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Abstract

Purpose To prospectively assess the anterior tibial

translation and rotational kinematics of the knee joint as

well as the clinical outcome after single-bundle (SB) and

double-bundle (DB) anterior cruciate ligament (ACL)

reconstruction.

Methods Forty-two patients randomly underwent single-

bundle (Group SB, n = 21) or double-bundle (Group DB,

n = 21) ACL reconstruction using hamstring tendon

autografts. Anterior tibial translation and rotatory laxity

were measured prior to and after fixation of the graft during

reconstruction under the guidance of a navigation system.

Clinical outcome measurements included the evaluation of

the joint stability and functional status.

Results Anterior tibial translation and rotatory laxity

were improved significantly at all degrees of knee flexion

in both groups. The postoperative total rotation (sum of

internal and external rotation) at 30� and 60� (26.6� vs.

24.0�; 28.7� vs. 25.1�) as well as postoperative change in

external rotation at 60� (-1.4� vs. -4.6�), and a change in

total rotation at 30� and 60� (-7.0� vs. -11.5�; -6.1� vs.

-8.9�) differed between the two groups, with better

stability in the DB group. At 2 years follow-up, IKDC

subjective satisfaction score was significantly different

between two groups (70.9 vs. 79.6), while manual and

instrumented laxity, pivot shift tests, modified Lysholm

score, Tegner activity score, thigh muscle strengths were

not different. Correlation analysis showed little correlations

between anterior laxity tests at follow-up, and the kine-

matic variables measured by navigation during surgery

while pivot shift test, IKDC subjective satisfaction score,

modified Lysholm score, and Tegner activity score were

mainly correlated with navigation-measured rotations in

both groups.

Conclusions The kinematic tests in this study found evi-

dence suggesting that the DB ACL reconstruction improved

rotatory laxity better than the SB ACL reconstruction at

30� and 60� of flexion, but there was no difference in

functional outcome at 2 years follow-up between SB and

DB groups.

Level of evidence Prospective comparative study, Level II.

Keywords Anterior tibial translation � Rotatory laxity �
Double-bundle � Anterior cruciate ligament reconstruction �
Navigation � Functional outcome

Introduction

Although the conventional anterior cruciate ligament

(ACL) reconstruction technique has met with some success

in restoring overall joint stability, reports in the literature

still reveal instabilities and subsequent patient dissatisfac-

tion [2, 9, 33]. In order to overcome these limitations of the
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single-bundle (SB) ACL reconstruction technique, the

double-bundle (DB) reconstruction technique was pro-

posed as a method to anatomically replicate both the

anteromedial (AM) and the posterolateral (PL) bundle [29].

However, there is still not enough evidence as to whether

the DB ACL reconstruction is worth the extra effort

required to reconstruct the PL bundle in addition to the AM

bundle in ACL reconstruction.

The reason for the continued controversy regarding the

proper number of bundles and the orientation of tunnels

and grafts is largely attributable to the general incompa-

rability of studies owing to inter-operator variability of

tunnel measurements and placements as well as to the lack

of accuracy and objectivity of kinematic measurements

[4, 5, 7, 8, 24, 28, 30]. Cadaver studies also have some

inherent limitations in reproducing all relevant muscle

forces and weight-bearing conditions.

A computer-assisted navigation system for use in ACL

reconstruction is considered to provide the precision nec-

essary for objective and quantitative measurements of knee

kinematics in three-dimensional planes pre- and postoper-

atively [10, 31]. Using this navigation system, inter- and

intra-operator differences in the orientation of tunnel

placement is reduced and three-dimensional kinematic

measurements, including rotational properties, have been

conducted with improved accuracy and objectivity

[24, 39].

The objective of this study was to assess anterior tibial

translation and rotatory laxity in ACL-reconstructed knees

with SB and DB techniques. The principal objective of the

study was to evaluate kinematic variables accurately using

a navigation system, and the secondary objective was to

measure knee-specific outcomes and functions at follow-

up. Our hypothesis was that the DB ACL reconstruction

better limits rotational laxity than SB ACL reconstruction,

thereby improving knee function.

