
Introduction

Bone tunnel widening after single-bundle anterior cruciate liga-
ment (ACL) reconstruction is known as a frequently described 
phenomenon regardless of reconstructed graft materials1). The 
etiology of tunnel widening is multi-factorial with several me-
chanical and biological contributing factors2). It is also unclear 
whether there is a correlation between tunnel widening and tun-

nel aperture location or tunnel obliquity. Accurate placement 
of the femoral tunnel is an integral part of ACL reconstruction 
and efforts are made to replicate the anatomy of the native ACL 
to achieve superior clinical outcome after reconstruction3). The 
traditional transtibial technique has some advantages of enabling 
to simplify the procedure and reducing surgical time and surgi-
cal trauma4). However, this technique may fail to replicate native 
ligament origins and result in more vertically oriented femoral 
tunnels because femoral tunnel creation is determined by tibial 
tunnel creation due to coupled drilling5). The outside-in 2-inci-
sion tibial tunnel-independent technique has been developed to 
overcome the limitations of transtibial technique and improve the 
accuracy of tunnel placement. In recent studies, successful results 
and more anatomical location of the femoral tunnel after recon-
struction using the outside-in technique have been reported6,7). 
The purpose of this study was to evaluate the correlation between 
tunnel widening and tunnel aperture location and tunnel obliq-
uity. We hypothesized that femoral tunnel position and orienta-
tion would significantly affect femoral tunnel enlargement. 
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Materials and Methods 

1. Patient Selection and Demographics
From January 2010 to December 2012, 86 patients with uni-

lateral ACL deficiency who underwent outside-in single-bundle 
ACL reconstruction using 4-strand hamstring (semitendinosus 
and gracilis) tendon autograft (13 patients) and fresh frozen tibi-
alis tendon allograft (73 patients) performed by a senior surgeon 
(Yoo) were selected. Consecutive patients in whom examination 
of postoperative computed tomography (CT) scans was possible 
were enrolled in this study without randomization. The exclusion 
criteria included: 1) multiple ligament injury requiring concomi-
tant surgery; 2) evidence of osteoarthritis on radiographs; 3) 
revision ACL reconstruction; 4) tunnel entrance that could not 
be clearly identified in the three-dimensional (3D) CT model; 
5) patients without follow-up radiograph; 6) a tunnel that could 
not be discernible on radiographs; and 7) incorrectly positioned 
anteroposterior (AP) and lateral radiographs. Finally, 44 patients 
were excluded from the initial 86 patients; therefore, 42 patients 
with 4 autografts and 38 allografts were included in this study. 

2. Surgical Technique
After careful diagnostic arthroscopy, the tibial tunnel was pre-

pared as in the traditional transtibial technique. For the femoral 
tunnel, the femoral footprint was identified by minimal debride-

ment of the ACL stump or bony landmarks including the lateral 
intercondylar ridge and lateral bifurcate ridge. The femoral 
socket was made with the outside-in technique using retractable 
retrograde cutting bits (FlipCutter; Arthrex, Naples, FL, USA) 
that require only a portal-sized stab wound. After positioning of 
the grafts, TightRope (Arthrex) was used for femoral fixation of 
the graft and double tibial fixation was performed using a bio-
absorbable interference screw and a spiked washer and screw 
with the knee in 30° of flexion position. 

3. Tunnel Position on 3D CT
CT scanning was performed with the knee in extended position 

within 1 week after surgery. Images were taken by a SOMATOM 
Sensation Caradiac 64 (Siemens, Munich, Germany) and conven-
tional volume-rendering 3D surface models were obtained using 
3D-inspace software (Siemens). The files were converted to Digi-
tal Imaging and Communication in Medicine format and trans-
mitted to picture archiving and communication system (PACS; 
PiViewSTAR 5.0, INFINITT, Seoul, Korea) for geometric mea-
surements. From these 3D CT images, the placements of femoral 
and tibial tunnels were assessed by determining the centers of 
the femoral and tibial tunnel apertures. To evaluate the femoral 
tunnel placement, we used the quadrant method described by 
Bernard et al.8) on a true medial view of the femur (Fig. 1). To 
evaluate the tibial tunnel placement, we used a true proximal-to-
distal view on the tibial plateau as described by Tsuda et al.9) (Fig. 2). 

