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Abstract

Purpose Accurate placement of separate anteromedial

and posterolateral bundle bone tunnels is crucial for ana-

tomic, double-bundle anterior cruciate ligament (ACL)

reconstruction. However, identifying the anatomic foot-

print at which to make the tibial and femoral bone tunnels

is not a straightforward procedure. To overcome this

problem, we used a CT-based navigation technique with a

registration procedure based on fiducial markers (FMs).

Methods Preoperatively, 10 FM points were placed on

skin around knee joint and scanned with CT. Imaging data

of the knee were recorded on the computer system for

preoperative registration and surgical planning. Intraoper-

atively, with a reference frame fixed to the distal medial

aspect of femur and tibia, paired-point matching registra-

tion was performed with the use of points marked on skin

through FM center holes. During tibial tunnel guide wire

placement, tibial aiming guide with tracking device fed

back the position of tip and direction of the guide wire on

the three-dimensional (3D) tibia bone surface image and

multiple image planes in real time. For the femoral side,

the navigation pointer was placed at the footprint center

with visual guidance of 3D image of lateral wall sagittal

view on navigation monitor and marked with navigation

awl.

Results The average registration accuracy of 22 consec-

utive patients was 0.7 ± 0.2 mm and 0.6 ± 0.2 mm for

femoral and tibial bone, respectively. Most of the bone

tunnel positions evaluated with 3D-CT image were con-

firmed to be accurately placed in reference to the preop-

erative plan. There was no damage to femoral condyle

cartilage and no other complication.

Conclusion This new CT-based computer navigation

system opens the possibility for surgeons to plan bone

tunnel positioning preoperatively and control it during

technically demanding anatomic double-bundle ACL recon-

struction.

Keywords ACL reconstruction � CT � Navigation �
Fiducial marker

Introduction

Currently, anterior cruciate ligament (ACL) reconstruction

is the standard operation for ACL injury in active patients.

However, long-term clinical studies reveal unsatisfactory

postoperative results and concern regarding the conven-

tional technique of ACL reconstruction in terms of residual

laxity, especially in controlling rotation has been expressed

[2]. Recently, a large research effort has been underway to

fully define the functional roles, insertion site anatomy, and

biomechanics of the 2 ACL bundles [4, 7, 9, 11, 13], and

clinical studies have shown that more anatomic approaches

resulted in superior outcome when compared to single-

bundle ACL reconstruction [1, 14].

However, an anatomic approach with separate recon-

struction of both ACL bundles is more technically

demanding and time-consuming than the single-bundle

procedure. In particular, the proper creation of graft
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insertion sites remains a difficult point and a key objective.

Because subjective results of existing methods using con-

ventional tools are not as satisfactory as desired even for

single-bundle procedure [5, 10], a larger number of failures

in bone tunnel preparation should be expected in double-

bundle reconstruction.

Recently, there have been many reports on ACL surgery

using several different computer-assisted systems (CAS) to

improve the reproducibility of graft placement [3, 6]. These

systems include information on the distance from the over-

the-top position, the clockwise position, and isometry

deviations during knee motion. Ferretti et al. and Purnell

et al. [4, 9] reported bony landmarks at the ligament–bone

junction, and procedures that use these landmarks as ref-

erence are becoming popular. Thus, to fully utilize the

current knowledge of osseous landmarks of the femoral and

tibial attachments, a virtual representation of the original

3D bone surface of tibia and femur by navigation guide

system was needed. We hypothesized that CT-based nav-

igation offers a possibility to achieve accurate bone tunnel

preparation. As far as we could find, there has been no

report on such a procedure using CT-based navigation. We

developed a new CT-based navigation technique with a

registration procedure based on skin fiducial markers

(FMs).

Materials and methods

A surgical navigation system (StealthStation Treon plus;

SofamorDanek, Memphis, TN), consisting primarily of a

computer system, a charge-coupled device camera, and the

bundled spine application, was used for the anatomic

reconstruction of ACL.

For the registration procedure in this study, FMs (Sof-

amorDanek, Memphis, TN) (Fig. 1a) were used. These

markers were donut-shaped and obvious on CT scans, and

it was possible to mark on the skin through the central hole.

On the preoperative day, FMs were placed randomly at ten

points around the knee joint in three dimensions before CT

(Fig. 1b). The patients then underwent CT scans with the

neutral hip and extended knee positions as relaxed as

possible. Basic imaging data used for navigation (slice

thickness, 1 mm) of the knee were recorded on the com-

puter system for preregistration and surgical planning. On

the navigation computer, three 3D images (knee, proximal

tibia and lateral half of femoral condyle) were recon-

structed. The 3D image of knee was used for preregistra-

tion of FMs. The centers of the FMs at each of the ten

points were pointed to and recorded manually (Fig. 2a).

