which was created with the knee maintained at 90° of flexion. Using the lateral 

intercondylar ridge as an anatomical landmark, and taking care not to damage the remnant 

fibers of the ACL on the femur, a mark was made at the center of the ACL’s femoral insertion 

using a freehand technique and a radiofrequency device at 90° of knee flexion. With the knee 

in full flexion (>120°), a RetroButton Drill Pin (Arthrex, Naples, USA) was inserted via the 

low anteromedial portal and penetrated the lateral side of the thigh to create a femoral tunnel 

with a diameter of 3.5 mm. When the wire was placed centrally within the femoral insertion, 

the femoral tunnel was drilled to a length of 15 mm using a 6.0 mm drill tip and the 

RetroButton Drill Pin. To create the rounded rectangular aperture, we used the original 
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rounded rectangle dilators, which are available in various sizes (Fig. 2). The tunnel was 

dilated according to the graft size, and we then confirmed the rotation angle of the dilator 

using intraoperative X-p to mimic the ACL insertion (Fig. 3). In all cases, we dilated the full 

15 mm of the femoral tunnel. 

Tibial tunnel 

The tibial tunnel was drilled with a tibial guide set at a 50° angle, and the tip of the aimer 

was positioned to be 3–4 mm anterior to the posterior border of the anterior horn of the lateral 

meniscus, and directly anteromedial to the center of the tibial attachment of the ACL. The 

tunnel was then drilled according to the diameter of the graft with a conventional drill bit. 

Graft passage and fixation 

The graft was inserted via the tibial tunnel, and was looped over a TightRope (Arthrex, 

Naples, USA) for femoral fixation. After the button was flipped, the graft was manually 

pulled backwards and the joint was moved several times through the full range of motion. The 

other end of the graft was fixed using a Double Spike Plate and screw (Smith and Nephew, 

Andover, USA), and the initial graft tension was set to 40 N at 20° of knee flexion (Fig. 4). 

Evaluating the femoral tunnel position 

In all patients, computed tomography was performed at 1 week after the ACL reconstruction 

to evaluate the femoral tunnel’s positioning. We obtained 0.6-mm-thick cross-sectional 

images (taken perpendicular to the anatomical axis of the femur), the images were used to 

reconstruct the femur (without any soft tissue) using the AquarisNET (TeraRecon Inc. Foster 

City, CA, USA) three-dimensional rendering program, and the center of the femoral tunnel 

was identified on the reconstructed image. According to the quadrant method that was 

suggested by Bernard [14], the center of the tunnel was defined as point A and a rectangle was 

formed using Blumensaat’s line, a parallel line that was tangential to the most inferior margin 

of the lateral condyle, and two perpendicular lines that were tangential to the 
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shallowest/deepest subchondral contours of the lateral femoral condyle. Using this rectangle, 

the following four distances were measured: the distance of the lateral femoral condyle on the 

sagittal plane along Blumensaat’s line (t), the maximum height of the intercondylar notch (h), 

the distance from point A to the deepest subchondral contour of the lateral femoral condyle 

(a), and the distance from point A to Blumensaat’s line (b). The ratios of a:t and b:h were then 

expressed as percentages to describe the femoral tunnel’s position (Fig. 5). 

Evaluating the tibial tunnel position 

The tibial tunnel position was evaluated using intraoperative X-p (anterior-posterior and 

lateral), and we obtained the true anterior-posterior and lateral knee images using 

intraoperative fluoroscopy. The distance from the medial end of the tibia to the guide pin was 

set as “m”, and the width of the tibia was set as “W”. The distance from the anterior edge of 

the tibia to the guide pin was set as “s”, and the anteroposterior diameter was set as “L”. The 

ratios of m:W and s:L were then expressed as percentages to describe the tibial tunnel’s 

position (Fig. 6).  

Evaluating the intraoperative complications 

After each surgery, the surgeon and colleagues completed a questionnaire evaluating the 

following intraoperative complications: (1) posterior tunnel wall blowout, (2) damage to the 

neurovascular structures due to an inferior exit of the guide pin from the lateral thigh, (3) 

iatrogenic injury to the medial femoral condyle, (4) bending and breakage of the rigid guide 

pin in the hyper-flexed position, and (6) difficulty of the graft’s passage [15]. The tunnel length 

was measured intraoperatively using a ruler.   

 

Results 

The mean femoral tunnel length was 35.5 ± 3.2 mm (range, 30–40 mm), and all grafts were 

inserted 15 mm into the femoral tunnels. Only the semitendinosus tendon was harvested in 
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25of the 50 patients and the semitendinosus and gracilis tendons were harvested in the 25 

remaining patients. The sizes of the femoral and tibial tunnels are listed in Table 1.  

Using the positioning ratios that we calculated, the femoral tunnel was located at 25.3 ± 

5.8% from the deepest subchondral contour of the lateral femoral condyle, and at 31.8 ± 4.3% 

from Blumensaat’s line. The center of the tibial tunnel was located at 40.3 ± 2.8% from the 

anterior margin and at 45.6 ± 4.5% from the medial margin. One patient experienced a partial 

posterior tunnel wall blowout, although the damage was minimal, and we corrected the graft 

using the normal technique. No other intraoperative complications were observed.  

 

Discussion 

The most important finding of this study was that we did not experience any serious 

intraoperative complications during anatomical single bundle ACL reconstruction using the 

rounded rectangle dilator. Furthermore, the femoral and tibial tunnels were located within the 

anatomical ACL footprint.  