Fig. 1. The location of the center of the femoral tunnel was defined as 
the percentage of the distance from the most posterior contour in refer-
ence to the total length of the lateral condyle parallel to the Blumensaat’s 
line and the percentage of the distance from the intercondylar roof with 
respect to the total depth of the intercondylar notch perpendicular to the 
Blumensaat’s line. H: perpendicular to the Blumensaat’s line, D:  parallel 
to the Blumensaat’s line.

Fig. 2. The location of the center of the tibial tunnel was defined as the 
percentage of the distance from the most medial contour with respect to 
the mediolateral (ML) width of the tibial plateau and the percentage of 
the distance from the most anterior contour with respect to the antero-
posterior (AP) length of the tibial plateau.
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To improve measurement accuracy, repeated measurements were 
performed. 

4. Evaluation of Tunnel Angles
The standard AP and lateral radiographs taken at 3 month after 

surgery were used for evaluation of the tunnel angles. If the radio-
graphic images were neither available nor appropriate for mea-
surement, the radiographs obtained at 6 weeks or 6 months after 
surgery were used. First, the tunnel axis defined as a line passing 
each central point of two outlets of the tunnel was determined to 
measure the tunnel angle on AP and lateral radiographs. Then, 
the tunnel angle defined as the angle between the tunnel axis and 
the joint surface or femoral shaft axis was assessed (Fig. 3).

5. Evaluation of Tunnel Widening
The bone tunnel diameters were measured to evaluate widen-

ing of the femoral and tibial tunnels on standard AP and lateral 
radiographs taken immediately postoperatively and at 3 months, 
6 month, and 12 months after surgery. Measurements were per-
formed with a digital radiography system (PACS), and a built-in 
digital ruler was used to measure the true size on the computer 
screen (Fig. 4). If the bone tunnel was not identified clearly on 
radiographs obtained immediately postoperatively, the tunnel di-
ameter was substituted by the final size of the dilator used in the 
operation. The percentage change in tunnel diameter between 
radiographs taken immediately postoperatively and at 12 months 
after surgery was defined as the degree of tunnel enlargement.

A B

Fig. 3. (A) The femoral and tibial tunnel 
angles on the anteroposterior radiographs 
were defined as the angles between the 
tunnel axis and each joint surface. (B) The 
femoral tunnel angle on the lateral radio-
graph was defined as the angle between 
the femoral tunnel axis and the femoral 
shaft axis. The tibial tunnel angle on the 
lateral radiograph was defined as the angle 
between the tibial tunnel axis and the tibial 
joint surface.

A B

Fig. 4. The bone tunnel diameters on the 
anteroposterior radiograph (A) and the 
lateral radiograph (B) were defined as the 
distances between the two sclerotic bony 
margins at the widest diameter perpen-
dicular to the tunnel axis.
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6. Statistical Analysis
The SPSS ver. 18.0 (SPSS Inc., Chicago, IL, USA) was used. 

Descriptive statistics were performed for continuous variables 
including age, length of follow-up, tunnel position, tunnel angle, 
and tunnel enlargement. If the parameters were normally dis-
tributed, the Pearson correlations were used to determine the 
relations between tunnel enlargement, tunnel position, tunnel 
angle, and clinical outcomes. Spearman rank correlation coef-
ficients were used to evaluate the relations if the parameters were 
not normally distributed. Test-retest reliability was assessed using 
Pearson correlations. 

Results

1. Patient Demographics
There were total 42 patients enrolled in the study (33 males and 

9 females) with a mean age of 33 years (range, 15 to 56 years). 
Their mean height and weight (±standard deviation) were 169±8 
cm and 68±7 kg, respectively. 

2. Tunnel Position
The center of the femoral tunnel was located at 32.06%±7.78% 

in the shallow/deep direction along Blumensaat’s line and at 
34.35%±8.78% in the high/low direction from the intercondylar 
roof. The center of the tibial tunnel was located at 38.97%±8.83% 
of the distance from the anterior edge of the tibia in the AP di-
rection and at 48.48%±3.25% in the mediolateral direction. The 
intra-class correlation coefficient of test-retest reliability was 0.91 
and considered acceptable.

