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Discussion  Different bone tunnel directions in OI and 
TP techniques substantially affected graft-bending angle, 
despite similar positionings of the intra-articular apertures. 
Graft-bending angle with the OI technique was acute, but 
risk of posterior blowout of the lateral femoral condyle was 
decreased. Surgeons should create the femoral tunnel while 
considering an obtuse graft-bending angle without increas-
ing the risk of posterior blowout.
Level of evidence  III.

Keywords  Anterior cruciate ligament · Anatomic  
double-bundle reconstruction · Graft-bending angle · 
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Introduction

In anterior cruciate ligament (ACL) reconstruction, the 
number of publications dealing with the outside-in (OI) 
technique for creating femoral bone tunnels has been 
increasing since retractable retrograde cutting instruments 
became more widely available [10, 17]. Compared with 
the inside-out transportal (TP) technique, the OI technique 
appears to offer several advantages for both single- and 
double-bundle ACL reconstructions, such as avoidance of 
posterior cortex blowout [11, 17]. However, one potential 
concern has been raised against the OI technique: acute 
graft-bending angle (GBA) with the knee in full exten-
sion has been documented in recent in vivo 3-dimensional 
(3D) analyses [11, 17]. To date, two cadaveric studies 
have reported potential adverse effects of acute GBA. The 
degree of graft deformity within the bone tunnel increased 
with increasing GBA, which substantially shifted the tun-
nel position anteriorly, even when placing the graft in the 
optimal position [6]. Segawa et al. [19] demonstrated that 
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femoral tunnels with acute GBA resulted in high contact 
pressure at the anterior aspect of the tunnel throughout the 
range of motion, explaining bone tunnel enlargement in 
this direction. In addition, from the clinical perspective, 
repetitive bending stress on the graft at the femoral tunnel 
aperture may increase magnetic resonance imaging (MRI) 
signals of the graft in this region and is considered one of 
the causes of graft failure after ACL reconstruction [3, 12, 
20, 22].

In the present study, 3D femoral tunnel characteristics of 
both the AMB and PLB were examined in patients under-
going anatomic double-bundle ACL reconstruction with the 
OI and TP techniques. GBA was also determined in  vivo 
using computed tomography (CT) data from the patients, 
and a strategy to reduce GBA was based on the data from 
correlation analyses between GBA and spatial parameters 
for bone tunnel direction. The hypothesis of this study was 
that GBA would be larger with the OI technique than with 
the TP technique and would be affected by the 3D charac-
teristics of the bone tunnel direction.

Materials and methods

Sixty-four of the 101 patients who underwent ACL recon-
struction between 2011 and 2012 consented to undergo 
postoperative CT and met the inclusion criteria for this 
study (Table  1). As the OI technique was first applied in 
September 2011, the 32 patients treated before that time 
were allocated to the TP group, and 32 patients after that 
were allocated to the OI group. Inclusion criteria were as 
follows: primary ACL reconstruction with an anatomic 
double-bundle procedure using semitendinosus (ST) ten-
don; unilateral ACL rupture; and a postoperative follow-up 
period >1.5  years. Exclusion criteria comprised previous 
ligament reconstruction or multiple ligament injuries, and 

reconstruction with other substitutes such as bone patellar 
tendon bone autograft. Indeed, 19 revision ACL reconstruc-
tions and 11 selective bundle reconstructions (either AMB 
or PLB) were excluded. By 2  months postoperatively, all 
patients had achieved knee extension equal to the contralat-
eral knee, including hyperextension or 0° extension, and 
underwent 1-mm helical CT. Knee joint in 0° extension 
was routinely confirmed using a scout view of the whole 
leg obtained prior to the CT examinations. As GBA was 
affected by knee flexion angle, a special knee support was 
used to keep the knee joint in 0° extension throughout CT 
examinations.

Surgical techniques

All ACL reconstructions were performed arthroscopi-
cally by a single surgeon, as reported previously [13, 14]. 
Briefly, ST tendon was harvested and cut into two pieces, 
and two double-looped ST tendons were prepared for 
AMB and PLB grafts. During femoral bone tunnel crea-
tion, our landmark for ideal AMB and PLB bone tunnels 
was the intercondylar ridge, which is reportedly identifi-
able in more than 97 % of human femora [4, 5]. Tunnels 
for the AMB and PLB were placed posterior to the ridge, 
and the centres of these tunnels corresponded to the centre 
of each anatomic footprint, including the fan-like portion 
[5, 8]. With the TP technique, two 2.4-mm guidewires were 
inserted into both the AMB and PLB attachments in an 
inside-out fashion through a medial accessory portal. The 
knee joint was flexed maximally during guidewire inser-
tion. After 4.5-mm drilling was performed over the guide-
wire, a socket 15 mm in length was created by drilling with 
each tunnel diameter. With the OI technique, two ACL aim-
ers were used and set for insertion angles of 100° (Arthrex, 
Naples, FL) or 0° (Smith & Nephew Endoscopy, Memphis, 
TN). The angle of the femoral tunnel in relation to the joint 