Materials and methods

Subjects were recruited from patients with ACL-deficient

knees operated on by a single surgeon from November

2007 through January 2009 (Fig. 1). After three more

patients were excluded due to subtotal meniscectomy,

forty-two patients who fulfilled the inclusion criteria and

provided informed consent were randomized and under-

went ACL reconstruction procedures via either SB (Group

SB, n = 21) or DB (Group DB, n = 21) using autologous

gracilis and semitendinosus tendon grafts. The patients

with fractures and those with multiple ligamentous injuries

including posterior cruciate ligament and posterolateral

corner were excluded (Table 1). The college and hospital

institutional review board approved the protocols of this

study. A sample size analysis suggested the original size of

the groups was approximated to 17 for each group to detect

the kinematic difference by navigation with the power 0.8

and type I error probability of 0.05.

The mean age was 29.4 (range 17–56) in the SB group

and 31.2 (range 19–52) in the DB group. No differences

were noted in age, gender, weight, height, and body mass

indices between the two groups (Table 2). The ACL rup-

tures and other combined injuries were initially confirmed

by arthroscopic examination, and arthroscopic meniscec-

tomy and meniscal repair were carried out concurrently at

the time of ACL reconstruction. Two knees were combined

with medial collateral injuries that healed prior to sub-

sequent surgeries, and meniscal resection was less than

50% in all knees. The remnants of the torn ACL were

partially removed in order to identify the anatomic foot-

prints of the ACL attachments on the femur and the tibia

through the anterolateral and anteromedial portals.

Single-bundle ACL reconstruction with hamstring

autograft

The semitendinosus and gracilis tendons were harvested

from the ipsilateral knee joint and folded into a 4-stranded

graft. The tibial tunnel was drilled to the center of the ACL

footprint through the anteromedial surface of the tibia, and

the femoral tunnel was drilled into the lateral femoral

condyle at the anatomic footprint of ACL with the knee

flexed to 120� using a 4.5-mm cannulated reamer (Smith &

Nephew Endoscopy). After femoral and tibial tunnels were

created with a cannulated reamer matching the graft

diameter, the prepared quadrupled hamstring tendon graft

was passed and secured with a 15 mm EndoButton CL

(Smith & Nephew Endoscopy). The tibial side of the

quadrupled graft was fixed with a 25-mm bioabsorbable

Fig. 1 Consolidated standards of reporting trials (CONSORT) flow

diagram of the study
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interference screw (MatryxTM screw; ConMed Linvatec,

Largo, FL) with the same diameter matching the tibial

tunnel, and it was augmented by tying the sutures over the

biocortical screw.

Double-bundle ACL reconstruction

The semitendinosus and gracilis tendons were harvested

via the technique described above. However, the harvested

tendons were fashioned into two multi-stranded grafts,

rather than into a single quadrupled graft. The gracilis

tendon and the proximal half of the semitendinosus tendon

were each looped and quadrupled to replicate the AM

bundle, and the thicker distal half of the semitendinosus

tendon was looped (doubled) to replicate the PL bundle.

The diameter of the grafts was 5 to 6 mm (M:

