
Chapter 9

Biomechanics of Single- and Double-Bundle

ACL Reconstruction

Eiji Kondo and Kazunori Yasuda

Abstract The biomechanical studies showed that the anatomic single-bundle

(SB) reconstruction was significantly better concerning the knee stability under a

90-N anterior force and a 5-Nm internal torque than the conventional SB recon-

struction in a range between 0 and 30�. However, there were no significant

differences between the two reconstructions not only in the other ranges of knee

flexion under these loading conditions but also in all the ranges under the simulated

pivot shift test. On the other hand, the anatomic double-bundle (DB) reconstruction

was significantly better concerning the knee stability under a 90-N anterior force

and a 5-Nm internal torque than the conventional SB reconstruction not only in a

range between 0 and 30� but also in the range between 35 and 70�. In addition, the

anatomic DB reconstruction was significantly better under the simulated pivot shift

test than the conventional SB reconstruction in a range between 0 and 30�. These
results showed that although both the anatomic SB and DB reconstructions were

significantly better than conventional SB reconstruction, the effect of the anatomic

SB reconstruction on the knee stability is not completely identical to the effect of

the anatomic DB reconstruction. Preliminary in vivo data suggest that anatomic DB

reconstruction can restore normal knee kinematics, but further studies including

research on anatomic SB reconstruction are required before definitive conclusions

can be reached.
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9.1 Introduction

Single-bundle (SB) reconstruction of the anterior cruciate ligament (ACL) is the

standard surgical option to treat ACL-deficient knees. However, recent biomechan-

ical studies have reported that conventionally performed SB ACL reconstruction

cannot restore normal anterior translation or rotatory laxity [1, 2]. Kinematic stud-

ies have also shown that the SB reconstruction cannot completely restore the

patient’s rotatory stability during walking or more strenuous activities [3, 4]. The

normal ACL consists of anteromedial (AM) and posterolateral (PL) bundles, which

have different functions [5–8]. To improve such biomechanical disadvantages of

SB reconstruction, Yasuda et al. [9, 10] reported the first practical arthroscopic

procedure to anatomically reconstruct both the AM and PL bundles of the ACL in

2004. Several biomechanical studies have reported significantly better knee stabil-

ity than after conventional SB reconstruction [11–13]. On the other hand, recently,

an idea of anatomic SB ACL reconstruction, in which the femoral tunnel is created

at the center of the AM and PL bundle attachments on the femur, has attracted

notice in the clinical field [14, 15]. Thus, a following question has been arisen. Is the

effect of the anatomic SB reconstruction on the knee stability completely identical

to the effect of the anatomic DB reconstruction? The first aim of this chapter is to

answer this question. To answer to the question, the authors compared the degrees

of superiority of the anatomic SB and DB reconstructions to the conventional SB

reconstruction, using the previously reported database of the knee laxity after

various ACL reconstruction procedures [16].

The second aim of this chapter is to answer the following question: Can the

clinically available transtibial procedure for anatomic DB reconstruction really

obtain significantly better knee stability in comparison with the conventional SB

reconstruction procedure? This question must be asked because the previous bio-

mechanical studies, which reported that the former procedure can obtain signifi-

cantly better knee stability than the latter procedure [11–13], widely exposed the

knee joint and directly identify the anatomic attachments. Clinically, however, the

authors have used an arthroscopic transtibial procedure for femoral tunnel creation.

Therefore, there is a possibility that the femoral tunnel positions in the clinical are

not identical to the ideal tunnel locations created in the previous biomechanical

studies. To answer the following question, the authors performed the arthroscopic

transtibial procedure of anatomic DB reconstruction, which had been performed in

the authors’ clinical practice, in cadaver specimens, and compared the results with

those of the conventional SB reconstruction procedure [11].

100 E. Kondo and K. Yasuda



9.2 Is the Effect of the Anatomic SB ACL Reconstruction

Completely Identical to the Effect of the Anatomic DB

ACL Reconstruction?