3. Tunnel Angle
The mean femoral tunnel angle was 25.57o±14.48o on the AP 

radiograph and 65.31o±14.44o on the lateral radiograph. The 
mean tibial tunnel angle was 59.16o±7.0o on the AP radiograph 
and 59.05o±8.62o on the lateral radiograph.

4. Tunnel Enlargement
The mean femoral tunnel diameter was 9.09±0.5 mm on the AP 

radiograph and 9.08±0.4 mm on the lateral radiograph immedi-
ately postoperatively and 12.91±2.3 mm on the AP radiograph 
and 12.33±2.0 mm on the lateral radiograph at 12 months after 
surgery. The mean tibial tunnel diameter was 9.18±0.6 mm on 
the AP radiograph and 9.18±0.5 mm on the lateral radiograph 
immediately postoperatively and 11.24±1.6 mm on the AP radio-
graph and 11.30±1.5 mm on the lateral radiograph at 12 months 
after surgery. The degree of femoral tunnel enlargement on the 

AP radiograph and lateral radiograph was 42% and 36%, respec-
tively, and the degree of tibial tunnel enlargement was 22% and 
23%, respectively. The femoral and tibial tunnel enlargements 
were significantly correlated with each other on the AP (r=0.548, 
p=0.003) and lateral radiographs (r=0.480, p=0.01). The degree 
of tunnel enlargement was significantly greater in the femur than 
in the tibia (p<0.05). Serial changes in femoral and tibial tunnel 
enlargement according to timeline showed that most of the en-
largement of the bone tunnel occurred during the first 6 months 
after surgery and the increase in tunnel enlargement decreased 
afterwards until 12 months after surgery. 

5. ‌�Correlation between Tunnel Placement and Tunnel 
Enlargement

Shallower position of the femoral tunnel was significantly cor-
related with femoral tunnel enlargement on the AP radiograph 
(r=0.998, p=0.004) and the lateral radiograph (r=0.72, p=0.005) 
at 12 months after surgery. Higher position of the femoral tunnel 
was significantly correlated with femoral tunnel enlargement on 
the AP radiograph (r=–0.47, p=0.01) and the lateral radiograph 
(r=–0.36, p=0.025) at 12 months after surgery.

6. Correlation between Tunnel Angle and Tunnel Enlargement
Femoral tunnel angles on AP radiographs were significantly 

correlated with femoral tunnel enlargement assessed on the AP 
radiographs (r=–0.86, p=0.003) and lateral radiographs (r=–0.73, 
p=0.018) at 12 months after surgery. The femoral tunnel angle on 
the lateral radiograph and the tibial tunnel angle were not statisti-
cally related to tunnel enlargement.

Discussion

In this study, the degree of femoral tunnel enlargement during 
12 months after surgery was 42% on the AP radiograph and 36% 
on the lateral radiograph, and the degree of tibial tunnel enlarge-
ment was 22% and 23%, respectively. We compared the tunnel 
diameter assessed on the radiographs obtained immediately post-
operatively with that taken at 12 months after surgery to evalu-
ate the degree of tunnel enlargement because tunnel widening 
had been known to occur mostly during the first 3 to 6 months, 
progress until 1 year after surgery, and then remain steady af-
terwards2). In our study, the serial changes of femoral and tibial 
tunnel enlargement according to timeline also showed that most 
of the enlargement of the bone tunnel occurred during the first 
6 months after surgery and the rate of tunnel enlargement de-
creased afterwards until 12 months after surgery. In agreement 
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with previous studies10), our results also demonstrated that tunnel 
enlargement was more evident in the femoral side than in the 
tibial side. The cause of this phenomenon can be explained by 
the concept of force redirection and synovial fluid propagation. 
First, the graft at the intraarticular outlet of the femoral tun-
nel was more bent than that of the tibial tunnel, which applied 
greater compressive force on the edge of the tunnel11). Second, if 
preserved, remnant tissue at the tibial insertion, which is thicker 
than that at the femoral insertion, may limit synovial fluid propa-
gation within the tibial tunnel. These two biomechanical and 
biological factors can contribute to greater enlargement of the 
femoral tunnel. 

