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ABSTRACT 

 
Influence of knee flexion angle and transverse drill angle 

 on creation of femoral tunnels in double bundle ACL reconstruction 

using transportal technique: 3D CT simulation analysis 

 
Min Jung 

 
Department of Medicine 

The Graduate School, Yonsei University 
 

(Directed by Professor Chong Hyuk Choi) 

 
There has been no previous study on double bundle reconstruction dealing 

with the characteristics of femoral tunnel which change according to the 

combined effect of various flexion angles of knee and transverse drill angles. 

The purpose of the study was to find appropriate conditions of knee flexion 

angle and transverse drill angle for optimal femoral tunnels of anteromedial 

(AM) bundle and posterolateral (PL) bundle which include sufficient tunnel 

length without wall breakage, an obtuse graft-tunnel angle, an ellipsoidal tunnel 

aperture and no communication between two tunnels in double bundle ACL 

reconstruction using transportal technique. Three-dimensional reconstructed 

knee models were developed using customized software from computed 

tomography images of 30 patients. On the transepicondylar axis, the knee 

flexion angles were altered from 100º to 130º at intervals of 10º. Three 

transverse drill angles were set up according to the maximum transverse drill 

angle (MTA) in contact with medial femoral condyle and maximum angle 

minus 10° and 20° by moving drill laterally. Twelve different femoral tunnels 

determined by four flexion angles and three transverse drill angles were created 
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for AM bundle and PL bundle, respectively. Following variables of femoral 

tunnels were assessed: (1) tunnel length; (2) tunnel wall breakage; (3) 

communication between tunnels of AM and PL bundle; (4) graft-tunnel angle; 

(5) length of long axis of femoral tunnel aperture. The mean length of tunnel of 

AM bundle was more than 30mm at 120° and 130° of flexion in all transverse 

drill angles. The mean length of tunnel of PL bundle was more than 30mm 

during every condition. There was no case of wall breakage of tunnel in creating 

PL bundle during every condition, but there were one or more cases of wall 

breakage except for 120° of flexion and MTA and 130° of flexion and MTA in 

creating AM bundle. Considering gap length of more than 2mm between two 

tunnels as having no communication, combination of AM bundle created at 

120° of flexion and MTA with PL bundle created at 120° of flexion and MTA 

(gap length = 2.12±0.93mm), 130° of flexion and MTA (gap length = 

2.08±1.17mm) and 130° of flexion and MTA-10° (gap length = 2.03±1.14mm) 

and combination of AM bundle created at 130° of flexion and MTA with PL 

bundle created at 120° of flexion and MTA (gap length = 2.48±1.11mm), 130° 

of flexion and MTA (gap length = 2.35±1.20mm) and 130° of flexion and MTA-

10° (gap length = 2.29±1.16mm) were optimal conditions. Among these 

combinations, 120° of flexion and MTA was the most optimal conditions for 

both AM and PL bundles considering graft-femoral tunnel angle and tunnel 

aperture morphology. Flexion angle of knee and transverse drill angle had a 

combined effect on the characteristics of femoral tunnel in double bundle ACL 

reconstruction using transportal technique. Achieving a flexion angle of 120° 

and transverse drill angle close to the cartilage of medial femoral condyle could 

be recommended for optimal tunnels of both AM and PL bundles. 

 

Key words: arthroscopy; anterior cruciate ligament; reconstruction; double 

bundle 
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I. INTRODUCTION 

 

Anterior cruciate ligament (ACL) insufficiency leads to an alteration of 

kinematics and functional impairment of the knee.1 Over the past few decades, 

there have been various considerations on the surgical treatment method for 

ACL insufficiency to restore normal knee kinematics and improve the 

functional outcomes. In the early 2000s, several studies showed that only about 

30% to 40% of patients treated with ACL reconstruction were reported as 

normal while the majority of patients had recurrent instability or an inability to 

recover function prior to injury.2 Additionally, long term studies revealed 

drawbacks with arthritic change and poor functional outcomes after ACL 

reconstruction due to limitation in restoration of normal knee kinematics.3-5 To 

redeem such defects, the double bundle concept was considered as one of the 

alternatives on the basis of native ACL anatomy. The double-bundle anatomy of 

the ACL was identified decades ago.6 However, it began to receive attention in 

clinical practice in the 2000s.7,8 Biomechanical studies supported double-bundle 
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ACL reconstruction by establishing differing kinematic roles of each bundle9,10 