9.2.1 Methods

Eight fresh-frozen cadaveric knees were used in this study [16]. Each knee was

mounted onto the specially designed apparatus, which was reported in the previous

literature in detail [17]. The intact knee was moved by hand from full extension to

110� of flexion and then back to extension for three cycles. Then, the below-

described measurement of the knee laxity was repeated in the normal knee and

the ACL-reconstructed knees. Each of the following loads was applied to the tibia:

(1) 90-N tibial anterior drawer force, (2) 5-Nm tibial internal rotation torque,

(3) 5-Nm tibial external rotation torque, and (4) a combined load to simulate the

pivot shift test: 50-N iliotibial tract tension, 5-Nm valgus moment, and 1-Nm tibial

internal rotation torque, according to our previous works [18, 19]. The iliotibial

tract was loaded by linking it with a nylon cable to a pneumatic cylinder. In each

loading condition, three cycles of knee flexion-extension between 0 and 110� were
repeated manually. The kinematics of the tibiofemoral joint was measured dynam-

ically with a Polaris stereo optical system (Northern Digital Inc., Waterloo, Canada)

with Traxtal active optical trackers (Traxtal Technologies Inc., Toronto, Canada)

mounted on the tibia and femur.

The conventional SB reconstruction procedure was performed using the same

technique as the above-described study (Fig. 9.1a) [10]. In anatomic SB recon-

struction, the tibial tunnel was placed at the center of the normal ACL attachment

between the medial and lateral tibial eminences, and the femoral tunnel was placed

at the center between the AM and PL bundle attachments (Fig. 9.1b). The anatomic

DB reconstruction was performed with the previously reported procedure with a

specially designed device (Fig. 9.1c) [20, 21]. After one reconstruction was made in

a cadaver knee, the knee laxity was measured. Then, after the graft was removed

and the vacant tunnel was filled with polyester resin paste, the next reconstruction

was performed and the knee laxity was measured. Thus, the knee laxity data after

each ACL reconstruction were obtained, independent from the order of measure-

ment. The following analyses were made using this database. The authors divided

the whole range of knee flexion into three ranges, a range between 0 and 30�, a
range between 35 and 70�, and a range between 75 and 110�, and comparisons were

made in each range. Rather than present normal laxity data, this article displays the

changes from normal, which has greater clarity regarding residual laxities after the

reconstructions.
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9.2.2 Results

Under a 90-N anterior force (Fig. 9.2), the ANOVA demonstrates that the anatomic

SB reconstruction was significantly better than the conventional SB reconstruction

(p¼ 0.0211) only in the range between 0 and 30� and that there were no significant
differences in the other ranges of knee flexion (Table 9.1). On the other hand, the

anatomic DB reconstruction was significantly better than the conventional SB

reconstruction both in the range between 0 and 30� (p¼ 0.0027) and in the range

Fig. 9.1 (a, b, c): The conventional single-bundle procedure A, the single femoral tunnel was

placed at the center of the anatomic attachment of the anteromedial bundle of the ACL; B, the

tibial tunnel was placed at the center of the anatomic attachment of the ACL; C, the intra-articular

autogenous tendon graft was composed of 4 strands of tendons

(d, e, f): The anatomic single-bundle procedure A, the femoral tunnel was placed at the center of

the anatomic attachment of the ACL; B, the tibial tunnel was placed at the center of the anatomic

attachment of the ACL; C, the autogenous tendon portion of the graft was composed of 4 strands of

tendon

(g. h, i): The anatomic double-bundle procedure A, two femoral tunnels were created at the centers

of the anatomic attachments of the anteromedial and posterolateral bundles; B, two tibial tunnels

were created at the centers of the anatomic attachments of the anteromedial and posterolateral

bundles; C, the two tendon grafts placed in the tunnels (From Ref. [16]. Reprinted by permission of

SAGE Publications. 2011 American Orthopaedic Society for Sports Medicine)
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between 35 and 70� (p¼ 0.0041). Under a 5-Nm internal torque (Fig. 9.3), the

ANOVA demonstrates that the anatomic SB reconstruction was significantly better

than the conventional SB reconstruction (p¼ 0.0344) only in the range between

0 and 30� (Table 9.1). On the other hand, the anatomic DB reconstruction was

significantly better than the conventional SB reconstruction both in the range

between 0 and 30� (p¼ .0268) and in the range between 35 and 70� (p¼ 0.0479).

