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Abstract Following anatomic double-bundle anterior

cruciate ligament (ACL) reconstruction with hamstring

tendon autografts, 38 consecutive patients were evaluated

with high-speed three-dimensional computed tomography.

Scans were performed within 3 days following surgery.

The length and width of the reconstructed ACL footprint

were measured on axial images. Then, 3D images were

converted into 2D with radiologic density for measurement

purposes. Tunnel orientation was measured on AP and

lateral views. In the sagittal plane, the center of the

anteromedial (AMB) and posterolateral bundle (PLB) tibial

attachment positions was calculated as the ratio between

the geometric insertion sites with respect to the sagittal

diameter of the tibia. In addition, the length from the

anterior tibial plateau to the retro-eminence ridge was

measured; the relationship of this line with the centers of

the AM and PL tunnels was then measured. The AP length

of the reconstructed footprint was 17.1 mm ± 1.9 mm

and the width 7.3 mm ± 1.2 m. The distance from retro-

eminence ridge to center of AM tunnel was 18.8 mm ±

2.8 mm, and the distance from RER to center of PL tunnel

was 8.7 mm ± 2.6 mm. The distance between tunnels

center was 10.1 mm ± 1.7 mm. There were no significant

differences between the intra- and inter-observer mea-

surements. The bone bridge thickness was 2.1 mm ±

0.8 mm. In the sagittal plane, the centers of the tunnel

apertures were located at 35.7% ± 6.7% and 53.7% ±

6.8% of the tibia diameter for the AMB and PLB,

respectively. The surface areas of the tunnel apertures were

46.3 mm2 ± 4.4 mm2 and 36.3 mm2 ± 4.0 mm2 for the

AM and PL tunnels, respectively. The total surface area

occupied by both tunnels was 82.6 mm2 ± 7.0 mm2. In the

coronal plane, tunnel orientation showed the AM tunnel

was more vertical than the PL tunnel with a 10� divergence

(14.8� vs. 24.1�). In the sagittal plane, both tunnels

were almost parallel (29.9� and 25.4� for the AM and PL

tunnels, respectively). When using anatomic aimers, the

morphometric parameters of the reconstructed tibial foot-

print in terms of length and distances to the surrounding

bony landmarks were similar to the native ACL tibial

footprint. However, the native footprint width was not

restored, and the surface area of the two tunnel apertures

was in the lower range of the published values for the

native footprint area.
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Introduction

Single-bundle anterior cruciate ligament (ACL) recon-

struction remains the most widely performed surgical

technique for ACL surgery. Most of the published literature

on ACL reconstruction has reported a 70–90% patient

outcome success rate; however, 10–30% of patients con-

tinue to experience persistent knee pain and instability [4,

10, 20, 25, 34]. Yagi et al. [34] reported that single-bundle

reconstruction produces an abnormal biomechanical out-

come, especially during rotatory loads when compared to

double-bundle reconstruction. In laboratory studies and in

clinical outcome studies, various authors have demon-

strated that double-bundle ACL reconstruction results in

better rotational stability than single-bundle ACL recon-

struction [7, 10, 22, 34]. Thus, interest in surgical tech-

niques that reconstruct both bundles of the ACL has risen,

and a variety of anatomic double-bundle ACL reconstruc-

tion techniques now exist [5, 12, 17, 19].

Knowledge of the anatomy of these bundles and their

attachment sites is critical when performing anatomic ACL

reconstruction and has been studied in detail [6, 14, 28, 31,

36]. However, it has been shown that arthroscopic surgeons

may have difficulty in accurately placing the drill holes for

single-bundle reconstruction despite rigorous training [6].

Difficulty in tunnel placement has created the need for

techniques to reliably reproduce and reference the positions

of the bundles from consistent landmarks, both on the fem-

oral and the tibial sides [6]. However, most articles published

in the literature have addressed the issue of the femoral

tunnels, while few have investigated tibial tunnels placement.