Table 1   Demographic 
characteristics of patients

ST semitendinosus tendon, STG semitendinosus and gracilis tendons, LM lateral meniscus, MM medial 
meniscus, n.s. not significant

Outside-in Transportal Significance

No. of knees 32 32

Age (years) 25.7 ± 10.9 27.5 ± 6.3 n.s.

Sex (male/female), cases 13/9 20/11 n.s.

Time from injury to operation, months 62 ± 85 79 ± 107 n.s.

Substitute (ST/STG), cases 18/14 16/16 n.s.

Preop. Tegner activity 6.2 ± 1.7 6.0 ± 1.9 n.s.

Preop. Lysholm score 71.2 ± 9.6 73.2 ± 8.2 n.s.

Combined treatment, cases Meniscus suture:
LM 4, MM 2
Meniscectomy:
LM 2, MM 3

Meniscus suture:
LM3 MM1
Meniscectomy:
LM2 MM4
Microfracture: 1

n.s.
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line was aimed at 50° for AMB and 40° for PLB in the 
axial plane (Fig.  1). A 3.5-mm guide pin was introduced 
from the lateral femoral cortex and replaced by a FlipCut-
ter® (Arthrex), which in turn cut a socket into the femur to 
a depth of 15 mm. After tibial bone tunnel creation, grafts 
were introduced through the tibial tunnel into the femoral 
tunnel. Femoral fixation for the two ST tendon grafts was 
achieved using TightRope® (Arthrex). Tibial graft fixations 
were achieved using a double spike plate (Smith & Nephew 
Endoscopy). Both grafts for AMB and PLB were secured 
with 20 N each with the knee in 20° flexion using a liga-
ment tensioner (Smith & Nephew Endoscopy).

Measurement of bone tunnel position

In this study, 3D imaging software (ATHENA®; Soft Cube, 
Osaka, Japan) originally developed for preoperative plan-
ning of total knee arthroplasty was used to reconstruct an 
arbitrarily oriented imaging plane from CT data [21]. This 
software allows digital reconstruction of radiographs from 
CT data, simulating different radiographic source positions 
and angles. First, CT data for the entire femur and tibia 
were reconstructed into 3D models using the ATHENA® 
software. As consistent positioning of the intra-articular 
bone tunnel aperture was prerequisite for comparison of 
GBA between the OI and TP techniques, femoral and tib-
ial bone tunnel positions were analysed. The coronal ref-
erence plane was defined as a plane including the centre 
of the femoral head and the tangential line connecting the 
most posterior points of the medial and lateral femoral con-
dyles. The sagittal plane including the highest point of the 
intercondylar notch and the centre of the femoral head was 
made perpendicular to this coronal plane. A view of the 
medial wall of the lateral femoral condyle was set strictly 

parallel to this sagittal plane, and a rectangular measure-
ment frame as reported by Bernard et  al. [2] was applied 
to the image. Locations of the AMB and PLB tunnels 
were quantified and expressed as the percentage distance 
from the deepest subchondral contour and the intercondy-
lar notch roof to the centre of each tunnel. In the analysis 
of tibial tunnel position, the sagittal reference plane was 
defined to include the following three points confirmed 
in the axial plane of the tibia: the talus centre; the medial 
one-third of the anterior spine; and the centre of the PCL 
footprint. Sagittal positions of each bone tunnel centre 
were assessed on sagittal images parallel to the reference 
plane and were expressed by dividing the distance from the 
anterior border of the tibia to the bone tunnel centre by the 
anteroposterior width of the tibia, in accordance with the 
methods described by Amis et al. [1].