Under the simulated pivot shift test (Fig. 9.4), the ANOVA demonstrates that there

was no significant difference between the anatomic and conventional SB recon-

structions at each range of knee flexion (Table 9.1). On the other hand, the anatomic
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Fig. 9.2 The difference in

anterior translation from the

intact knee (which is the

zero-datum axis) under

90-N anterior load for

the intact and

ACL-reconstructed knee

(mean +/� standard

deviation). Values above

the datum axis represent

greater laxity compared

with the intact behavior, and

vice versa. R, reconstruction

Table 9.1 Comparisons of

the knee laxity between the

anatomic SB reconstruction

and the conventional SB

reconstruction in a range

between 0 and 30�, a range
between 35 and 70�, and a

range between 75 and 110�

Comparison 0–30 � 35–70� 75–110�

Under a 90-N anterior force

ASBa versus CSBb P¼ 0.0211 NS* NS

ADBc versus CSB P¼ 0.0027 P¼ 0.0041 NS

Under a 5-Nm internal torque

ASBa versus CSBb P¼ 0.0344 NS NS

ADBc versus CSB P¼ 0.0268 P¼ 0.0479 NS

Under the simulated pivot shift test

ASBa versus CSBb NS NS NS

ADBc versus CSB P¼ 0.0259 NS NS

These results were compared with the results of comparisons

between the anatomic double-bundle reconstruction and the con-

ventional SB reconstruction
*Not significant
aASB anatomic SB reconstruction
bCSB conventional SB reconstruction
cADB anatomic DB reconstruction
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DB reconstruction was significantly better than the conventional SB reconstruction

only in the range between 0 and 30� (p¼ 0.0259).

9.2.3 Discussion

The first study question was whether the effect of the anatomic SB reconstruction

on the knee stability is completely identical to the effect of the anatomic DB

reconstruction. The present analyses showed that the anatomic SB reconstruction

was significantly better concerning the knee stability under a 90-N anterior force
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Fig. 9.3 The difference

from the intact knee in tibial

internal rotation under

5-Nm internal rotation

torque for the

ACL-reconstructed knee

(mean +/� standard

deviation). R,
reconstruction (From Ref.

[16]. Reprinted by

permission of SAGE

Publications. 2011

American Orthopaedic

Society for Sports

Medicine)
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Fig. 9.4 The difference in

the tibial anterior translation

from the intact knee during

the pivot shift for the

ACL-reconstructed knee

(mean +/� standard

deviation). ACL anterior

cruciate ligament,

R reconstruction (From

Ref. [16]. Reprinted by

permission of SAGE

Publications. 2011

American Orthopaedic

Society for Sports

Medicine)
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and a 5-Nm internal torque than the conventional SB reconstruction in a range

between 0 and 30�. However, it is noted that there were no significant differences

between the two reconstructions not only in the other ranges of knee flexion under

these loading conditions but also in all the ranges under the simulated pivot shift

test. On the other hand, the anatomic DB reconstruction was significantly better

concerning the knee stability under a 90-N anterior force and a 5-Nm internal

torque than the conventional SB reconstruction not only in a range between 0 and

30� but also in the range between 35 and 70�. In addition, the anatomic DB

reconstruction was significantly better under the simulated pivot shift test than

the conventional SB reconstruction in a range between 0 and 30�. These results

showed that although both the anatomic SB and DB reconstructions were signifi-

cantly better than conventional SB reconstruction, the effect of the anatomic SB

reconstruction on the knee stability is not completely identical to the effect of the

anatomic DB reconstruction. Namely, a significant effect of anatomic DB recon-

struction on the knee laxity can be found in a wider range of knee flexion under each

loading condition in comparison with the anatomic SB reconstruction. From the

clinical viewpoint, the authors can say that the anatomic DB reconstruction is

biomechanically superior to the anatomic SB reconstruction.