and noted that double-bundle ACL reconstruction led to improvement of 

outcomes by restoring knee kinematics close to normal ACL.10 Although 

controversy exists over clinical outcomes, double bundle ACL reconstruction 

has been considered to have more antero-posterior and rotational stability 

compared to single bundle reconstruction according to previous studies.11  

In performing ACL reconstruction, the location of femoral tunnel is considered 

as a key factor to yield successful outcomes.12 Efforts to place the femoral 

tunnel in the anatomical position of native ACL were devoted and anatomical 

ACL reconstruction using outside in technique and transportal technique was 

suggested.13-15 There have been pros and cons on both techniques. Outside in 

technique has a shortcoming of need for lateral femoral dissection using an 

additional incision. On the contrary, transportal technique does not need 

additional incision, but has drawbacks such as insufficient tunnel length16,17 and 

posterior wall blow-out.17 In this regard, previous studies noted that flexion 

angle of knee18-20 and transverse drill angle20 affected the characteristics of 

femoral tunnel and suggested that flexion angle should be increased and the far 

anteromedial portal has to be made at a lower position21 to achieve a sufficient 

length of tunnel without wall breakage. However, other important points are 

graft-tunnel angle and shape of tunnel aperture. Graft-tunnel angle increases 

with increased knee flexion angle. It results in higher tunnel acuity and contact 

pressure.18 Change of transverse drill angle affects the trajectory and aperture 

shape of femoral tunnel in transportal technique.20 In performing double bundle 

ACL reconstruction, to the best of our knowledge, there has been no previous 

study dealing with the characteristics of femoral tunnel including tunnel length, 

posterior wall breakage, graft-tunnel angle and shape of tunnel aperture which 

change according to the combined effect of various flexion angles of knee and 

transverse drill angles. Additionally, one of the most important elements of the 
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double-bundle ACL reconstruction is to create two tunnels while preserving 

intact bone bridge between tunnels without inter-tunnel communication. 

Communication between two tunnels jeopardizes function of reconstructed graft 

and stability of knee, and leads to difficulty in revision surgery.22,23 Accordingly, 

the purpose of the present study is to find appropriate conditions of knee flexion 

angle and transverse drill angle for optimal femoral tunnels of each bundle 

which include sufficient tunnel length without wall breakage, an obtuse graft-

tunnel angle, an ellipsoidal tunnel aperture and no communication between two 

tunnels in double bundle ACL reconstruction using transportal technique. The 

present study was performed using three-dimensional (3D) computed 

tomography (CT) simulation.  

 

 

II. MATERIALS AND METHODS 

 

1. 3D reconstruction of computed tomography scans 

Knee CT images of subjects who took a CT scan to evaluate the trauma of the 

knee from January 2011 to December 2012 were retrospectively reviewed after 

approval by the institutional review board of our institution. The CT evaluation 

was performed with the CT scanner Sensation 64 (Siemens healthcare, Erlangen, 

Germany). The tube parameters were 120kVp and 135~253mAs. The 

acquisition matrix was 512 x 512 pixels. The scan field of view was 

134~271mm, and the slice thickness was 0.6~1mm. A CT scan was performed 

with the knee in full extension. Subjects were included in the current study 

according to the following criteria: (1) no ligament injury of knee; (2) no 

osseous deformity including fracture of femur and tibia; (3) no previous 

operation history; (4) no osteoarthritis above Kellgren-Lawrence grade I.24 CT 

images of thirty subjects were included in the present study. Digital Imaging 
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and Communications in Medicine (DICOM) data were extracted from the 

picture archiving and communication system (Centricity PACS, GE Medical 

System Information Technologies, Milwaukee, Wisconsin). Extracted CT 

images were imported into Mimics software (version 17; Materialise, Leuven, 

Belgium) and 3D model of femur and tibia was reconstructed (Fig. 1). 

 

 

 

Figure 1. Computed tomography images extracted from the picture archiving 

and communication system were imported into Mimics software (version 17; 

Materialise, Leuven, Belgium) and three-dimensional model of femur and tibia 

was reconstructed. 

 

 

2. Simulation of femoral tunnel drilling on 3D reconstructed model 
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To establish footprint centers of anteromedial (AM) and posterolateral (PL) 

bundles of ACL on femur, 3D reconstructed model of femur was aligned in a 

true lateral position where both femoral condyles were superimposed as noted 

by Bernard et al.25 and the medial femoral condyle was virtually removed from 

the 3D reconstructed model at the most anterior aspect of the intercondylar 

notch to improve visualization of the medial wall of the lateral femoral 

condyle.26 Footprint centers of each bundle were determined according to the 

previous study dealing with 3D CT using cadaver.27 Similar to the quadrant 

method for standard lateral radiographs, 4 x 4 grid was drawn on the medial 

wall of the lateral femoral condyle from a true medial view of the femur 

established at 90° flexion of knee. Because there was no Blumensaat line on a 

3D reconstructed model, the most anterior edge of the femoral notch roof was 

regarded as the reference for the grid alignment. The femoral footprint center of 

each bundle were located according to reference point coordinates determined 

by the segments of the grid along the Blumensaat line and the segments of the 

grid perpendicular to the Blumensaat line. The point which was located at 

21.7% of the distance measured from the posterior border of the medial wall of 

the lateral condyle along the line parallel to the Blumensaat line and at 33.2 % 

of the distance measured from the Blumensaat line along the line perpendicular 

to the Blumensaat line was set for the center of femoral footprint of AM bundle. 

