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Abstract It is not well known how much tension

should be applied to ACL graft at the time of graft

fixation. As a step to determine the optimal initial

tension, it is indispensable to know the graft tension to

restore normal anterior–posterior (A–P) laxity (laxity

match pretension, LMP). The objective was to deter-

mine the LMP in ACL reconstruction for the ana-

tomical two-bundle technique and for the Rosenberg’s

isometric bi-socket one, and to compare these two

techniques in LMP. Twenty-four patients with unilat-

eral chronic ACL insufficiency were divided into the

following two groups. The anatomical two-bundle

technique was performed on 12 patients via two fem-

oral tunnels at 9 and 10 o’clock or 2 and 3 o’clock on

the posterior margin of the notch and two tibial tunnels

(Group A), while the Rosenberg’s isometric bi-socket

reconstruction was performed on the remaining 12

patients through two femoral tunnels at 10 and 11

o’clock or 1 and 2 o’clock and one wider tibial tunnel

(Group B). After two doubled semitendinosus grafts

were fixed with two EndoButton-CL�s on the femur,

they were temporarily fixed to the tension-adjustable

force gauge on the tibia, respectively. The total tension

applied to grafts was set at 10, 20, 30, 40, or 50 N at 20�
of knee flexion, and the A–P laxity was measured by

applying A–P drawer load of 134 N at 20� of flexion.

By comparing the measured laxity with that for the

opposite healthy knee, the tension to restore the nor-

mal A–P laxity (LMP) was estimated. The mean LMP

of 7.3 N in Group A was significantly smaller than that

of 25.8 N in Group B. The anatomical two-bundle

technique makes it possible to more effectively restore

A–P stability with lower initial tension than the iso-

metric Rosenberg’s bi-socket reconstruction.
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Introduction

The ACL reconstruction is one of the most frequently

performed operations in the current orthopedic prac-

tice. To restore normal knee kinematics, the anatomi-

cal graft placement has recently been advocated. We

did start performing the modified Rosenberg’s iso-

metric bi-socket technique in 1995, using autogenous

hamstring tendons and creating two femoral sockets at

1 and 2 o’clock or 10 and 11 o’clock in the posterior

margin of the notch around the superior margin of

ACL femoral footprint [12, 13]. However, Toritsuka

et al. [16] reported that the graft-PCL impingement

leading to loosening of the graft was observed in some

cases via isometric bi-socket technique, as the grafts

reconstructed with this technique were considered to
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be different from the normal ACL. We have then

established the technique ‘‘the anatomical two-bundle

ACL reconstruction’’ in 2001, in which two tunnels in

the femur and the tibia are separately created in the

central area of the footprints of ACL [14]. However,

there are still some unsolved problems such as an ini-

tial tension.

About the initial tension at the time of graft fix-

ation, Fleming et al. [5] reported that there was

corresponding decrease in anterior–posterior (A–P)

laxity with an increment of initial tension, while there

were few reports about the adequate initial tension to

the graft in ACL reconstruction. Yasuda et al. [18]

divided ACL-reconstructed patients into three dif-

ferent initial graft tension groups (20, 40, and 80 N)

and observed for 2 or more years. They suggested

that relatively high initial tension (up to 80 N) re-

duced the postoperative anterior laxity of the knee

joint after ACL reconstruction in single-socket tech-

nique. Thus, it is the important theme to decide

the initial tension at the graft fixation in ACL

reconstruction. However, the initial tension in ACL

reconstruction was applied clinically by manual

maximum pull at most institutes, and no quantitative

data on the tension have been available. Recently,

Double Spike Plate (DSP)� (Meira Co. Ltd., Nagoya,

Japan) to fix a graft at predetermined initial tension

in a clinical setting has become available [15]. How-

ever, the ideal initial tension is still unknown, while

the initial tension applied to a graft is considered one

of the key factors for success in ACL reconstruction

[3–5, 10]. As a step to determine the ideal tension, it

is indispensable to estimate the tension to restore the

normal (A–P) laxity (laxity match pretension, LMP).

There are some previous reports about the LMP,

while the data in all these reports were obtained

from the reconstruction via a single femoral socket/

tunnel technique in cadaveric knees [2, 8, 17].

Therefore, the purposes of this study were to deter-

mine the LMP in ACL reconstruction using quadru-

pled hamstring tendons via the isometric bi-socket

technique or the anatomical two-bundle one in the

operating theatre, and to compare these two ACL

reconstruction techniques in LMP.