The biomechanical reason of the difference between the effects of the two

anatomic reconstructions is speculated. Yamamoto et al. [22] reported that the

effect of “laterally placed” SB reconstruction, in which the femoral tunnel was

created at the center of the PL bundle attachment on the femur, on the knee stability

was not significant in a range of knee flexion, but significant only in a range near

full extension. In the anatomic SB reconstruction, the femoral tunnel was created at

the center between the AM and PL bundle attachments. The distance between the

two femoral tunnels created in these two reconstructions was only several millime-

ters. Therefore, the bundle created in anatomic SB reconstruction is considered to

become slack in a range of knee flexion, although the degree of the slackness may

be less than the bundle created in the “laterally placed” SB reconstruction. The

complex function of the ACL results from integration of the AM and PL bundle

functions. Therefore, it is considered that there is a limit in reconstructing the ACL

with one bundle. Thus, this study showed that, biomechanically, the anatomic DB

procedure can reconstruct the ACL function closer to the normal one than the

anatomic SB procedure, at least, immediately after surgery. In the anatomic DB

reconstruction, anterior tibial translations were slightly over constrained immedi-

ately after surgery. However, after ACL reconstruction, stress relaxation occurs

immediately after surgery even after rigorous preconditioning [23]. This should be

taken into account, independent of the type of fixation device [24, 25]. Preliminary

in vivo data [9, 10, 29–31] suggest that anatomic DB reconstruction can restore

normal knee kinematics, but further studies including research on anatomic SB

reconstruction are required before definitive conclusions can be reached.
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9.3 Can the Clinically Available Transtibial Anatomic DB

Procedure Really Obtain Significantly Better Knee

Stability in Comparison With Conventional SB

Reconstruction Procedure?

9.3.1 Methods

A different biomechanical study was performed to compare the anatomical DB

reconstruction performed with the arthroscopic transtibial procedure, which has

been clinically used, with the conventional SB reconstruction procedure using eight

fresh-frozen cadaveric knees [11]. These two procedures were reported in the

previous clinical study [10]. The same measurement system and loading conditions

as the above-described study [16] were used in this experiment. The test regimen

was repeated with the knee in three further states: (1) after arthroscopic transection

of the ACL, (2) after arthroscopically assisted anatomic DB ACL reconstruction,

and (3) after arthroscopically assisted SB ACL reconstruction. The bone tunnels

were filled with polyester resin paste.

9.3.2 Results

Under a 90-N anterior force, the anterior translation versus flexion curves for SB

and DB reconstruction were significantly less than in the ACL-deficient knee

(p< 0.0235) (Fig. 9.5). Tibial anterior translation with the DB reconstruction was

a mean of 3.5 mm less than with the SB reconstruction at 20� of knee flexion, and
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Fig. 9.5 The difference in

anterior translation from the

intact knee (which is the

zero-datum axis) under

90-N anterior load for the

intact, ACL-deficient, and

ACL-reconstructed knee

(mean +/� standard

deviation). ACL anterior

cruciate ligament,

R reconstruction (From

Ref. [11]. Reprinted by
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Publications. 2010
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post hoc testing found that this difference was significant at all flexion angles from

0 to 75� (p <0.0119). Under 5-Nm internal torque (Fig. 9.6), the tibial rotation with

the DB reconstruction was a mean of 2.5� less than that with the SB reconstruction

near knee extension. Post hoc testing showed that this was significantly less from

0 to 45� of knee flexion (p <0.0347). Significant differences were not found

between the ACL-deficient knee and the SB reconstruction. Under the simulated

pivot shift test (Fig. 9.7), the anterior translation versus flexion curves were

significantly different among the ACL-deficient knee and the SB and DB recon-

structions (p< 0.0001). The anterior translation with the DB reconstruction was

significantly less than with the SB reconstruction (p¼ 0.0006); the post hoc tests

found significant differences (p< 0.0387) at 20 and 25� of knee flexion, where the
mean difference in the anterior shift was 2 mm. Thus, this study showed that
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Fig. 9.6 The difference

from the intact knee in tibial

internal rotation under

5-Nm internal rotation

torque for the
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ACL-reconstructed knee

(mean +/� standard

deviation). ACL anterior

cruciate ligament,

R reconstruction (From
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from the intact knee during

the pivot shift for the
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anterior laxity under anterior tibial load, rotational laxity under internal tibial

torque, and anterior laxity under pivot shift loading were significantly less after

the anatomic DB reconstruction performed with the arthroscopic transtibial proce-

dure, which has been clinically used, than after the conventional SB reconstruction.