The point which was located at 35.1% of the distance measured from the 

posterior border of the medial wall of the lateral condyle along the line parallel 

to the Blumensaat line and at 55.3 % of the distance measured from the 

Blumensaat line along the line perpendicular to the Blumensaat line was set for 

the center of femoral footprint of PL bundle (Fig. 2). And then, the medial 

condyle-removed 3D model was restored to the original 3D model including 

both condyles.  
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Figure 2. The location of the femoral footprint centers of anteromedial and 

posterolateral bundles. The point which was located at 21.7% of the distance 

measured from the posterior border of the medial wall of the lateral condyle 

along the line parallel to the Blumensaat line and at 33.2 % of the distance 

measured from the Blumensaat line along the line perpendicular to the 

Blumensaat line was set for the center of femoral footprint of AM bundle. The 

point which was located at 35.1% of the distance measured from the posterior 

border of the medial wall of the lateral condyle along the line parallel to the 

Blumensaat line and at 55.3 % of the distance measured from the Blumensaat 

line along the line perpendicular to the Blumensaat line was set for the center of 

femoral footprint of PL bundle. 

 

 

Various knee flexion angles and transverse drill angles were applied to the 3D 

knee models. To vary the flexion angle, transpeicondylar axis was established as 

rotation axis of flexion according to the previous study.28,29 On the 

transepicondylar axis, the knee flexion angles were altered from 100º to 130º at 

intervals of 10º (Fig. 3-A). 90º of flexion angle was not included in this study 
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because Basdekis et al. reported that the femoral tunnel tended to blow out the 

posterior cortex of the lateral femoral condyle at 90° of flexion.18 The transverse 

drill angle was set to three positions according to methods of the previous study 

(Fig. 3-B).20 The center of far anteromedial portal made just above the medial 

meniscus during real operation with transportal technique was virtually located 

at 10mm above the tibia plateau considering thickness of medial meniscus and 

radius of femoral tunnel. The maximum angle of drill rotation can be achieved 

when coming into contact with the cartilage of medial femoral condyle. The 

first position of drill with maximum transverse drill angle (MTA) was in contact 

with medial femoral condyle. The other positions were angles of the first 

position minus 10° and 20° by moving drill laterally. The drill bit for tunneling 

was simplified to the virtual cylinder in the present study using 3D model. The 

diameter of drill bit for each bundle was set to 6mm considering bone bridge 

between two bundles and the length of axis of each bundle footprint reported by 

previous studies.30,31 Femoral tunnels of each bundle were made along the 

extension of the line from the virtual center of far anteromedial portal to the 

centers of the footprint of each bundle (Fig. 3-B). Three tunnels of each bundle 

were created at each of four angles of flexion. Twelve tunnels were made for 

AM bundle and PL bundle, respectively. 
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Figure 3. Various knee flexion angles and transverse drill angles were applied to 

the three-dimensional knee models. A: On the transepicondylar axis, the knee 

flexion angles were altered from 100º to 130º at intervals of 10º. B: The 

transverse drill angle was set to three positions. The first position of drill with 

maximum transverse drill angle was in contact with medial femoral condyle. 

The other positions were angles of the first position minus 10° and 20° by 

moving drill laterally.  

 

 

3. Measurement of variables of the femoral tunnel characteristics 

Five major variables of the each tunnel were assessed: (1) tunnel length; (2) 

tunnel wall breakage; (3) communication between tunnels of AM and PL 

bundle; (4) graft-tunnel angle; (5) length of long axis of femoral tunnel aperture. 