Several studies have described various landmarks for tibial

tunnel referencing [6, 9, 14–16, 24, 30–32], and quantitative

data specific to anatomic double-bundle ACL reconstruction

have recently been made available [6, 12, 28, 30, 31].

The purpose of this study was to investigate the posi-

tioning of tibial anteromedial (AM) and posterolateral (PL)

tunnels and morphometry of the footprint using high-speed

3D computed tomography (3D CT), following anatomic

double-bundle ACL reconstruction performed with specific

instrumentation. The hypothesis was that using specific

instrumentation, it was possible to reproduce the charac-

teristics of the tibial ACL footprint in terms of size, posi-

tion with regard to anatomic landmarks, and surface area.

A secondary aim was to investigate tunnel orientation in

both coronal and sagittal planes and to compare with the

results of the literature.

Materials and methods

Anatomic double-bundle ACL reconstruction with ham-

string tendon autografts was performed using the Smith &

Nephew ACUFEX Director Set for Anatomic ACL

Reconstruction [5] according to the surgical technique

summarized below. The harvest step of hamstring tendons

is identical to that of a single-bundle hamstring graft. A

double-stranded gracilis (Gr) tendon and a double-stranded

semitendinosus (ST) are fashioned. Each graft is slipped

through an EndoButtonTM CL (Smith & Nephew, Mans-

field, MA). The ST graft is used for the anteromedial

bundle (AMB) reconstruction while the Gr replaces the

posterolateral bundle (PLB).

The arthroscopic reconstruction is based on the use of a

three-portal technique: anterolateral (AL), anteromedial

(AM), and accessory anteromedial [Christel]. With the

scope through the main AM portal, the centers of both

femoral AM and PL bundles are marked with an RF probe

introduced through the AAM portal. The femoral tunnels

are drilled first starting with the anteromedial tunnel. With

the knee bent between 110� and 120� of flexion, keeping the

scope through the AM portal, an Endofemoral aimer (Smith

& Nephew, Mansfield, MA) is introduced through the AAM

portal guiding a 2.4-mm guide wire through the center of

the AM bundle. A cannulated 4.5-mm drill bit is advanced

over the pin and breaches the lateral femoral cortex. The

total length of the AM femoral tunnel is then measured, and

an AM socket is drilled at a depth depending on both the

tunnel and the EndobuttonTM CL length.

The Anatomic Posterolateral Femoral aimer (Smith &

Nephew, Mansfield, MA) is then introduced through the

AAM portal. Keeping the knee bent between 120� and 130�
of flexion [8], the tip of the aimer is introduced in the AM

socket, and the laser mark of the aimer’s bullet aligned

with the center of the PL bundle previously marked. A 4.5-

mm solid drill bit is then drilled through the lateral femoral

cortex. The length of the PL tunnel is measured, and the

appropriate PL socket is created. Thus, two sockets

diverging by 15� have been created with a 1.5 to 2.5-mm

bony bridge in between.

On the tibial side, with the scope inserted through the

AL portal, the centers of the anatomic insertions of the

AMB and PLB, according to known bony landmarks, are

marked with an RF probe. The knee is bent at 90�, and the

Director tibial guide (Smith & Nephew, Mansfield, MA)

with the bullet oriented at 60� to the joint line is introduced

into the joint through the AM portal. The tip of the guide is

positioned on the center of the anatomic attachment area of

the native AMB. The 2.4-mm guide wire starting from the

medial edge of the tibial tubercle is advanced until it

emerges at the desired location. A cannulated drill bit

undersized by 1 mm is advanced into the joint, and dilators

are used to expand the tunnel to the final diameter identical

to the graft diameter.