Measurement of GBA

The graft-bending plane passing through the centres of 
the extra- and intra-articular apertures of the femoral tun-
nel and the centre of the intra-articular aperture of the tibial 
tunnel was made using ATHENA® (Fig.  2a). This plane 
included the largest GBA at the intra-articular aperture of 
the femoral tunnel with the knee in extension. The meth-
odology of preparing graft-bending plane was the same as 
that reported by Wang et al. [23]. GBA was defined as the 
angle between the femoral bone tunnel axis and the line 
connecting each centre of the intra-articular apertures of 
the femoral and tibial bone tunnels (Fig. 2b), indicating the 
virtual ACL graft. The definition of GBA was the same as 
that reported by Nishimoto et al. [15]. As variables poten-
tially affecting the GBA, bone tunnel length, angle to the 
PCA, angle to the distal condylar line, and angle of diver-
gence of the AMB and PLB tunnels were determined. The 
3D surface model was projected into the coronal and axial 
planes to measure the angle to the PCA and angle to the 
distal condylar line [18]. Two orthopaedic surgeons who 
were blinded to the tunnel drilling method measured GBA, 
bone tunnel length, angle to PCA, angle to distal condylar 
line, and angle of tunnel divergence on two separate occa-
sions with an interval of 1 week. Intra- and inter-observer 
reliabilities were determined for each measurement using 
intra-class correlation coefficient (ICC) (Table 2).

All patients provided informed consent prior to enrol-
ment, and all study protocols were approved by our institu-
tional review board (Keio University, School of Medicine, 
ID #20100266).

Statistical analysis

Statistical analysis was performed using SPSS version 
17.0 software (SPSS, Chicago, IL). Student’s t test was 

Fig. 1   In the OI technique, the OI-ACL aimer is set at an insertion 
angle of 50° for AMB and 40° for PLB in relation to the joint line 
with the knee in 90° of flexion
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used to compare the following measurement between the 
two tunnel drilling techniques: patient demographics and 
postoperative clinical scores including age, time to opera-
tion, Tegner activity scale, Lysholm score; and bone tun-
nel parameters including GBA, femoral width, tunnel 
length, tunnel divergent angle, angle to PCA, and angle 
to distal condylar line. The Chi-square test was used to 
compare differences in sex, substitutes used, and type of 
combined treatment between the two tunnel drilling tech-
niques. Pearson’s correlation coefficient test was used to 
determine the significance of associations among GBA 

and bone tunnel parameters including angle to PCA, angle 
to distal condylar line, and bone tunnel length. All tests 
were considered statistically significant for values of 
p  <  0.05. Regarding intra-class reliability, measurement 
was considered reliable if the ICC was >0.80. Sample 
size for the current investigation was determined using 
the effect size of GBA of AMB obtained from the first 10 
cases for each of the OI and TP groups. Twelve patients in 
each group were calculated to be required to demonstrate 
a difference with an alpha level of 0.05 and a statistical 
power of 80 %.

Results

No significant differences in bone tunnel positionings of 
the AMB or PLB were evident between the OI and TP tech-
niques (Figs. 3, 4).

As a typical graft-bending plane in AMB demonstrates 
(Fig.  5), GBA was significantly larger with the OI tech-
nique than with the TP technique, representing a common 
trend for both AMB and PLB (p < 0.001, Table 3). Angles 
of bone tunnel axes in relation to the PCA for both AMB 
and PLB were significantly larger with the OI technique 
than with the TP technique. Bone tunnel length for AMB 
was significantly longer with the OI technique than with 
the TP technique.

In correlation analyses of spatial parameters, angle of 
the bone tunnel axis relative to the distal condylar axis cor-
related negatively with GBA in the coronal plane for both 
techniques (Table  4). In the axial plane, the angle of the 

Fig. 2   a Graft orientation plane 
passing through the centres of 
the extra- and intra-articular 
apertures of the femoral tunnel 
and the centre of the intra-
articular aperture of the tibial 
tunnel. b GBA is defined as the 
angle between the bone tunnel 
axis and the line connecting 
each centre of the intra-articular 
apertures of the femoral and 
tibial bone tunnels

Table 2   Intra-class correlation coefficients for each measurement

Inter-observer Intra-observer

Observer 1 Observer 2

GBA

 AM 0.932 0.935 0.918

 PL 0.912 0.921 0.909

Bone tunnel length

 AM 0.987 0.988 0.982

 PL 0.968 0.971 0.983

Angle to PCA

 AM 0.945 0.956 0.936

 PL 0.938 0.961 0.918

Angle to distal condylar line

 AM 0.921 0.927 0.911

 PL 0.902 0.932 0.905

 Tunnel divergent angle 0.897 0.873 0.894
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bone tunnel axis relative to the PCA showed a positive cor-
relation with GBA, but this was only a trend with the TP 
technique. In terms of bone tunnel length, angle to the PCA 
in the axial plane correlated positively with the bone tunnel 
length for both AMB and PLB.