Tunnel length was measured from the center of femoral footprint at the medial 
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wall of lateral femoral condyle to the center of the far cortex penetrated by the 

virtual cylinder. Considering the length of the graft incorporated in the femoral 

tunnel and fixation device for suspensory method of endobutton (Smith & 

Nephew Endoscopy, Andover, Massachusetts), 30mm was set as a criterion for 

a minimum length of the femoral tunnel for the stable graft fixation.32 The 

lengths of twelve tunnels of each bundle were measured. The posterior wall 

breakage was assessed for each tunnel. The breakage of tunnel wall included 

two kinds of breakage which were at the entrance and in the middle of the 

tunnel. After the appropriate conditions for the optimal tunnels which had 

sufficient length of more than 30mm without entrance breakage and mid-tunnel 

breakage were determined, the communication between optimal tunnels of each 

bundle were assessed. The overlaps between two tunnels throughout the whole 

length of tunnels were investigated and the shortest distance of the gap between 

two tunnels was measured (Fig. 4). 2mm was set as a criterion for a minimum 

gap to prevent postoperative femoral bone tunnel communication.33,34 The 

combinations of AM and PL bundles which had sufficient tunnel length without 

wall breakage and no communication were determined. And then the graft-

tunnel angle (Fig. 5) and the length of long axis of femoral tunnel aperture (Fig. 

6) of each optimal tunnels were measured.  
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Figure 4. The overlaps between tunnel of two bundles throughout the whole 

length of tunnels were investigated and the shortest distance of the gap between 

two tunnels was measured. The relationship between anteromedial bundle 

created at 130° of flexion and maximum transverse drill angle and posterolateral 

bundle created at 120° of flexion and maximum transverse drill angle is shown. 
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Figure 5. The graft-femoral tunnel angle was measured. A. The tibial footprint 

centers of each bundle were located according to reference point coordinates 

determined. The anterior-to-posterior and medial-to-lateral tunnel positions 

were determined with use of a true proximal-to-distal view on the tibial plateau. 

The mean anterior-to-posterior distances for the AM and PL tunnel center 

locations were 25% and 46.4%, respectively, of the anterior-toposterior depth of 

the tibia measured from the anterior border. The mean medial-to-lateral 

distances for the AM and PL tunnel center locations were 50.5% and 52.4%, 

respectively, of the medial-to-lateral width of the tibia measured from the 

medial border. B. With the knee in full extension, the angle between the line 

from the tibial tunnel center to the femoral tunnel center and the virtual cylinder 

of graft was measured as a graft-femoral tunnel angle. 



14 

 

 

 
 

Figure 6. The length of long axis of femoral tunnel aperture was measured to 

evaluate the coverage of ACL footprint by the graft. 
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To assess the graft-femoral tunnel angle, the tibial footprint centers of each 

bundle were located according to reference point coordinates determined by the 

previous study.27 The anterior-to-posterior and medial-to-lateral tunnel positions 

were determined with use of a true proximal-to-distal view on the tibial plateau. 

The mean anterior-to-posterior distances for the AM and PL tunnel center 

locations were 25% and 46.4%, respectively, of the anterior-to-posterior depth 

of the tibia measured from the anterior border. The mean medial-to-lateral 

distances for the AM and PL tunnel center locations were 50.5% and 52.4%, 

respectively, of the medial-to-lateral width of the tibia measured from the 

medial border. Maximum contact pressure of the graft was observed at the 

anterior portion with the knee in full extension35. Accordingly, with the knee in 

full extension, the angle between the line from the tibial tunnel center to the 

femoral tunnel center and the virtual cylinder of graft was measured as a graft-

femoral tunnel angle (Fig. 5). The length of long axis of femoral tunnel aperture 

was measured to evaluate the coverage of ACL footprint by the graft (Fig. 6). 

The length of short axis of femoral tunnel was 6mm which was same as the 

diameter of the tunnel. 

 

4. Statistical Analysis 

For comparative analyses of continuous variables, the paired t-test was 

performed between two variables and the repeated measures analysis of 

variance (ANOVA) was used between three variables. The post-hoc 

analysis with adjusted p-value obtained by Bonferroni correction was performed 

to make pairwise comparisons. The Cochran's Q test for determination of 

differences on dichotomous dependent variables was used. The level of 

significance was set at p<0.05. Statistical analysis was performed with use of 

the IBM SPSS Statistics for Windows software program (version 23.0; IBM, 

Armonk, New York). 
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III. RESULTS 

 

There were eighteen male (60%) and twelve female (40%) patients. The 

average age was 37.4±11.5 years (range, eighteen to fifty-six years). The 

affected side was right in sixteen patients (53.3%) and left in fourteen patients 

(46.7%). The average height of patients was 170.6±8.4 cm (range, 158 to 182 

cm) and the average weight of patients was 63.9±11.2 kg (range, 50 to 84 kg).  