The Anatomic PL tibial guide (Smith & Nephew,

Mansfield, MA) consists of interchangeable posts fitting
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the AM tunnel and a lateral flange with a bullet. Once

inserted into the AM tunnel, the distal end of the post is

flush with the tibial surface. The AM post is rotated until

the slot at its tip is aligned with the center of the PLB. The

tip of the bullet is located on the anterior edge of the

superficial fibers of the medial collateral ligament. Once

acceptable placement of the 2.4-mm drill tip guide is

obtained, a 1-mm undersized cannulated drill bit is

advanced into the joint space, and the tunnel is finally

dilated to its final diameter. An osseous bridge of 2–3 mm

remains between the two tunnels inside the joint. On the

outer tibial surface, the distance between the tunnels

apertures is 15–20 mm.

The PL graft is passed first followed by the AM graft.

Endobuttons are flipped on the lateral femoral cortex, and

tibial fixation is performed with bioabsorbable interference

screws under 30–40N tension.

Following surgery, 38 consecutive patients were evalu-

ated with high-speed CT scan (General Electric Volume

Viewer, General Electric, Waukesha, Wisconsin). Scans

were performed within 3 days of surgery. Three-dimen-

sional reconstruction of the postoperative knee was per-

formed using the volume rendering technique (Fig. 1). This

technique allows for digital subtraction of the femur and all

soft tissue, while rotating the image into the axial view [3,

26]. First, the length and width of the footprint were mea-

sured on axial images. The centers of the AM and PL tunnels

(CAM and CPL) were then marked. The length from the

anterior tibial plateau to the retro-eminence ridge (RER) [6],

called ‘‘over-the-back ridge’’ by Mc Guire et al. [23], was

measured. The relationship of this ridge (hereafter noted as

RERA) with the CAM and CPL was noted. Keeping the

centers of each tunnel marked, the 3D axial image was then

converted to a radiographic image (a feature of the GE

Volume Viewer 2) and rotated into the coronal and lateral

views. On lateral view, the position of the line described by

Stäubli and Rauschning [29] was marked and the length

measured. Points CAM and CPL were then projected onto

this line, allowing the positions of both bundles to be

described in terms of a percentage length of the line (Fig. 2):

0% meant intersection with the anterior cortex, while 100%

meant intersection with the posterior cortex.

All ACL reconstructions were performed by the

senior author (P. Christel). Two different examiners

(A. Sahasrabudhe & G. Basdekis), both orthopedic sur-

geons, trained by a radiologist and independent from the

surgeon who performed surgery, made two separate and

independent measurements of each knee. Following is a

summary of all measurements recorded:

Axial 3D tibia images

• Length of reconstructed ACL footprint (AL)

• Width of reconstructed ACL footprint (AW)

• Center of anteromedial tunnel (CAM)

• Center of posterolateral tunnel (CPL)

• Distance between tunnel centers (TCD)

• Bone bridge thickness between tunnels (BB)

• Distance from RER to anterior plateau (RERA)

• Distance from RER to center of anteromedial tunnel

(RER-CAM)

• Distance from RER to center of posterolateral tunnel

(RER-CPL)

• Surface area of the tunnel apertures
Fig. 1 a–d Morphometric parameters measured on the 3D CT axial

view of the tibia (see text for the abbreviations)

Fig. 2 Morphometric parameters measured on the 2D converted

lateral view of the tibia. For each tunnel, the center of the

intraarticular aperture (CAM, CPL) is projected on the Stäubli and

Rauschning line. The position of the projection is expressed in

percentage of the line length

Knee Surg Sports Traumatol Arthrosc (2010) 18:1599–1606 1601

123



Lateral 3D tibia radiographs

• AP diameter of the tibia (length of the Stäubli and

Rauschning line) (AP)

• Distance from anterior cortex to projection of line from

center of anteromedial tunnel (AP-CAM)

• Distance from anterior cortex to projection of line from

center of posterolateral tunnel (AP-CPL)

The converted 2D radiographic images were used to

measure the tibial tunnels orientation in the frontal and

sagittal plane, as described by Kondo et al. [19]. For

each tunnel, the tunnel angle was defined as the angle

between the tunnel axis and the long axis of the tibia.