5.3 ± 0.6 mm; F: 5.0 ± 0.4 mm) for the PL bundle and 6

to 8 mm (M: 7.3 ± 0.8 mm; F: 6.6 ± 1.1 mm) for the AM

bundle. Each tendon graft bundle was pretensioned prior to

implantation in the same manner. The tibial and femoral

tunnels were prepared generally in accordance with the

previously described techniques with modification [14, 25,

42]. Briefly, the tip of the tibial guide for the PL bundle

was located on the posterior half of ACL footprint, and the

probe for the AM bundle was placed anterior to the pos-

terior tunnel, leaving a 2-mm bone bridge. The femoral

tunnels were made at femoral footprints under lateral in-

tercondylar ridge with an inside-out technique transtibially

if possible or from an AM portal with a graft-matched

diameter. The grafts replicating each bundle were passed

Table 1 Inclusion and

exclusion criteria
Inclusion criteria Exclusion criteria

Unilateral primary anterior cruciate ligament

reconstruction

Concomitant meniscal injury necessitating subtotal

or total meniscectomy

Concomitant meniscal injury where partial

meniscectomy or repair is feasible

Concomitant posterior cruciate ligament injury

Grade 1 or 2 medial collateral ligament injury

without gross instability

Concomitant posterolateral instability

Concomitant medial collateral ligament

injury C grade 3

Ligament injury of contralateral knee joint

Ostoearthritis [ Kellgren–Lawrens grade 3

Open physis

Fracture around the knee joint

Table 2 Demographic data and

combined injury

MM medial meniscus,

LM lateral meniscus, B both

medial and lateral meniscus;

MCL medial collateral ligament,

TA traffic accident

SB DB P value

No. of knees 21 21

Age (range) 29.4 (17–56) 31.2 (18–58) n.s.

M/F 18/3 19/2 n.s.

R/L 11/10 13/8 n.s.

W/H/BMI 73.7/174.1/24.2 74.6/172.8/24.9 n.s.

Injury to op (range, months) 13.1 (1–65) 10.2 (1–57) n.s.

F/U mo (range, months) 27.6 (24–31) 29.2 (27–38) n.s.

Combined injury MM6/LM7/B4/MCL1 MM8/LM4/B1/MCL1 n.s.

Combined surgery

Meniscectomy MM3/LM4/B1 MM2/LM3/B0 n.s.

Repair MM5/LM3/B2 MM6/LM2/B0

Cause of injury

Soccer 13 11 n.s.

Basketball 1 1

Ski 1 2

Football 2 0

Volleyball 1 0

Fall/Slip 1 4

TA 1 1

Others 1 2
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and fixed to the femur using the EndoButton-CL-technique

and secured to the tibia using bioabsorbable interference

screws augmented by tying onto a post screw. The AM

bundle was fixed at 10 degrees of flexion first and then the

PL bundle at full extension.

Intraoperative measurement with navigation system

The navigation system (OrthoPilot, B.Braun-Aesculap,

Tuttlingen, Germany) was used to evaluate the kinematics

of the knee in the three-dimensional plane including the

anteroposterior translation of the tibia and the internal

rotation (IR) and external rotation (ER) of the tibia [16]. To

begin the navigation process, after fixing the transmitters

firmly to the femur and tibia with 2 Steinman pins of

2.0-mm diameter, we registered extra-articular and intra-

articular landmarks with straight and hooked pointers: the

tibial tuberosity, the medial and lateral points of the tibial

plateau, femoral epicondyles, the anterior edge of the PCL

on the tibial plateau, the anterior horn of the lateral

meniscus, the spine of the medial intercondylar tubercle,

the medial notch wall, the anterior notch outlet, the lateral

notch wall, the ACL insertion area on the femur, the

12-o’clock over-the-top position, and the lateral over-the-

top position (Fig. 2). The navigation was used to estimate

the manual maximum anterior tibial translation, as well as

IR and ER of the tibia at 0�, 30�, 60�, and 90� of knee

flexion (Fig. 3). All measurements were initially conducted

immediately after registration and finally after ACL

Fig. 2 Landmarks used for registering femur in navigation. a Anterior notch outlet; b ACL insertion on the lateral condyle of femur;

c 12 o’clock over-the-top position; d 10:30 position on the lateral over-the-top position