The mean lengths of femoral tunnel of AM bundle and PL bundle were shown 

in Table 1. The mean length of tunnel of AM bundle was more than 30mm at 

120° and 130° of flexion in all transverse drill angles. The mean length of 

tunnel of PL bundle was more than 30mm during every condition regardless of 

flexion angle and transverse drill angle. Comparison of tunnel lengths between 

three different transverse drill angles in each angle of knee flexion was done. At 

100°, 120° and 130° of flexion, there were significant differences of tunnel 

lengths of AM bundle between MTA, MTA-10° and MTA-20° (p<0.001) (Table 

1). According to the Post-hoc analysis with use of Bonferroni correction, all 

comparison had significant differences with one exception of comparison 

between MTA and MTA-10° in 120° of flexion (p=0.110) (Table 2). At 110° of 

flexion, there was no significant difference of tunnel lengths of AM bundle 

according to the transverse drill angles. In terms of PL bundle, there were 

significant differences of tunnel lengths at all flexion angles (Table 1). Post-hoc 

analysis with use of Bonferroni correction showed that all comparison had 

significant differences with one exception of comparison between MTA and 

MTA-20° in 100° of flexion (p>0.999) (Table 2). Comparison of tunnel lengths 

between the four different knee flexion angles in each transverse drill angle was 

also performed. Tunnel lengths of both AM and PL bundles significantly 

differed according to the flexion angle in every transverse drill angle (p<0.001) 

(Table 1).
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According to the Post-hoc analysis with use of Bonferroni correction, there 

was significant difference in all pairwise comparison regarding AM bundle. In 

terms of PL bundle, pairwise comparison between 120° and 130° did not have 

significant difference in every transverse drill angle. In MTA, pairwise 

comparison of 110° versus 120° (p=0.960) and 110° versus 130° (p=0.235) 

did not show significant difference. For the rest of pairwise comparison, there 

were significant differences (Table 3). 

The proportions of tunnel wall breakage in each condition were shown in 

Table 4. There was no case of tunnel wall breakage in creating PL bundle 

during every condition. Regarding AM bundle, there was no tunnel wall 

breakage at 120° of flexion and MTA and 130° of flexion and MTA. Except 

for those two conditions, there were one or more cases of wall breakage 

(Table 4). The proportion of tunnel wall breakage of AM bundle showed 

decrease as flexion angle increased and transverse drill angle was made closer 

to the cartilage of medial femoral condyle (Table 4). 
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Considering optimal tunnels which had sufficient length of more than 30mm 

without entrance breakage and mid-tunnel breakage, appropriate condition for 

creating AM bundle was 120° of flexion and MTA and 130° of flexion and 

MTA. All conditions for creating tunnel for PL bundle had mean length of 

more than 30mm without wall breakage. Communication between two 

bundles was assessed between these conditions: AM bundle created at 120° of 

flexion and MTA and PL bundle created during every condition; AM bundle 

created at 130° of flexion and MTA and PL bundle created during every 

condition (Table 5). There was no case of communication of tunnels between 

AM bundle created at 120° of flexion and MTA and PL bundle created at 120° 

of flexion and MTA (gap length = 2.12±0.93mm), 120° of flexion and MTA-

10° (gap length = 1.87±0.91mm), 130° of flexion and MTA (gap length = 

2.08±1.17mm) and 130° of flexion and MTA-10° (gap length = 

2.03±1.14mm). There was no case of communication of tunnels between AM 

bundle created at 130° of flexion and MTA and PL bundle created at 120° of 

flexion and MTA (gap length = 2.48±1.11mm), 130° of flexion and MTA (gap 

length = 2.35±1.20mm) and 130° of flexion and MTA-10° (gap length = 

2.29±1.16mm). The proportion of inter-tunnel communication between two 

bundles showed decrease as flexion angle increased and transverse drill angle 

was made closer to the cartilage of medial femoral condyle regarding the 

condition of PL bundle creation (Table 5). 
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The appropriate combinations which had sufficient tunnel length without wall 

breakage and no communication with more than 2mm gap were AM bundle 

created at 120° of flexion and MTA and 130° of flexion and MTA with PL 

bundle created at 120° of flexion and MTA, 130° of flexion and MTA and 

130° of flexion and MTA-10°. Comparison of graft-femoral tunnel angle and 

length of long axis in femoral tunnel aperture was performed. Regarding AM 

bundle, graft-femoral tunnel angles were as follows: 101.4±4.9° for the tunnel 

created at 120° of flexion and MTA; 96.7±5.2° for the tunnel created at 130° 

of flexion and MTA (p<0.001). Lengths of long axis in femoral tunnel 

aperture were as follows: 6.5±0.5mm for the tunnel created at 120° of flexion 

and MTA; 6.4±0.4mm for the tunnel created at 130° of flexion and MTA 

(p=0.001). The femoral tunnel of AM bundle created at 120° of flexion and 

MTA had a more obtuse graft-tunnel angle and a longer axis of aperture 

(Table 6). Regarding PL bundle, graft-femoral tunnel angles were as follows: 