The 3D image and sagittal and coronal image sections of

proximal tibia were used for planning of tibial tunnel

position and direction. The direction of the tibial tunnel for

the anteromedial (AM) bundle was planned at 30–35

degrees from the tibial shaft axis in the coronal plane and

40–45 degrees in the sagittal plane, and for the postero-

lateral (PL) bundle at 40–45 degrees in the coronal plane

and 35–40 degrees in the sagittal plane. Outlets of tunnels

were set at the anatomic insertion site of each bundle

(Fig. 2b).

For the creation of femoral tunnels, the 3D image of

lateral half of femoral condyle was reconstructed on a

monitor for better view of lateral wall and roof of the

femoral intercondylar notch. A transtibial or accessory

anterior medial portal technique was used for the creation

of femoral tunnel, and the target was set on the center of

the anatomic footprint of each bundle in reference to

intercondylar ridge and bifurcate ridge if it was identified

(Fig. 2c). The 2 intra-articular outlets of the femoral tun-

nels did not overlap on the lateral femoral condyle in any

of the knees encountered.

Before surgery, skin marking was done through the center

hole of each FM. After the removal of markers and skin

disinfection, reference frames were fixed percutaneously to

Fig. 1 a FM is donut-shaped,

and the skin can be marked

through the central hole. b FMs

were patched at ten points

around knee joint before

performing CT scan
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the distal tibia diaphysis and medial aspect of distal femur,

each with two 2.5-mm half pins. We used three navigation

guides: a passive navigation pointer, tibial aiming guide, and

navigation awl (Fig. 3a, b). The tibial aiming device was a

commercially available tibial drilling guide, equipped with a

directly mounted navigation array. The navigation awl was

used for the marking of femoral footprint. After setting

navigation guides, registration was started. Registration was

performed using paired-point matching: 10 points around

the knee were registered with use of the navigation pointer

(Fig. 3c). During the registration, attention should be paid to

reproduce the leg position during CT imaging with the hip in

neutral position and knee in extended position. When the

predicted registration accuracy was more than 1.0 mm,

repeated paired matching registration was needed until an

accuracy of less than 1.0 mm was obtained. After successful

registration, graft harvesting and diagnostic arthroscopy

were performed.

The tip of the tibial aiming guide was placed at the

center of the AM and PL bundle at the tibial insertion

site, and tip placement and direction of aimer were pro-

jected onto the navigation monitor and adjusted for

preoperative planning. After the aiming device was set,

each guide wire was drilled through the sleeve. The

position of guide wire tip on the tibial plateau was

checked with the navigation pointer to compensate for

any deflection of guide wire.

To create the femoral tunnel, a 3D lateral image of distal

femur sagittal view was shown on the navigation computer

monitor. The femoral footprints of the AM bundle were

marked using the navigation awl with the assistance of the

computer monitor images projected during preoperative

planning. Transtibial drilling through each tibial tunnel was

our first option. However, if the femoral marking holes

were hard to reach using the transtibial approach, we cre-

ated femoral tunnels through the accessory anteromedial

portal. When we selected the anterior medial portal

approach, simulation was done before inserting the guide

wire. On the navigation computer screen, the 3D image of

the distal femur was rotated to face the posterolateral

aspect of the femur. The virtual femoral tunnel diameter

was set to the real diameter of the AM graft. The naviga-

tion pointer tip was placed at a small hole on the AM

footprint, and knee was flexed 90 to 120–130 degrees.

Fig. 2 a Preregistration was

performed by registering the

points in the computer. Center

of the marker on the

preoperative CT image in the

computer monitor was manually

pointed. b Tibial side: before

operation, exit of each bundle

bone tunnel was planned by 3D

image of CT, and direction of

tunnel was planned by coronal

and sagittal image. Diameter of

the plan was set at that of virtual

tibial bone tunnel. (Green: plan

of the AM bundle, yellow: plan

of the PL bundle; diameter of

the plan was set at 7.0 mm).

c Femoral side: 3D view of

lateral wall and roof of femoral

intercondylar notch was used

for planning, and the footprint

of each fiber bundle was set as

an insertion point. Osseous

landmarks (black arrow:

intercondylar ridge, white
arrow: bifurcate ridge) were

also used as reference when

they could be identified. (Pink:

insertion point of AM bundle,

blue: insertion point of PL

bundle)
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When flexing the knee, risk of the posterior wall breakage

and sufficiency of the bone tunnel length were evaluated

(Fig. 4).

We retrospectively reviewed 22 consecutive patients

who had undergone anatomic ACL reconstruction using

this technique and evaluated intraoperative registration

accuracy, the deviation of the actual bone tunnel position

compared to the planned position by 3D-CT postopera-

tively, and the presence of complication.