Fig. 3 Navigation system was used to evaluated anterior translation

as well as internal and external rotation of the tibia at 0�, 30�, 60�, and

90� of knee flexion. Total rotation was calculated as the sum of

internal and external tibal rotation
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reconstruction. The anterior displacement values were

recorded by the system and expressed in millimeters; the

IR and ER values of the tibia were recorded by the system

and expressed in degrees. Total rotation was calculated as

the sum of internal and external rotation. The accuracy of

the navigation was estimated at 0 to 1 mm and 0�–1� [19,

20, 23]. The navigation system was used to collect the

motion measurements with 6 degrees of freedom per bone

and to provide real-time calculation of translation and

rotation at all degrees of knee flexion while the surgeon

manipulated the joint. All manual stress tests were con-

ducted by two surgeons who made every effort to apply

similar loading to the knee each time, and the averaged

value was used for further analysis to minimize inter-

operator variability.

Postoperative rehabilitation

For all patients, continuous passive motion was started

from 0� to 45� of motion the next postoperative day and

continued for 1–2 days while patients were hospitalized.

Full extension was achieved during the first postoperative

week, and full flexion was achieved by 6 weeks. Kinetic

exercise and weight bearing were progressed as tolerated,

and full activity such as strenuous sport was permitted

9 months postoperatively after confirming recovery of

quadriceps strength.

Evaluation of clinical results

Clinical results were evaluated with regard to the joint

laxity and functional status in the outpatient clinic preop-

eratively and at 24 months postoperatively. Assessments

were performed by two independent examiners. To eval-

uate the laxity of the reconstructed knees, the side-to-side

differences in translation were measured via manual max-

imum testing with a KT-1000 arthrometer (MEDmetric

Corp, San Diego, California), and the knees were graded as

0, 1, 2, and 3 by the anterior drawer test, Lachman test and

also by the pivot shift test manually. Modified Lysholm,

IKDC, and Tegner activity scores were documented, and

quadriceps muscle strength was measured by Cybex II

dynamometer.

Statistical analysis

Statistical analyses were conducted via Fisher’s exact test

and Mann–Whitney test with SPSS 17.0 K software (SPSS

Table 3 Preoperative and postoperative kinematic variables

Degree of knee flexion SB (mean ± SD) DB (mean ± SD)

Preoperative Postoperative D (postoperative -

preoperative)

Preoperative Postoperative D (postoperative -

preoperative)

Anterior tibial translation (mm)

0 6.9 ± 2.1 4.8 ± 2.4 -2.1 ± 2.6 8.1 ± 2.4 4.5 ± 2.0 -3.8 ± 2.8

30 17.8 ± 3.6 6.0 ± 1.8 -11.8 ± 3.9 17.0 ± 2.9 5.9 ± 2.1 -11.3 ± 2.9

60 12.6 ± 2.8 5.4 ± 1.8 -7.0 ± 2.7 11.8 ± 3.6 5.6 ± 2.0 -6.3 ± 3.2

90 8.9 ± 2.4 4.7 ± 2.2 -4.2 ± 3.2 8.6 ± 2.7 4.1 ± 2.0 -4.4 ± 3.2

Internal rotation (�)

0 11.9 ± 4.3 8.3 ± 3.3 -3.6 ± 4.3 11.8 ± 4.3 8.4 ± 2.6 -3.7 ± 4.4

30 17.3 ± 3.9 13.7 ± 3.9 -3.6 ± 3.9 17.4 ± 4.4 11.5 ± 4.1 -6.4 ± 5.8

60 19.2 ± 4.7 14.4 ± 3.1 -4.7 ± 3.3 18.6 ± 4.5 13.4 ± 4.5 -5.0 ± 5.2

90 16.6 ± 3.3 11.3 ± 3.6 -5.5 ± 4.9 16.2 ± 5.2 10.9 ± 5.2 -5.3 ± 4.7

External rotation (�)