The anatomical placement of bone tunnel is a major concern in 
ACL reconstruction. The quadrant method described by Bernard 
et al.8) is the most widely used method for measuring femoral 
tunnel position. Colombet et al.12) reported that the anteromedial 
bundle was located at 26.4% in the shallow/deep direction and 
at 25.3% in the high/low direction and the posterolateral bundle 
was located at 32.3% of the length and at 47.6% of the height in 
their cadaveric study. Zantop et al.13) and Forsythe et al.3) also 
reported similar results in their cadaveric studies. In our study, 
the center of the femoral tunnel was placed at 32.06% of the 
length and at 34.35% of the height. These results were within the 
range of those of the above studies. For evaluation of tibial tunnel 
placement, the method suggested by Forsythe et al.3) was used. In 
our study, the center of tibial tunnel was placed at 38.97% of the 
distance in the AP direction and at 48.48% in the mediolateral 
direction. Tsukada et al.7) reported that the anteromedial bundle 
was located at 37.6% in the AP direction and at 46.5% in the 
mediolateral direction and the posterolateral bundle was located 
at 50.1% and 51.2%, respectively in their cadaveric study on 
anatomic tibial footprint of the ACL. Our results were within the 
range of the results of their study (Table 1). 

There are some literatures focused on evaluation of the femoral 

tunnel placement in ACL reconstruction using either the trans
tibial technique or the anteromedial portal technique4,5,14-18). 
Compared to the data documented in these studies, our results of 
femoral tunnel placement in ACL reconstruction using the out-
side-in technique are deeper and lower than those in ACL using 
the transtibial technique. At the same time, our results were simi-
lar to those of ACL using the anteromedial portal technique with 
the exception of the study of Xu et al.18), which showed higher 
placement of the femoral tunnel (Table 2). This is consistent with 
the study of Chang el al.19), which demonstrated that, compared 
with the anteromedial portal technique, the outside-in technique 
can afford a similar femoral tunnel position with a reduced femo-
ral tunnel length. Anatomic femoral tunnel placement is more 
difficult to achieve with the transtibial technique because of the 
constraint by the tibial tunnel. The transtibial technique tends 
to result in higher and shallower positions of the femoral tunnel, 
which then causes greater laxity of the graft and enlargement of 
the femoral tunnel5,7,12,13). Similarly, in our study, the outside-in 
technique also caused greater tunnel widening when the femoral 
tunnel position was shallower and higher. This is why positioning 
of the femoral tunnel through the anteromedial portal technique 
or the outside-in technique have been preferred by some authors 
despite the popularity and simplicity of the transtibial technique. 
However, femoral tunnels created through the anteromedial por-
tal are more horizontal in the coronal plane and more vertical in 
the sagittal plane due to more horizontal drilling in the flexed po-
sition of the knee20). It has been also known that with the antero-
medial portal technique, the vertically oriented femoral tunnels 
in sagittal plane may lead to a breach of the posterior wall of the 
lateral condyle and result in a short tunnel14). In addition, ream-
ing debris and poor fluid flow cause poor arthroscopic visualiza-
tion in hyperflexion, which can increase the risk of iatrogenic 
damage to the medial femoral condylar cartilage20). The outside-
in tibial tunnel-independent technique has been theorized to 

Table 1. Comparison of Anterior Cruciate Ligament Footprint in Cadaveric Studies

Study

Center of femoral footprint (%) Center of tibial footprint (%)

Parallel to  
Blumensaat’s line (D)

Perpendiculat to 
Blumensaat’s line (H)

Anterior to posterior Medial to lateral

AM PL AM PL AM PL AM PL

Forsythe et al.3) 21.7 35.1 33.2 55.3 25.0 46.4 50.5 52.4

Tsukada et al.7) 37.6 50.1 46.5 51.2

Colombet et al.12) 26.4 32.3 25.3 47.6

Zantop et al.13) 18.5 29.3 22.3 53.6

Our study 32.06 34.35 38.97 48.48

D: femur ‘D’ line, H: femur ‘H’ line, AM: anteromedial, PL: posterolateral.
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place femoral tunnel most freely and known to have the ability to 
better restore native anatomy of the ACL21). Anderson et al.22) re-
ported that the grafts placed with independent drilling had better 
horizontal alignments similar to the more horizontal and lateral 
course of the native ACL.