When assessing the clinical effects of bone tunnel crea-
tion technique and subsequent GBA, Lysholm score, rate 
of pivot shift test ≥glide, and anteroposterior laxity meas-
ured with KT-1000 demonstrated no significant difference 
between the two techniques (Table 5).

Fig. 3   Distribution of sagittal 
bone tunnel positions of the 
femur with TP (a) and OI (b) 
techniques. Centres of the bone 
tunnel aperture are plotted 
and evaluated according to the 
quadrant technique described by 
Bernard et al.

Fig. 4   Distribution of sagittal 
bone tunnel positions in the 
tibia with TP (a) and OI (b) 
techniques. Centres of bone 
tunnel apertures are plotted and 
evaluated based on the Amis-
Jacob line
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Discussion

The most important finding in this study was that GBAs 
for both AMB and PLB at the femoral tunnel aperture were 
significantly more acute in the OI technique than in the 

TP technique. Even though the positions of intra-articular 
aperture of the femoral and tibial bone tunnels were simi-
lar between OI and TP techniques, we noticed that the 3D 
characteristics of bone tunnels differed markedly between 
techniques, contributing to significant differences of GBA 
between techniques.

In ACL reconstruction, surgeons have increasingly been 
focusing on GBA, as 3D imaging modalities for bone tun-
nels have developed. Actually, in PCL reconstruction, con-
cerns about acute GBA and bone tunnel enlargement have 
been raised, particularly for ‘killer turn’ and ‘critical cor-
ner’ at the tibial and femoral intra-articular bone tunnel 
apertures, respectively [7, 9]. Similarly in ACL reconstruc-
tion, impaired graft maturation or subsequent graft damage 
have been confirmed around the femoral tunnel aperture 
based on MRI and second-look arthroscopy [12, 16]. Based 
on our in vivo analysis, GBAs for both AMB and PLB were 
significantly larger with the OI technique than with the TP 
technique. A large GBA indicates that the graft is acutely 
bent and stretched at the femoral bone tunnel aperture. To 
date, several advantages to the OI technique have been put 
forward, such as a low incidence of posterior wall blowout 
of the lateral femoral condyle, a lack of cartilage damage at 
the medial femoral condyle during drilling, and easy han-
dling of cases with a narrow notch [11]. However, whether 
acute GBA in the OI technique actually impairs graft-heal-
ing and, if so, what the safe range is, remain unclear.

Fig. 5   Typical graft-bending plane of AMB created with TP (a) and OI (b) techniques. Larger GBA and longer bone tunnel are observed with 
the OI technique rather than with the TP technique

Table 3   Comparison of GBA and various femoral bone tunnel 
parameters between outside-in and transportal techniques

GBA graft-bending angle, AM anteromedial, PL posterolateral, PCA 
posterior condylar axis, n.s. not significant

* Statistically significant

Outside-in Transportal Significance

GBA (AM) [°] 90.7 ± 8.8 73.8 ± 11.2 <0.001*

GBA (PL) [°] 76.6 ± 5.5 65.2 ± 8.1 <0.001*

Bone tunnel length (AM) 
[mm]

37.2 ± 5.7 33.4 ± 4.7 0.013*

Bone tunnel length (PL) 
[mm]

32.8 ± 4.8 30.4 ± 3.9 n.s.

Angle to PCA (AM) [°] 50.0 ± 6.2 30.2 ± 8.5 <0.001*

Angle to PCA (PL) [°] 36.5 ± 6.4 18.7 ± 8.2 <0.001*

Angle to distal condylar  
line (AM) [°]

25.6 ± 11.8 27.3 ± 8.9 n.s.

Angle to distal condylar  
line (PL) [°]

26.8 ± 10.8 23.7 ± 8.5 n.s.

Tunnel divergent angle [°] 13.5 ± 6.7 11.4 ± 6.1 n.s.

Femoral width [mm] 69.1 ± 8.7 71.5 ± 7.4 n.s.
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Arbitrary positioning of the extra-articular tunnel aper-
ture and bone tunnel direction might be a strong technical 
advantage of the OI technique. Based on the correlation 
analysis of GBA with several bone tunnel parameters, strat-
egies to control GBA may emerge. In terms of preventing 
blowout of the posterior condyle, maintaining a large angle 
of the bone tunnel axis relative to the PCA might be ben-
eficial. In practice, we aimed to set this angle as 40° for 
PLB and 50° for AMB, relative to the joint line (Fig.  1). 
However, in the present cases, a weak positive correlation 
between angle to the PCA and angle to the distal condylar 
line was found, which might be attributable to the prefer-
ences of the surgeon. If the angle to the PCA exceeds 50° 
in the OI technique, the shape of the bone tunnel becomes 
elliptical, such that surgeons tended to fit the elliptically 
shaped tunnel to the ACL footprint by increasing the angle 
to the distal condylar line.