Materials and methods

Twenty-four patients with unilateral chronic ACL

injury, who had consented to be involved in this

study, were included. Their age ranged from 16 to

39 years, with a mean of 26.9 years. There were 15

males and 9 females. The interval from injury to

ACL reconstruction was 87.3 ± 44.5 days. Intraoper-

atively, their ACLs were found completely torn.

Thirteen cases also had tear to the medial meniscus,

and nine had tear to the lateral meniscus. In those

with medical meniscal tear, nine knees underwent

meniscal repair, three did menisectomy, and one did

rasping without repair. In the cases with lateral

meniscal tear, four knees underwent meniscal repair,

two did menisectomy, and three did rasping. There

was neither other ligament injury nor severer arti-

cular cartilage damage than Grade II; fissuring or

fibrillation less than one-half the thickness of the

articular cartilage. These cases were randomly di-

vided into the following two groups and had ACL

reconstruction with either of the two different tech-

niques under arthroscopy (Table 1). The one surgeon

(TM) performed 20 ACL reconstructions and assisted

all the other surgeries.

Anatomical two-bundle ACL reconstruction

(Group A) (12 cases: eight males and four females)

Using an antero-lateral entry femoral aimer (Smith &

Nephew Inc. Endoscopy, Andover, MA, USA), a

2.4 mm guide wire was inserted from outside of the

lateral cortex of the femur to the supero-posterior por-

tion of the posterolateral bundle (PLB) footprint (5 mm

anterior to the posterior margin at 9 or 3 o’clock of the

notch). Then a 5.0–6.0 mm tunnel was created for the

posterolateral graft (PLG) by over-drilling. Similarly,

another 2.4 mm guide wire was inserted from the lateral

femoral cortex to the supero-posterior portion of the

anteromedial bundle (AMB) footprint (5 mm anterior

to the posterior margin at 10 or 2 o’clock of the notch).

Then a 5.0–6.0 mm tunnel was created for the antero-

medial graft (AMG) by over-drilling. For the tibia, two

guide wires were inserted in parallel from the medial

tibial cortex to the center of AMB and PLB footprints

with a drill guide system (Smith & Nephew Inc.

Endoscopy), and then two 5.0–6.0 mm tunnels were

created by over-drilling (Fig. 1a–c).

Table 1 Patients’ data

Patients Gender
(male:
female)

Average
age

Height
(cm)

Weight
(kg)

Anatomical
two-bundle

12 8:4 27.1 169.2 ± 6.5 63.7 ± 7.5

Isometric
bi-socket

12 7:5 26.8 169.5 ± 8.8 61.0 ± 8.1

There was no significant difference in age and the size of body
between the two techniques
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Rosenberg’s bi-socket technique (Group B)

(12 cases: seven males and five females)

Using the tibial drill guide system, a 2.4 mm guide wire

was inserted from the tibial cortex medial to the tibial

tubercle to the center of the ACL footprint. Then a

single tibial tunnel of 8.0–9.0 mm was created by over-

drilling. Next, through the tibial tunnel, a 2.4 mm guide

wire was inserted at the superior margin of the femoral

ACL footprint on the lateral wall of the intercondylar

notch (5 mm anterior to the posterior margin at 11 or

1 o’clock of the notch). Then a 5.5–6.0 mm socket was

created for the AMG with 25 mm in depth by over-

drilling followed by over-drilling to the anterolateral

femoral cortex with a 4.5 mm drill. Similarly the fem-

oral socket/tunnel for the PLB with a diameter of 4.5–

5.5 mm was created at the ACL footprint in the

direction of 10 or 2 o’clock (Fig. 2a, b).

Graft preparation and fixation

In both techniques, previously harvested semitendino-

sus tendon was transected in half and then folded to

make a pair of doubled grafts. First, EndoButton-CL�

(Smith & Nephew Inc. Endoscopy) of appropriate

length based on the femoral tunnel length was placed

to the loop end of the graft, and two no. 3 polyester

threads were whip-stitched to the free end of each

doubled graft. Each graft was introduced through the

tibial tunnels to the femoral tunnels and fixed on the

lateral femoral cortex by turning EndoButton�s. In the

anatomical two-bundle ACL reconstruction, though

the straight 5.0–6.0 mm femoral tunnels were created

in outside-in fashion in spite of recommended channel

of 4.5 mm for Endo-Button� fixation, the grafts were

safely fixed on the lateral side of femoral cortex with

Endo-Button�s. Then, the graft sutures of the two

grafts were separately tied to two tension-adjustable

force gauges fixed on the tibial cortex around the exit

of the tunnel.