9.3.3 Discussion

The second study question was whether the clinically available transtibial proce-

dure for anatomic DB reconstruction can really obtain significantly better knee

stability in comparison with the conventional SB reconstruction procedure. The

anterior translation laxity in response to a 90-N anterior drawer force was signif-

icantly less after the anatomic DB reconstruction than after the SB reconstruction

from 0 to 75� of knee flexion. Previous biomechanical studies have shown that the

PL bundle of the intact ACL carries one-half to two-thirds of the total force in the

ACL near full extension of the knee, when the knee is subjected to an anterior tibial

load [8, 26, 27]. As the conventional SB reconstruction reproduces only the AM

bundle, loss of the function of the natural PL bundle is considered to result in the

insufficient function in the conventional SB reconstruction in the range between

0 and 75� of knee flexion. On the other hand, Yamamoto et al. [22] and Yasuda

et al. [28] reported that the reconstructed PL bundle cannot restrain anterior tibial

translation at flexion angles of the knee. This fact explains the similarity concerning

the knee laxity between the two reconstructions: namely, only the reconstructed

AM bundle stabilizes the knee near flexion position in response to anterior

tibial load.

For tibial internal rotation torque, the anatomic DB reconstruction restored the

tibial rotation of the ACL to the level of the intact knee, whereas the conventional

SB reconstruction did not. Yasuda et al. [28] measured the AM and PL graft

tensions intraoperatively and found that tension of the PL graft was increased

significantly by internal rotation at 15 and 30� of knee flexion. On the other hand,

a graft placed in the conventional SB reconstruction was more vertical than the two

bundles placed in the anatomic DB reconstruction, so it could not effectively the

knee near extension in response to 5-Nm internal rotation torque.

In the pivot shift loading, the conventional SB reconstruction allowed a “mini-

pivot” to persist. In previous biomechanical and clinical studies [18, 19], it was

reported that SB ACL reconstruction frequently leaves a residual mini-pivot. Woo

et al. [1] reported that the SB reconstruction using the hamstring tendon graft or the

bone-patella tendon-bone graft cannot completely restore the normal anterior laxity

and that it is not effective for rotatory instability. In addition, kinematic studies

[3, 4] demonstrated that SB reconstruction with the bone-patella tendon-bone or

hamstring tendon graft did not have a significant effect on the rotatory instability

during walking or more active activities. This study supported the evidence that the

rotatory instability may persist after conventional SB reconstruction. Recent clin-

ical studies [29–31] have reported that 32–49% of the patients had a positive pivot
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shift, grade 1 or 2, at a few years after SB ACL reconstruction. These studies

implied that clinical results for the pivot shift test after common SB reconstruction

procedures may be worse than the previously expected result.

9.4 Clinical Relevance of These Studies

These biomechanical results cannot directly refer to selection of ACL reconstruc-

tion procedure in the clinical field, because the selection is decided from various

clinical viewpoints, including not only biomechanical superiority but also surgeon’s
skill, frequency of postoperative graft failure, cost of the surgery, and so

on. However, one of the final goals of ACL reconstruction is the complete resto-

ration of normal knee stability in all patients. The authors believe that the biome-

chanical superiority in knee stability may affect the long-term clinical results

concerning postoperative meniscus damage and/or osteoarthritic changes, resulting

in possible superiority in future subjective and functional evaluations. To pursue the

complete restoration of normal knee stability in the long-term clinical results, it is

essential to select the procedure in which the biomechanical function of the

reconstructed ACL is the closest to that of the normal ACL at the time of surgery.

Therefore, the authors believe that the anatomic DB reconstruction is the most

effective procedure to pursue the final goal of ACL reconstruction. However,

surgeons should have sufficient skill to successfully perform the anatomic

double-bundle reconstruction.
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