0 9.1 ± 3.5 6.5 ± 2.6 -2.6 ± 3.1 9.9 ± 3.3 8.4 ± 2.8 -1.1 ± 2.5

30 16.2 ± 3.7 12.8 ± 3.7 -3.4 ± 4.0 18.5 ± 4.0 12.5 ± 4.8 -5.8 ± 5.1

60 14.8 ± 3.4 13.3 ± 3.7 -1.4 ± 3.9 16.6 ± 4.9 11.7 ± 3.0 -4.6 ± 3.6*

90 16.1 ± 4.1 13.3 ± 3.8 -2.7 ± 3.9 15.2 ± 4.1 12.8 ± 3.8 -2.4 ± 3.0

Total rotation (�; internal rotation ? external rotation)

0 20.5 ± 6.1 14.8 ± 5.0 -5.6 ± 6.8 21.8 ± 6.5 16.7 ± 3.9 -4.4 ± 5.1

30 33.5 ± 4.5 26.6 ± 4.8 -7.0 ± 3.7 35.4 ± 5.0 24.0 ± 7.0* -11.5 ± 7.4*

60 34.6 ± 6.9 28.7 ± 4.8 -6.1 ± 4.4 33.9 ± 6.6 25.1 ± 5.1* -8.9 ± 6.0*

90 32.7 ± 5.7 24.7 ± 5.2 -8.1 ± 5.4 31.4 ± 6.4 23.7 ± 7.7 -7.7 ± 5.5

D, The difference between preoperative and postoperative value (postoperative - preoperative)

* Denotes significant difference between SB and DB groups (P \ 0.05)

756 Knee Surg Sports Traumatol Arthrosc (2012) 20:752–761

123



Inc, Chicago, Illinois) to compare the demographic vari-

ables, kinematic variables of translation and rotation

measured by the navigation system, manual laxity test, and

functional scores between SB and DB groups. The corre-

lations were investigated between the clinical outcome

variables at 2-year follow-up and kinematic variables

measured by navigation during surgery. The minimum

level of significance was set at P \ 0.05.

Results

Anterior tibial translation and rotatory laxity were reduced

in all patients after ACL reconstruction, and the changes

were significant in all evaluations.

The postoperative reduction in anterior tibial translation

and rotatory laxity did not differ for the most part between

the SB and DB groups. However, DB group showed

significantly smaller total rotation (sum of internal and

external rotation) at 30� and 60� (P \ 0.05) postopera-

tively. In addition, DB group showed greater postoperative

change in external rotation at 60� (P \ 0.05), and postop-

erative change in total rotation at 30� and 60� (P \ 0.05;

Table 3).

Eighteen patients in the SB group (85.7%) and 19

patients (90.5%) in the DB group were followed-up at

2 years after surgery, and clinical outcomes in anterior

laxity, pivot shift, functional scores, quadriceps muscle

strength did not differ between the SB and DB groups

except IKDC subjective satisfaction score (P \ 0.05;

Table 4).

Correlation analysis showed little correlations between

anterior laxity tests at follow-up and the kinematic vari-

ables measured by navigation during surgery. However, the

pivot shift test, IKDC subjective satisfaction score, modi-

fied Lysholm score, and Tegner activity score were mainly

correlated with navigation-measured rotations in SB group

as well as DB group (P \ 0.05; Table 5).

Discussion

This study demonstrated superiority in rotatory laxity,

particularly at 30 and 60 degrees of knee flexion, in the DB

ACL reconstruction group relative to the SB group based

on the kinematic data acquired from a navigation system.

These findings are consistent with data of other cadaveric

biomechanical studies as well as those of other in vivo

kinematic study using the navigation system, which

revealed improved rotatory laxity with the additional PL

bundle to the AM bundle [8, 26, 27, 32, 35, 41, 43].

Although this study reports evidence suggesting that

the DB ACL reconstruction is superior to the SB ACL

reconstruction in terms of kinematic properties, some other

previous studies have reported data contradicting our

findings, wherein the addition of a PL bundle did not

appear to improve rotatory laxity [11]. In the study of

Ferretti et al. in which ten knee joints were evaluated, no

difference was detected between the AM bundle only and

the AM ? PL bundle in ACL reconstruction using the

same navigation system. The bundle reconstruction was

done serially, and the resultant data were compared in the

same knee joint, whereas two independent groups were

compared in our study. In another study with the same

navigation system, the range of difference was only

between 15� and 30�, although rotational superiority was

reported [16].