Measurement of LMP

First, a total of 10 N of initial tension, 5 N to each

graft, was applied using the force gauge on the tibial

cortex at 20� of knee flexion after load relaxation for

5 min (Fig. 3). Then the A–P displacement of the tibia

was measured with Knee Laxity Tester� (Stryker,

USA) when an A–P load of 134 N was applied at the

same knee position. Similarly, the total tension of 20,

30, 40, or 50 N to the graft was applied as the preten-

sion at 20� of knee flexion for each trial in the same

manner. Then A–P displacement measurement was

repeated. The A–P displacement of the uninjured

opposite knee was also measured. All measurements

were completed by the same examiners for all tests to

reduce variability. The initial tension and A–P dis-

placement were plotted on a graph. The LMP for each

Fig. 1 Position of femoral
tunnels in the anatomical two-
bundle technique. Two
femoral tunnels were created
at 9 and 10 o’clock or 2 and
3 o’clock on the posterior
margin of the lateral femoral
condyle. a A diagram of
femoral tunnels. b Femoral
tunnels viewed
arthroscopically through
antero medial portal. c X-ray
for lateral view
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patient was estimated from the A–P displacement of

the uninjured opposite tibia, based upon the assump-

tion that the initial tension and A–P displacement are

inversely proportional. Actually the average of the

correlation coefficient between the initial tension and

A–P displacement was – 0.956 ± 0.04 (Fig. 4).

For the statistical analysis, Mann–Whitney’s U test

was used, and P values equal to or less than 0.05 were

considered statistically significant.

Results

In Group A, the mean A–P displacement was 12.3,

10.2, 8.8, 8.0, and 6.0 mm when the initial tension was

set at 10, 20, 30, 40, and 50 N, respectively, while that

on the opposite uninjured knee was 12.5 mm. In Group

B, the mean A–P displacement was 14.7, 13.8, 12.8,

11.5, and 10.2 mm at each initial tension, respectively,

while that on the opposite uninjured knee was 13.2 mm

(Fig. 5a, b).

The estimated LMP values for each patient were

between 2.2 and 14 N in Group A, while those varied

from 6.2 to 52.3 N in Group B (Fig. 6). The mean

estimated LMP of 7.3 ± 4.2 N in Group A was signif-

icantly lower than that of 25.8 ± 11.2 N in Group B.

Discussion

The optimal initial tension applied to the graft in the

ACL reconstruction is still unclear. Considering load

relaxation to the graft following its fixation and its

remodeling process, the tension greater than LMP

Fig. 2 Position of femoral tunnels in the isometric bi-socket
technique. Two femoral tunnels were created at 10 and 11
o’clock or 1 and 2 o’clock on the posterior margin of the lateral
femoral condyle. a A diagram of femoral tunnels. b X-ray for
lateral view

Fig. 3 Force gauges. The shape of these force gauges was V
shape, and one side of V shaped force gauge was fixed to tibial
cortex, while the other side enabled us to adjust the graft tension

Fig. 4 Decision of LMP. The initial tension and A–P displace-
ment on each patient were plotted on a graph, and were expected
to be inversely proportional. The laxity match pretension was
estimated from the A–P laxity of the opposite knee
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should be applied. However, excessive tension may

make the joint stiffness abnormal, hinder flexion–

extension, promote graft failure, or lead to degenera-

tion of the articular cartilage [1, 10, 11, 19]. Yoshiya

et al. [19] compared microangiography and histology at

3 months after anterior cruciate ligament reconstruc-

tion in dogs with a tension of 1 N to those with a

tension of 39 N, and reported that the grafts under

excessive tension of 39 N underwent focal degenera-

tion and that the collagen fibers within them were

replaced by mucoid extra-cellular matrix. In microan-

giography, they also reported that improved vascular-

ity was found when the initial tension was 1 N rather

than 39 N. On the other hand, insufficient initial

tension to the graft would lead to loose knees. There-

fore, the LMP could be assumed to serve as the ref-

erence point at the time of deciding the optimal initial

tension, and its investigation is unquestionably impor-

tant.

There are several previously reported studies on

LMP. Burks and Leland [2] reported the LMP to be

37 N in the single-socket technique using doubled

hamstring tendons, and Woo et al. [17] reported that of

45 N in the single-socket technique using quadrupled

hamstring tendons. In the results obtained from this

study, the mean LMP was 25 N in the isometric

bi-socket technique and 7.8 N in the anatomical two-

bundle technique, respectively. The latter was espe-

cially close to the in situ force of the normal ACL at

20� of flexion reported by Markolf et al. [7]. The LMP

obtained in this study were smaller than those in pre-

vious studies done on cadavers, although the condi-

tions of the experiments were different. This may

suggest that these two techniques used in this study are

biomechanically superior to those in the previous

reports, because smaller amount of LMP was required

to restore the normal laxity.