96.2±6.1° for the tunnel created at 120° of flexion and MTA; 91.5±6.2° for 

the tunnel created at 130° of flexion and MTA; 92.2±6.4° for the tunnel 

created at 130° of flexion and MTA-10° (p<0.001) (Table 6). All Pairwise 

comparisons showed significant difference (p<0.001) (Table 7). Lengths of 

long axis in femoral tunnel aperture were as follows: 6.2±0.2mm for the 

tunnel created at 120° of flexion and MTA; 6.1±0.2mm for the tunnel created 

at 130° of flexion and MTA; 6.3±0.3mm for the tunnel created at 130° of 

flexion and MTA-10° (p<0.001) (Table 6). All Pairwise comparisons showed 

significant difference (  (Table 7). The femoral tunnel of PL bundle 

created at 120° of flexion and MTA had the most obtuse graft-tunnel angle 

and the femoral tunnel of PL bundle at 130° of flexion and MTA-10° had the 

longest axis of aperture.
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IV. DISCUSSION 

 

The technical difficulties of creating femoral tunnel through far 

anteromedial portal in ACL reconstruction with use of transportal technique 

includes the occurence risk for short tunnel length16,17 and posterior wall 

blow-out.17 The characteristics of femoral tunnel including tunnel length and 

wall breakage were reported to be influenced by flexion angle of knee18-20,36,37 

and transverse drill angle.20 Obtuse graft-tunnel angle to decrease contact 

pressure of femoral tunnel38-40 and ellipsoidal tunnel aperture that resembles 

the native ACL footprint are also important factors to affect outcomes of ACL 

reconstruction.20 Both knee flexion angle and transverse drill angle had an 

integrated effect on creation of femoral tunnel. Regarding the location of 

femoral tunnel aperture, double bundle ACL reconstruction is different from 

single bundle ACL reconstruction. Therefore, the characteristics of tunnels of 

AM and PL bundle in double bundle ACL reconstruction have to be evaluated 

differently from the previous studies18,20 dealing with single bundle ACL 

reconstruction. Additionally, double bundle ACL reconstruction is a 

technically demanding procedure with higher risk of inter-tunnel 

communication between two bundles. The present study focused on the 

appropriate conditions of knee flexion angle and transverse drill angle for the 

optimal femoral tunnels of each bundle regarding sufficient tunnel length 

without wall breakage, an obtuse graft-tunnel angle, an ellipsoidal tunnel 

aperture and no inter-tunnel communication between two bundles. 

 According to the results of present study, both knee flexion angle and 

transverse drill angle had a significant effect on the length of femoral tunnel. 

Under the condition of each fixed flexion angle of knee, as transverse drill 

angle decreased by moving drill laterally, tunnel length of AM bundle tended 

to decrease at 100° of flexion (p<0.001), and increase at 120° and 130° of 

flexion (p<0.001). In terms of PL bundle, as transverse drill angle decreased, 
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tunnel length tended to increase at 110°, 120° and 130° of flexion (p<0.001). 

At high flexion angle of 120° and 130°, femoral tunnel lengths of both of AM 

and PL bundles tended to increase as transverse drill angle decreased. In terms 

of influence of portal position related to transverse drill angle on femoral 

tunnel length, it was noted that the standard anteromedial portal resulted in a 

significantly longer tunnel length compared with a far anteromedial portal 

more medial to the standard anteromedial portal.36 Moving the far 

anteromedial portal more laterally towards the medial border of the patellar 

ligament produced a longer femoral tunnel length.20,41 The results of the 

present study dealing with femoral tunnels of AM and PL bundles in double 

bundle ACL reconstruction accorded with these previous studies. Under the 

condition of each fixed transverse drill angle, as flexion angle increased, 

tunnel length of AM and PL bundle tended to increase with statistical 

significance (p<0.001). According to the previous cadaveric study dealing 

with single bundle ACL reconstruction using transportal technique, the 

femoral tunnel length was shorter at 90° of flexion than at 110° and 130° of 

flexion18. Other previous studies regarding single bundle ACL reconstruction 

also noted that femoral tunnel length showed a tendency to increase as the 

flexion angle of knee increases.36,37 To obtain a longer femoral tunnel, 

attainment of a high flexion angle could be recommended. According to the 

results of the present study, mean tunnel length of AM bundle was more than 

30mm at 120° and 130° of flexion regardless of transverse drill angle and 

mean tunnel length of PL bundle was more than 30mm regardless of knee 

flexion angle and transverse drill angle. Regarding the tendency of change in 

tunnel length, the femoral tunnel was longer at higher flexion angle of knee 

and transverse drill angle with more lateral position for both of AM and PL 

bundles. Longer tunnels of AM and PL bundles can be achieved by decrease 

of transverse drill angle at high flexion angle of 120° and 130° with regard to 

only a single factor of tunnel length.  
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 Considering tunnel wall breakage in present study, there was no case of wall 