There are some studies reporting femoral tunnel angles mea-
sured using simple radiographs. Chang et al.23) reported that the 
mean coronal plane angle of the femoral tunnel was 61.7o with 
the transtibial techniques and 55.9o with the anteromedial portal 
technique. Dargel et al.24) reported the angle as 58.8o and 50.9o, 
respectively, and Bedi et al.25) reported the values as 54.1o and 
45.9o, respectively. In a study using recently developed transpar-
ent 3D CT technique, Takeda et al.14) reported that the mean 
coronal and sagittal plane femoral tunnel angles were 49o and 
39o, respectively, with the use of the transtibial technique and 
32.5o and 31o, respectively, with the use of the anteromedial por-
tal technique. They also reported the mean coronal and sagittal 
plane tibial tunnel angles were 57.5o and 58o, respectively in the 
knees with the transtibial technique and 67.5o and 65.5o, respec-
tively in the knees with the anteromedial portal technique. In our 
study where the outside-in tibial tunnel-independent technique 
was utilized, the mean femoral tunnel angle was 25.57o on the AP 
radiograph and 65.31o on the lateral radiograph. The mean tibial 
tunnel angle was 59.16o on the AP radiograph and 59.05o on the 
lateral radiograph. The femoral tunnel showed more horizontal 
orientation in the coronal plane compared with the transtibial 
technique, and more horizontal orientation in the sagittal plane 
compared with the anteromedial portal technique. It was thought 
to be possible because the independent technique can be most 

effective for unconstrained orientation of the femoral tunnel dur-
ing drilling and for more oblique placement of the femoral tunnel 
in the lateral femoral aspect. However, in our study, these features 
of the independent technique led to conflicting results with the 
transtibial technique. In this study, more horizontally oriented 
femoral tunnels in the coronal plane were significantly associated 
with the greater femoral tunnel enlargement. This phenomenon 
was thought to be related to the substantial space in the distal 
aspect of the femoral tunnel created due to acute bending in graft 
course, compressive force, and stress concentration to the oppo-
site edge of the tunnel.

There are several limitations to the present study. First, simple 
radiographs have limitations on detection of tunnel position and 
orientation due to limited accuracy and high incidence of abnor-
mally rotated projections. Radiographic measurement of tunnel 
enlargement and tunnel angle cannot be as accurate as magnetic 
resonance imaging or CT measurement, which we would use in 
future studies. And the tunnel angle was not shown three-dimen-
sionally for the same reason. However, the two-dimensional data 
are somewhat useful in intraoperative or postoperative evalua-
tions based on plain radiographs. Second, we used reference data 
from cadaveric studies instead of the patient’s own native ACL 
footprint for comparison of tunnel placement. Third, we did not 
consider the anatomical factors such as the shape and size of the 
femoral condyle that could influence the outcomes. Forth, the 
relatively small number of patients and short follow-up period 
might be insufficient for evaluation of outcome, and more long-
term follow-up studies including larger populations should be 
performed in future studies. Finally, we did not correlate the ra-

Table 2. Comparison of Femoral Tunnel Positions in Previous Studies

Study
Femoral tunnel 

technique
Parallel to Blumensaat’s line (D) Perpendiculat to Blumensaat’s line (H)

AM PL Center AM PL Center

Ahn et al.4) TT 36.49   7.71

OI 24.71 27.08

Kopf et al.5) TT 37.20 11.30

Takeda et al.14) TT 24.90 34.00 29.45 12.00 42.50 27.25

AM 20.90 29.50 25.20 18.10 47.70 32.90

Kawaguchi et al.15) OI 27.90 37.70 32.80 19.40 53.00 36.20

Lee et al.16) TT 32.94 41.89

Youm et al.17) TT 29.60 37.90

Xu et al.18) TT 33.50 17.30

AM 27.50 23.30

Our study OI 32.60 34.35

Values are presented as percentage.
D: femur ‘D’ line, H: femur ‘H’ line, AM: anteromedial, PL: posterolateral, TT: transtibial, OI: outside-in.
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diologic changes with clinical outcomes such as functional scores.

Conclusions

More anterior and higher position of the femoral tunnel and 
more horizontal orientation of the femoral tunnel in the coronal 
plane were related to the greater femoral tunnel enlargement in 
single-bundle ACL reconstruction using the outside-in tibial 
tunnel-independent technique.
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