The importance of matching the ACL footprints as closely as possible has been reported in 

several biomechanical studies [16, 17]. Therefore, our rationale for developing the rounded 

rectangle dilators was the ability of the rounded rectangle tunnels to more closely mimic the 

femoral footprint (compared to the rounded tunnels). In addition, Ho et al. [18] and Sastre et 

al. [10] have reported that anatomical single bundle ACL reconstruction and double bundle 

ACL reconstruction provide very similar stability. Thus, attention has returned to single 

bundle reconstruction with the graft placed at the center of the anatomical position. In 

contrast, Araki et al. [19] have reported that anatomical double bundle ACL reconstruction 

provides superior stability (when measured using an electromagnetic system) compared to 

anatomical single bundle ACL reconstruction. Unfortunately, anatomical single bundle ACL 

reconstruction using a circular or oval shape cannot increase the size of the femoral tunnel 
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without causing roof impingement. However, rounded rectangle anatomical single bundle 

ACL reconstruction can increase the femoral tunnel size without causing roof impingement, 

depending on the size of the harvested graft. In the future, we hope to create the femoral 

tunnel based on the native ACL size, rather than the harvested graft size. Interestingly, 

Iriuchishima et al. [20] have reported that the height and area of the femoral intercondylar 

notch’s lateral wall can be a predictor of the native ACL size prior to surgery. Therefore, it 

may be possible to overcome the size constraints of anatomical single bundle ACL 

reconstruction if we use rounded rectangle ACL reconstruction. In addition, a drill heats the 

bone [21], while a dilator does not heat the bone and may prevent tunnel widening by 

compressing the cancellous bone [22]. However, further investigation is needed to address 

these issues.   

In this study, the femoral and tibial tunnels were all located within the anatomical ACL 

footprint. Among the various methods that are used to assess the femoral tunnel position, the 

quadrant method is the most commonly used, and it assumes that the center of the ACL 

footprint is located between the anteromedial bundle and the posterolateral bundle. Piefer et 

al. [23] have reported that the center of the ACL footprint is located at 21.5% in the 

anteromedial bundle and 32.0% in the posterolateral bundle, relative to the deepest 

subchondral contour of the lateral femoral condyle, compared to 23.1% in the anteromedial 

bundle and 48.8% in the posterolateral bundle, relative to Blumensaat’s line. In the current 

study, the center of the femoral tunnel was located at 25.3% from the deepest subchondral 

contour of the lateral femoral condyle and at 31.8% from Blumensaat’s line. This result 

indicates that our femoral tunnels were located slightly posterior and shallower, compared the 

placement that was reported by Piefer et al. However, this result appears to be reasonable for 

tendon-bone healing, as the tendon-bone junction is revitalized on the anterior side of the 

femoral bone tunnel [24]. 
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According to Lorenz [23], the proper position for the center of the anteromedial bundle is at 

41% of the tibial sagittal plane and at 48% of tibial coronal plane, while the posterolateral 

bundle should be placed at 52% of the tibial sagittal plane and at 50% of the tibial coronal 

plane. In the present study, the center of the tibial tunnel was located at 40.3% from the 

anterior margin and at 45.6% from the medial margin. However, this position also appears to 

be reasonable for tendon-bone healing, as the tendon-bone junction is revitalized on the 

posterolateral side of the tibial bone tunnel [25].  

Lubowitz [15] has reported several intraoperative complications that may be associated with 

the anteromedial portal, such as posterior tunnel wall blowout, damage to the neurovascular 

structures (due to an inferior exit of the guide pin from the lateral thigh), and iatrogenic injury 

to the medial femoral condyle. In the present study, we only observed one complication, 

which was a partial posterior tunnel wall blowout. However, the cause appeared to be the low 

knee flexion angle, and this complication can be avoided by finding the center of the femoral 

footprint and using >120° of knee flexion during drilling. Unfortunately, one limitation of this 

technique is that we cannot directly observe the residual posterior wall length during femoral 

dilation. Therefore, it is important to consider the graft size during drilling.  

Anatomical single bundle ACL reconstruction with an “oval” femoral tunnel (i.e., not a 

rounded rectangle) has recently attracted attention, and several methods have been reported [21, 

26]. However, the oval femoral tunnel has several disadvantages, compared to the rounded 

rectangle femoral tunnel. For example, the oval femoral tunnel cannot increase the size of the 

femoral tunnel without roof impingement, and does not restore the flat tendon bone junction, 

as described by Smigielski [27]. Therefore, our technique with the rounded rectangle dilator 

may potentially reduce the graft failure rate of anatomical ACL reconstructions, compared to 

that of non-anatomical or standard ACL reconstructions.  

This study has two important limitations. First, we obtained true anterior-posterior and 
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lateral knee images using intraoperative fluoroscopy to evaluate the tibial tunnel position. 

Therefore, it is possible that an error in the rotation may have affected our findings. Second, 

the variability in the femoral tunnel position was high, compare to the variability for the tibial 

bone tunnel position. We believe that this variability may be related to our freehand surgical 

technique and individual differences in the shape of each femur. Nevertheless, further 

research is needed to determine whether this variability had significant clinical effects. 

Conclusion 

We did not experience any serious intraoperative complications during anatomical single 

bundle ACL reconstruction using a rounded rectangle dilator, and the resulting locations of 

the femoral and tibial tunnels were near the center of ACL foot print. Thus, this technique 

may facilitate a larger graft in anatomical ACL reconstruction (without risk of impingement), 

which may help reduce the failure rate of anatomical ACL reconstruction. 
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