Results

The average registration accuracy was 0.7 ± 0.2 mm

(0.2–1.1 mm) and 0.6 ± 0.2 mm (0.3–1.1 mm) for fem-

oral and tibial bone, respectively. Registration accuracy of

1 mm or less was not achieved in only 2 patients (1 tibial

and 1 femoral side). In 2 patients in femoral side, bone

tunnel was prepared following conventional methods,

because the navigation system could not be used as

Fig. 4 Diameter of the virtual femoral tunnel is set at the actual graft

diameter, and a small hole made by awl is pointed by the passive

navigation pointer. Using the trace, risk of lateral femoral condyle

injury and posterior wall breakage, and bone tunnel length are

evaluated. a Knee joint bent 90 degrees: virtual femoral tunnel

revealed risk of femoral condyle injury and insufficient bone tunnel

length. b Knee joint bent 120 degree: risk of femoral condyle injury

was avoided by bending the knee joint, and sufficient bone tunnel

length was secured

Fig. 3 a Tibial aiming guide

equipped with tracking device

was used to place guide wire in

a position of preoperative

planning of tibial tunnel.

b Navigation awl was used for

marking on the bone surface of

femoral footprint.

c Intraoperative registration was

performed by registering the

points marked on the skin using

the navigation pointer
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the deviation of frame position resulted in decreased

accuracy.

Bone tunnel positions were postoperatively evaluated

from 3D-CT images, and most of the bone tunnel positions

were confirmed to be accurately placed in reference to the

preoperative plan (Fig. 5). There was no case of injury to

femoral condyle cartilage, artery, or nerve and no sign of

infection.

Discussion

The most important finding of the present study was that

anatomic ACL reconstruction using CT-based navigation

was practically acceptable. CAS benefits surgeons by

providing feedback on the positions of instruments and

bony anatomy inside the surgical field. Among various

navigation procedures for ACL reconstruction reported [3,

6], we believe that the CT image–based procedure reported

here is the most suitable for the current surgical technique

and has various advantages.

As the first major advantage, preoperative planning

based on 3D images of patient’s bone is possible. Ferretti

et al. [4] reported that osseous landmarks around the

footprint on femoral side, including intercondylar ridge or

bifurcate ridge, could be used to decide the insertion

point. Also, Purnell et al. [9] reported that 3D images

reconstructed from high-resolution CT data depicted

detailed surface bone morphology and confirmed osseous

landmarks around the ACL footprints of femur and tibia. In

our procedure, 3D images were reconstructed from pre-

operative CT data, and the images of actual bone surface

morphology of the patient could be used for planning of

bone tunnel direction and outlets on joint surface, and thus,

bone tunnel planning was possible using these landmarks

for each patient.

As the second advantage, CT-based navigation is

applicable to various surgical techniques and can provide

useful information on each procedure during the surgery.

The transtibial method for femoral tunnel preparation is

limited to reach the anatomic femoral footprint, because

with a narrower tibial tunnel diameter compared to the

single-bundle procedure, the influence by tunnel direction

or outlet on tibial condyle becomes greater. In our proce-

dure, this kind of mismatch could be reduced by preoper-

ative planning of direction of tibial bone tunnel and outlet

on tibial condyle and by strict control during the surgery.

However, several recent studies have shown that transtibial

approach can limit the ability to place the femoral tunnel

anatomically, even if tibial tunnels are placed in accurate

positions [8]. For this reason, the AM portal procedure has

been increasingly reported recently. On the other hand, in

this procedure, risk of cartilage injury and posterior wall

breakage of lateral femoral condyle had been reported [15].

Fig. 5 Pre- and postoperative

3D images. a, b Preoperative

plan. (Femoral side, Pink:

insertion point of AM bundle,

blue: insertion point of PL

bundle; Tibial side, Green:

plan of the AM bundle, yellow:

plan of the PL bundle).

c, d Postoperative image

showing that 2 tunnels were

created at the planned position

382 Knee Surg Sports Traumatol Arthrosc (2011) 19:378–383

123



In the presently reported navigation system, pertinent

information could be obtained using a navigation pointer

before actual guide wire insertion, including insertion

direction, confirmation of whether injury to cartilage or

posterior wall breakage had been avoided, or whether

sufficient length of bone tunnel was secured.

As the third advantage, the setting of navigation is

simple, requiring only a time as short as 10–15 min. from

frame insertion to registration. This step can be done before

surgery, thus reducing surgical time.

This study has several limitations, such as small number

of cases, and no evaluation of clinical results or accuracy of

tunnel positions created using this system. To resolve these

limitations, we are now accumulating cases and investi-

gating accuracy and reproducibility by comparing preop-

erative plans with postoperative bone tunnel position using

3D-CT in accordance with the method of Tsuda et al [12].

The preliminary results as the initial step support its

usefulness.

Conclusion

This technique could reduce the burden on surgeons by

intraoperative image assistance and is highly beneficial.

Recently, ACL reconstruction has become increasingly

complicated and technically demanding. The navigation

system reported here is applicable to current surgical

techniques and is a useful procedure capable of supporting

arthroscopic surgery.

Conflict of interest None.
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