Compared to the OI technique, controlling bone tunnel 
direction and subsequent GBA is somewhat difficult in the 
TP technique. The tunnel direction can only be changed to 
some extent by controlling knee flexion angle during drill-
ing of bone tunnel, but potential risks of posterior wall 
blowout at the lateral femoral condyle and cartilage damage 
at the medial femoral condyle may restrict tunnel direction. 
Nishimoto et al. [15] reported that knee flexion to 110° at 
the time of drilling with the TP technique minimized GBA, 

significantly smaller than that in the transtibial technique; 
but with such a flexion angle, posterior wall blowout may 
occur if the angle to the distal condylar line is intentionally 
increased to reduce GBA.

In terms of clinical outcome for the present ACL recon-
struction series, the OI technique was comparable to the TP 
technique. The OI technique is likely to grow in popular-
ity with the development of retrograde cutting instruments, 
but surgeons should be aware of the increased GBA in the 
OI technique and understand how to control GBA intra-
operatively. One potential concern that has been raised is 
that if attempts are made to reduce GBA, the intra-articular 
aperture of the femoral bone tunnel takes a more elliptical 
shape. An elliptical shape of the tunnel easily causes bone 
tunnel coalition between the AMB and PLB in double-
bundle ACL reconstruction, but is likely to cover the ana-
tomic footprint of the ACL even with the single-bundle 
procedure.

Finally, some limitations must be taken into considera-
tion when interpreting the present results. This study clari-
fied the relationship between bone tunnel direction and 
GBA; however, whether and how much GBA reduction is 
needed for good postoperative outcome remains unknown. 
One can easily imagine that an acute GBA would concen-
trate stress at the edge of the tunnel aperture, resulting in 
tunnel enlargement and graft rupture according to the past 
in  vitro studies [6, 19]. In contrast, obtuse GBA might 
impair graft-to-bone incorporation due to the so-called bun-
gee effect. For the time being, no studies have demonstrated 
an effect of GBA on clinical outcomes. Although this study 
found comparable clinical outcomes in the two techniques 
with different GBAs, well-designed studies focusing on the 
effects of GBA on long-term clinical outcomes are war-
ranted to precisely clarify the safe range for GBA.

In terms of the clinical relevance, the present study 
suggested that surgeons should create the femoral tunnel 
considering not only the anatomic positioning of the bone 
tunnel aperture, but also the bone tunnel direction and sub-
sequent GBA, particularly in the OI technique.

Table 4   Correlation analyses between GBA and femoral bone tunnel parameters

GBA graft-bending angle, AM anteromedial, PL posterolateral, PCA posterior condylar axis, n.s. not significant

* Correlation coefficient and p value in parenthesis

Outside-in Transportal

AM PL AM PL

GBA versus angle to PCA n.s. n.s. 0.51 (0.003) 0.50 (0.004)

GBA versus angle to distal condylar line −0.71 (<0.001)* −0.58 (0.005) −0.50 (0.004) −0.43 (0.016)

Angle to PCA versus angle to distal condylar line 0.51 (0.015) 0.41 (0.021) n.s. n.s.

Angle to PCA versus tunnel length 0.61 (0.002) 0.63 (0.002) 0.45 (0.012) n.s.

Angle to distal condylar line versus tunnel length n.s. n.s. n.s. n.s.

Table 5   Clinical results

AP laxity anteroposterior laxity measured with KT-1000 arthrometer, 
SD standard deviation

Outside-in Transportal

No. of knees 30 30

Mean follow-up period (years) 3.3 2.5

Mean AP laxity mm (SD) 0.8 (2.3) 0.9 (2.2)

AP laxity ≥4 mm (n) 2 3

Pivot shift test >glide (n) 6 5

Mean Lysholm score (SD) 95.8 (5.6) 95.1 (5.2)
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Conclusion

Different bone tunnel directions in OI and TP techniques 
substantially affected GBA, despite similar positionings of 
the bone tunnel apertures. GBAs for both AMB and PLB 
were significantly more acute with the OI technique than 
with the TP technique.
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