Then, comparing the two-bundle techniques in LMP

value, the LMP in the anatomical two-bundle ACL

reconstruction was significantly lower than that in the

isometric bi-socket technique. Thus, the former tech-

nique is considered more effective in restoring stability

of the knee. The possible explanations are as follows:

(1) location of the femoral sockets/tunnels; (2) number

of the tibial tunnels; (3) the distance between the fix-

ation points.

For the location of the femoral sockets/tunnels, our

tunnels were created at 9 and 10 o’clock or 2 and 3

o’clock on the posterior margin of the notch or in the

central area of the ACL footprint in order to mimic

fiber orientation of the natural ACL in knee extension,

while the sockets were created at 10 and 11 o’clock or 1

and 2 o’clock in the isometric bi-socket technique.

There are some previously reported studies on the

location of the femoral sockets. Loh et al. [6] reported

when the 10 and 11 o’clock locations of the femoral

sockets were compared in single-socket ACL recon-

struction using bone-patellar tendon-bone graft, the

Fig. 5 The mean A–P laxity under 134 N of A–P tibial load. a
Anatomical two-bundle technique. b Isometric bi-socket tech-
nique

Fig. 6 Distribution of the LMP in each technique
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socket at 10 o’clock was superior in terms of rotation,

but there was no difference in anterior stability. Mar-

kolf et al. [9] also reconstructed using the similar

technique and compared the location of the femoral

sockets at 10, 11, and 12 o’clock, and reported no dif-

ference among the three groups in the displacement

when 100 N of force was applied anteroposteriorly

or in LMP. However, these reports were based on

reconstructions achieved by the single-socket tech-

nique, which was quite different from the two-bundle

techniques used in this study. Furthermore, there were

no investigations on the lower femoral tunnel locations

such as 3 or 9 o’clock. It could be assumed from our

results that the graft in the lower femoral tunnel had

somewhat affect on the anterior stability.

As for the number of the tibial tunnels, two tunnels

are made at the ACL footprint in the anatomical two-

bundle technique, while there is only one tibial tunnel

in the isometric bi-socket one. At the time of anterior

drawer force applied to the tibia in the bi-socket

technique, the posteriorly positioned bundle first is

pushed by the posterior wall of the tunnel, and then the

anteriorly positioned bundle indirectly carries the load

via the posteriorly positioned bundle. On the other

hand, in the anatomical two-bundle ACL reconstruc-

tion, both bundles have tunnel walls posteriorly and

can directly carry the load via the bony wall. Thus, the

anatomical two-bundle technique could more effi-

ciently perform to control the anterior stability than

the bi-socket one.

Finally, for the distance between the fixation points,

the femoral tunnels in the anatomical two-bundle

technique were created from outside of the lateral

cortex or the femur using an antero-lateral entry fem-

oral aimer, while those in the bi-socket technique were

made through the tibial tunnel. Thus, because of the

different technique in creation of the femoral tunnels

and the difference in the direction of the femoral

tunnels, the length of the femoral tunnels was shorter

in the anatomical two-bundle technique than in the bi-

socket technique. And as the location of the femoral

tunnels was lower in the anatomical two-bundle tech-

nique than in the bi-socket technique, the length of the

grafts in the joint and consequently the distance be-

tween the fixations were also shortened in the ana-

tomical two-bundle technique. Therefore, as the stress

relaxation of the graft–suture complex was reduced

and the force transmission to grafts became more

efficiently against the anterior drawer force, graft force

to restore normal laxity was needed to be smaller in

this technique.

For these reasons mentioned above, we may con-

clude that the anatomical two-bundle ACL recon-

struction is more effective in achieving stability of the

knee equivalent to the uninjured knee with lower

LMP. Since this study was performed during surgery

under anesthesia using the opposite knee as the con-

trol, the accuracy of the measurements may be inferior

to the previous studies using cadaveric knees. How-

ever, this is the first study to obtain LMP in vivo, and

these data may be more clinically useful since they

included the muscles and soft tissues around the knees.

The data obtained in this study would contribute to

improvement of the surgical outcome.

Conclusion

The mean graft tension to restore normal A–P laxity

(LMP) was 7.3 N in the anatomical two-bundle tech-

nique and 25.8 N in the isometric bi-socket one. The

‘‘anatomical’’ two-bundle ACL reconstruction tech-

nique makes it possible to stabilize the knee with lower

initial tension.
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