The tunnel axis was defined as a line passing the 2

central points of the intra-articular outlet and the extra-

articular outlet. The long axis of the tibia was defined as

the long axis of the diaphysis of the tibia, which could

be measured on each converted 2D radiographic image

(Fig. 3).

Statistical analysis

Descriptive statistics were used to describe the orientation

and position of the tibial tunnels. A multiple regression

analysis was used to assess intra-observer and inter-

observer reliability in the measurement of orientation and

position of the tibial tunnels. Pearson correlation coeffi-

cients were calculated to quantify intra-observer and inter-

observer reliability, and 95% confidence intervals were

constructed to compare measurements of the present study

to the results of previous studies [6, 28]. Confidence

intervals that do not overlap correspond to a P value less

than 0.05. Statistical analyses were performed using SAS

version 9.1.3 (Cary, NC, USA).

Results

The overall morphometric measurements of the recon-

structed footprint are described in Table 1. Multiple

regression analysis demonstrated high intra-observer and

inter-observer reliability. The measurements did not differ

based on which surgeon was taking the measurements or

whether it was the first or second measurement taken for a

sample. Pearson correlation coefficients for each mea-

surement showed that the measurements were independent

of surgeon and whether it was the first or second mea-

surement. All coefficients were extremely small with cor-

responding P values greater than 0.9.

The average AP diameter of the tibia was 55 mm ±

4.2 mm. The distance from the anterior cortex to the pro-

jection of a line from the center of the AM tunnel was

19.8 mm ± 4.0 mm, corresponding to 35.7% ± 6.7% of

the AP diameter. The distance from the anterior cortex to

the projection of a line from center of PL tunnel was

29.5 mm ± 3.9 mm, corresponding to 53.7% ± 6.8% of

the AP diameter.

During surgery, the diameter range of the drill bit used

for tunnel drilling was 6–8 mm and 6–7 mm for the AM

and PL tunnels, respectively. Thus, the resulting average

tunnel diameter in the sagittal plane was 7.0 mm ±

0.4 mm for the AM tunnel and 6.2 mm ± 0.3 mm for the

PL tunnel. Due to the tunnel obliquity, the intra-articular

tunnel aperture has an elliptic shape, and the surface area of

the AM tunnel was 46.3 mm2 ± 4.4 mm2 and 36.3 mm2 ±

4.0 mm2 for the PL tunnel. The total surface area occupied

by both tunnels was 82.6 mm2 ± 7.0 mm2.

On converted 2D radiographic images, the tibial

tunnel angles of the PL bundle averaged 24.1� ± 5.5�
(mean ± SD) in the AP view and 25.4� ± 5.3� in the lat-

eral view. The tibial tunnel angles of the AM bundle

averaged 14.8� ± 5.0� in the AP view and 29.9� ± 4.5� in

the lateral view. There was a 10� divergence between the

two tunnels on the AP view and 4� on the lateral view, the

AM tunnel being more vertical than the PL tunnel in both

planes.

Fig. 3 The tunnel angle was defined as the angle between the tunnel

axis and the long axis of the tibia. The tunnel axis was defined as a

line passing the 2 central points of the intra-articular outlet and the

extra-articular outlet. The long axis of the tibia was defined as the

long axis of the diaphysis of the tibia, which could be measured on

each converted 2D radiographic image
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Discussion

The most important finding of the current study is that, in

accordance with our initial hypothesis, it was feasible with

the current instrumentation to position and keep the AM

and PL tunnel apertures within the native ACL tibial

footprint saving a bone bridge between the two tunnel

apertures.

The purpose of this study was to carry out an assessment

of the tibial tunnel position right after surgery and corre-

lation with clinical outcome would need a longer follow

up. However, clinical outcome depends among others on

both femoral and tibial position, and it is difficult to isolate

the effect of tibial positioning only. It has been made

possible to quantify the positioning of both AM and PL

tibial tunnels by using high-speed 3D CT scan coupled

with the volume rendering technique. This technique

allows one to obtain accurate measurements of the ACL

footprint characteristics [25] and has also been used to

characterize the femoral tunnel positioning in double-

bundle ACL reconstruction with regard to the native ACL

attachment site [2].