breakage of tunnel in creating PL bundle during every condition, but there 

were one or more cases of wall breakage except for 120° of flexion and MTA 

and 130° of flexion and MTA in creating AM bundle. The proportion of tunnel 

wall breakage of AM bundle showed decrease as extent of flexion angle 

increased and transverse drill was moved medially closer to the cartilage of 

medial femoral condyle. In previous study on single bundle reconstruction, 

the risk of wall breakage was reported to decrease as flexion angle 

increased.18,37 To avoid posterior wall blow-out, the position of the far 

anteromedial portal is recommended to be a low medial position compared to 

standard anteromedial portal in transportal technique. The result of the present 

study also supported a more medial position for the far anteromedial portal 

without damage to the cartilage of medial femoral condyle, showing that the 

tunnel of AM bundle had more cases of wall breakage as the transverse drill 

angle moved more laterally. Regarding tunnel wall breakage, the appropriate 

condition was 120° of flexion and MTA and 130° of flexion and MTA for AM 

bundle and there was no limiting condition for PL bundle. 

 Considering both factors of tunnel length and wall breakage, 120° of flexion 

and MTA and 130° of flexion and MTA were suitable for creation of AM 

bundle and all conditions were suitable for creation of PL bundle. According 

to these results, inter-tunnel communication between two bundles was 

assessed. There was no case of inter-tunnel communication between AM 

bundle created at 120° of flexion and MTA and PL bundle created at 120° of 

flexion and MTA (gap length = 2.12±0.93mm), 120° of flexion and MTA-10° 

(gap length = 1.87±0.91mm), 130° of flexion and MTA (gap length = 

2.08±1.17mm) and 130° of flexion and MTA-10° (gap length = 

2.03±1.14mm). There was no case of inter-tunnel communication between 

AM bundle created at 130° of flexion and MTA and PL bundle created at 120° 

of flexion and MTA (gap length = 2.48±1.11mm), 130° of flexion and MTA 
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(gap length = 2.35±1.20mm) and 130° of flexion and MTA-10° (gap length = 

2.29±1.16mm). Regarding the condition of PL bundle creation, the proportion 

of inter-tunnel communication tended to decrease with the increase in the 

extent of flexion angle and with transverse drill angle made closer to the 

cartilage of medial femoral condyle. Inter-tunnel communication can occur 

intraoperatively because of technical problem and postoperatively due to 

tunnel enlargement at the aperture and mid portion of femoral tunnel. Bone 

tunnel communication had an effect on delayed healing of the graft in the 

bone tunnel resulting in increased laxity of reconstructed ACL and made 

revision surgery more difficult.42 Previous studies reported 0~19% of 

intraoperative communication of femoral tunnels in double-bundle ACL 

reconstruction using transportal technique.42,43 Regarding femoral tunnel 

communication caused by postoperative tunnel enlargement, previous studies 

reported 19~60% in double-bundle ACL reconstruction using transportal 

technique.34,42 The mean enlargement of femoral tunnel was 34~35% for the 

AM bundle and 46~48% for the PL bundle.42,44 Considering bone tunnel 

enlargement, maintaining more than 2mm of bone bridge between two tunnels 

was recommended to prevent postoperative femoral bone tunnel 

communication.33,34 According to the serial evaluation regarding tunnel length, 

wall breakage and inter-tunnel communication, combination of AM bundle 

created at 120° of flexion and MTA with PL bundle created at 120° of flexion 

and MTA, 130° of flexion and MTA and 130° of flexion and MTA-10° and 

combination of AM bundle created at 130° of flexion and MTA with PL 

bundle created at 120° of flexion and MTA, 130° of flexion and MTA and 

130° of flexion and MTA-10° were optimal conditions for creation of femoral 

tunnels in double bundle ACL reconstruction using transportal technique.  

 For these tunnels, the graft-femoral tunnel angle and the length of long axis 

of femoral tunnel aperture to estimate the ellipsoidal shape of tunnel aperture 

were measured. The femoral tunnels of AM and PL bundles created at 120° of 
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flexion and MTA had more obtuse graft-tunnel angle. Acute femoral tunnel 

angle increases the mechanical stress on the graft and femoral tunnel wall. 