Strength of our study includes the absence of significant

inter- and intra-observer error differences. There is slight

variation of error in CT measurements taken. Purnell et al.

[26] have calculated their possible error to be ± 0.3 mm.

Our intra-observer error for length measurement was

also ± 0.3 mm which is lower than the intra-observer

measurement from cadaveric studies [6]. One may consider

one weakness of this study is the lack of clinical follow-up.

However, aim of this study was to provide a method to

validate the postoperative position of the tibial tunnels after

anatomic double-bundle ACL reconstruction. In the field of

scientific studies, we advocate tunnel positioning should be

objectively documented before publishing any ACL

reconstruction outcome, and in this respect 3D CT scan is

an accurate method for this. Basdekis et al. [2] have pre-

viously published their method for evaluation of femoral

tunnel position using 3D CT scan which could be com-

bined with the methodology of this study in order to assess

global tunnel positions after ACL reconstruction.

The insertion site for the ACL on the tibia is located in

the area between the medial and lateral tibial spines. In this

region, the fiber bundles of the ACL fan out and form the

Table 1 Results of 3D CT

measurements of the tunnel

apertures morphometry on the

axial plane

AM anteromedial,

PL posterolateral,

RER retroeminence ridge

Morphometric parameters (mm) Mean ± SD Ratio to RERA (%)

Footprint length (AL) 17.1 ± 1.9 –

Footprint width (AW) 7.3 ± 1.2 –

Distance from the RER to anterior plateau limit (RERA) 29.9 ± 3.0 –

Distance from the RER to AM tunnel center (RER-CAM) 18.8 ± 2.8 62.5

Distance from the RER to PL tunnel center (RER-CPL) 8.7 ± 2.6 28.4

Distance between tunnel centers (TCD) 10.1 ± 1.7 –

Bone bridge thickness (BB) 2.1 ± 0.8 –

Table 2 Results of the present study fit those of literature [6, 28]

Measurement Present study Colombet et al. [6] Siebold et al. [28]

Mean Lower Upper Mean Lower Upper Mean Lower Upper

95% CI 95% CI 95% CI 95% CI 95% CI 95% CI

AL* 17.1 16.8 17.4 17.6 16.0 19.2 14 13.4 14.6

AW** 7.3 7.1 7.5 12.7 10.6 14.8 10 9.4 10.5

AP 55.0 54.3 55.7 55.4 50.3 60.5

CAM 36% 34.9 37.1 36% 33.2 38.8

As percentage of the tibia diameter

CPL 54% 52.9 55.1 52% 49.5 54.4

As percentage of the tibia diameter

RERCAM 18.8 18.4 19.3 17.5 16.1 18.9

For comparison, we used the mean values and the lower and upper 95% confidence intervals

AL length of reconstructed ACL footprint, AW width of reconstructed ACL footprint, AP length of the Stäubli and Rauschning’s line, CAM center

of anteromedial tunnel projected on the line, CPL center of posterolateral tunnel projected on the line, RERCAM distance from RER to center of

anteromedial tunnel

* P \ 0.05 for the comparison of AL between the present study and Siebold et al. [28]

** P \ 0.05 for all comparisons of AW
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so-called duck-foot region. Similar to our results, others

have shown the average length of this area to be approx-

imately 17 mm and the width approximately 9–11 mm [1,

8, 11, 12, 28, 31, 36]. However, the width of the recon-

structed foot print was 7.3 mm ± 1.2 m, significantly less

than the native ACL (Tables 2 and 3).

The average distance between both tunnel centers may

vary between 5 and 8 mm [6, 28]. The variations are

related to knee size, gender, and the shape of the bundle

footprint which is not circular making difficult the appre-

ciation of the bundle center. When considering the 95%

confidence interval, the average tibial insertion area has

been measured by several authors ranging between 78 and

169 mm2 [14, 28], and we found a surface area ranging

between 75.6 and 89.6 mm2, values which are in the lower

part of the interval (Table 3). Moreover, if the graft

diameter corresponds to the one of the tunnel, the tendons

do not fully fill the tunnel aperture. Thus, the technique

with double-stranded double-bundle hamstring autograft

does not fully reproduce the surface ACL tibial footprint

area, at least in big knees, mostly since the correlation

between the graft diameter and the patient’s biometric

parameters is weak [27, 32]. Maybe the use of bigger

allografts may compensate for this weakness [33]. How-

ever, there is space limitation if one wants to save a bone

bridge between the two tunnels.

Comparison of the results of the current study with

similar data drawn from literature [6, 9, 14, 26, 28, 29]

shows similar values (Table 3). We have chosen to put an

emphasis on the RER as an important bony landmark as it

has been shown by several authors [9, 15] that measure-

ments based on the medial tibial eminence were particu-

larly erratic. They found the most reproducible anatomic

landmark was the RER position. Our findings also agree

with data published by Edwards et al. [9] who revealed

tibial center of the AMB at 17 ± 2 mm from the RER,

whereas their PLB center location was at 10 ± 1 mm from

the RER. However, our values cannot be directly com-

pared with those of Hutchinson and Bae [15], who con-

sidered only the posterior limit and the center of the ACL

tibial footprint, without considering the bundle centers or

the anterior limit of the footprint.

Regarding the projection of the bundle centers on the

AP tibial diameter, Table 2 shows the results of previous

anatomic and radiologic studies when compared to ours.

We found the position of our tunnels centers similar to the

position of the bundles centers published by others [6, 18,

21, 35].

However, Edwards et al. [9] and Zantop et al. [35]

described more anteriorly located tibial insertions of the two

bundles. As already stated above, because of the insertion

sites of the AMB and PLB are not circular [21], the definition

of the center of the bundles can be difficult to determine. T
a
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Hantes et al. [13] have compared the tibial tunnel ori-

entation using either the transtibial or the transportal

technique in drilling the femoral tunnels. They did not find

significant differences in tibial tunnel orientation when

comparing transtibial or transportal technique. Few studies

of tibial tunnels orientation in anatomic double-bundle

reconstruction have been published. Kondo et al. [19]

reported that the tibial tunnel angles of the PL bundle

averaged 40.7� on the AP view and 35.4� on the lateral

view. We found narrower tibial tunnel angles for the PL

bundles. On the anteroposterior view, we report an angle of

24.1�, while on the lateral view an angle of 25.4�. Kondo

et al. [19] reported the tibial tunnel angles of the antero-

medial bundle averaged 15.6� in the AP view and 41.4� on

the lateral view. We found a similar angle on the AP view

of the AM bundle and a more vertical angulation on the

lateral view. On the AP view, we report an angle of 14.8�
and on the lateral view an angle of 29.9�. However, Kondo

et al. [19] drill their femoral tunnel transtibially, contrary to

the technique used in the current study. This difference in

technique may account for the differences in tunnel angles.

The current results demonstrate the tibial anatomic

aimer used in this study allows to position the tibial tunnels

always inside the limits of the ACL tibial footprint. In this

series of 38 patients, no case of intra-operative tunnel

merging has ever been observed. A 2-mm bone bridge

separating the tunnel apertures was always present making

this instrumentation safe.

Conclusion

In the current study, the use of 3D CT scan was able to

demonstrate that the morphometric parameters of the

reconstructed tibial footprint in terms of length and dis-

tances to the surrounding bony landmarks were similar to

the native ACL. However, the width of the reconstructed

footprint was significantly less than the native ones. Also,

the value of the surface area of the two tunnels aperture

was situated in the lower range of the native footprint.
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