Repetitive motion of graft at the sharp edge of acute femoral tunnel can cause 

damage to graft and tunnel widening.38-40 Otsubo et al. noted that 11% of the 

PL graft showed substantial damage at the femoral tunnel aperture due to graft 

tension in anatomical double-bundle ACL reconstruction.39 Segawa et al. 

reported that the femoral tunnel angle was significantly smaller in patients 

with enlarged femoral tunnel than in patients without enlarged femoral 

tunnel.40 As knee flexion angle increases at the creation of femoral tunnel, the 

graft-tunnel angle becomes more acute. The increased acuity of the femoral 

tunnel angle resulted in an increased contact pressure on the graft and the 

tunnel wall.18,35 According to the present study, 120° of flexion and MTA were 

recommended as an optimal condition for creating femoral tunnels of AM and 

PL bundles. This study showed that the femoral tunnels of AM bundle created 

at 120° of flexion and MTA and PL bundle at 130° of flexion and MTA-10° 

had longer axis of aperture. The longer axis of aperture can make the tunnel 

aperture shape more ellipsoidal. One of the goals of anatomical ACL 

reconstruction is to create ellipsoidal tunnel apertures that resemble the native 

ACL attachment area.20 A more ellipsoidal aperture of femoral tunnel would 

cover the native ACL footprint more and create more anatomical femoral 

tunnel.45 Flexion angle and transverse drill angle affected morphology of 

femoral tunnel aperture in transportal technique.20,30 According to the present 

study, low flexion angle of 120° and decreased transverse drill angle of MTA-

10° made the tunnel aperture morphology more ellipsoidal by obtaining a 

longer axis of aperture. 

 In summary, serial evaluation of the present study including tunnel length, 

tunnel wall breakage, communication between tunnels of AM and PL bundle, 

graft-tunnel angle and length of long axis of femoral tunnel aperture 

demonstrated that the optimal condition for AM bundle was 120° of flexion 
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and MTA. Regarding PL bundle, 120° of flexion and MTA and 130° of 

flexion and MTA-10° could be recommended. However, the difference of 

mean lengths of long axis in femoral tunnel aperture between PL bundles 

created 120° of flexion and MTA and 130° of flexion and MTA-10° was 

0.1mm. This difference of 0.1mm was considered to have a limited effect on 

clinical outcomes. Accordingly, achieving a flexion angle of 120° and 

transverse drill angle close to the cartilage of medial femoral condyle could be 

recommended for optimal tunnels of both AM and PL bundle. 

 The present study had several limitations. First, this study was based on 

simulation with 3D reconstructed CT model. Femoral tunnel was virtually 

created using a simplified cylinder. The data of the present study were derived 

from assessment with virtual measurements. Therefore, to add clinical 

significance to the results of the present study, comparative study based on 

actual clinical results could be needed. Second, consideration of the individual 

characteristics of patients is needed to apply the results of present study to 

actual surgery. The center of ACL femoral footprint was determined according 

to a previous study.27 However, there is considerable variability of the ACL 

footprint between individual patients. Tunnel length is also different according 

to the physical characteristics including width of femoral condyle and height. 

Thigh circumference is different according to the muscle mass and extent of 

obesity from patient to patient. There is an inevitable limitation in applying 

the results of the present study uniformly to every individual patient. Weights 

and heights of included patients followed a normal distribution and 

comparison of the tunnel length was performed by repeated measurement in 

each patient. However, individual conditions of each patient should be 

considered in actual operation. Third, the knee flexion angles were altered on 

the transepicondylar axis in the present study. Knee has rotational movement 

while allowing for extension and flexion. Virtual flexion on the 

transepicondylar axis can be different from the practical motion. Additionally, 
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range of motion along the transepicondylar axis is difficult to be measured in 

actual operation. Fourth, variables assessed in the present study included 

tunnel length, existence of posterior wall breakage, inter-tunnel 

communication, acuity of the femoral tunnel angle and aperture morphology. 

However, besides these variables, there can be more significant variables 

related with the characteristics of femoral tunnel including injury to the origin 

of the lateral collateral ligament.46,47 To draw a more definite conclusion, a 

comprehensive study including all factors associated with characteristics of 

femoral tunnel is needed. 

 

 

V. CONCLUSION 

 

Flexion angle of knee and transverse drill angle had a combined effect on the 

characteristics of femoral tunnel in double bundle ACL reconstruction using 

transportal technique. Achieving a flexion angle of 120° and transverse drill 

angle close to the cartilage of medial femoral condyle could be recommended 

for optimal tunnels of both AM and PL bundles to avoid complication and 

obtain a sufficient tunnel length without wall breakage, an obtuse graft-tunnel 

angle, an ellipsoidal tunnel aperture and no communication between two 

tunnels. This study can be helpful for comprehension of the relationships 

between the parameters of knee flexion angle and transverse drill angle and 

the outcomes of tunnel length, wall breakage, inter-tunnel communication, 

graft-femoral tunnel angle and shape of femoral tunnel aperture. 
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