A limitation of this study was that time-zero measure-

ments only were carried out. As we still do not have suf-

ficient quantitative data regarding normal knees to establish

a reference regarding the degrees of motion required for

Table 4 Clinical outcome of patients at 2 years’ follow-up

SB group

(n = 18)

DB group

(n = 19)

P value

Anterior drawer test

0 13 16 n.s.

1 4 3

2 1 0

3 0 0

Lachman test

0 10 14 n.s.

1 7 4

2 1 1

3 0 0

Pivot shift test

0 12 13 n.s.

1 5 6

2 1 0

3 0 0

Side-to-side laxity (KT-1000) 2.74 ± 1.65 2.62 ± 1.72 n.s.

IKDC score

A 10 9 n.s.

B 5 7

C 3 3

D

IKDC subjective satisfaction

score

70.9 ± 11.1 79.6 ± 12.9 0.049

Modified Lysholm score 81.4 ± 14.5 87.4 ± 12.7 n.s.

Tegner activity score 4.4 ± 2.3 4.7 ± 1.5 n.s.

Knee extensor strength

(Cybex dynamometer at

60�/s)

85.0 ± 7.8 85.5 ± 9.6 n.s.

Knee flexor strength (Cybex

dynamometer at 60�/s)

78.8 ± 5.4 78.5 ± 7.8 n.s.
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Table 5 Correlations between clinical outcome variables and knee joint kinematics measured by navigation

SB ? DB group

(correlation coefficient (r),

P value)

SB group

(correlation coefficient (r),

P value)

DB group

(correlation coefficient (r),

P value)

Anterior drawer test

ATT DATT at 30� (0.36, 0.02) DATT at 30� (0.55, 0.01)

Rotation

Lachman test

ATT

Rotation Postop ER at 90� (0.61, 0.01)

Postop TR at 90� (0.56, 0.02)

Pivot shift test

ATT

Rotation Postop ER at 90� (0.39, 0.02) DER at 0� (0.62, 0.02)

Postop ER at 30� (0.49, 0.03)

Postop ER at 90� (0.59, 0.02)

DTR at 30� (0.46, 0.048)

Side-to-side laxity difference (KT-1000)

ATT DATT at 90� (0.39, 0.04) Postop ATT at 30� (0.60, 0.02)

DATT at 90� (0.58, 0.046)

Rotation Post-TR at 30� (0.35, 0.04) Postop ER at 30� (0.56, 0.03)

Postop ER at 60� (0.62, 0.04)

Postop TR at 30� (0.56, 0.03)

IKDC score

ATT DATT at 0� (0.65, 0.04)

Rotation Postop IR at 30� (0.65, 0.02)

Postop IR at 60� (0.73, 0.03)

IKDC subjective satisfaction score

ATT

Rotation Postop IR at 0� (0.45, 0.02) DIR at 0� (0.63, 0.01) DER at 30� (0.60, 0.03)

Postop TR at 0� (0.48, 0.01) Postop ER at 90� (0.57, 0.03)

Postop TR at 0� (0.51, 0.04)

Modified Lysholm score

ATT Postop ATT at 90� (0.40, 0.03) DATT at 90� (0.56, 0.02)

DATT at 90� (0.41, 0.03)

Rotation DIR at 60� (0.44, 0.02) DIR at 60� (0.63, 0.04)

DER at 30� (0.40, 0.01) DER at 30� (0.67, 0.01)

DER at 90� (0.38, 0.04) DER at 90� (0.65, 0.02)

DTR at 30� (0.42, 0.01) DTR at 30� (0.63, 0.01)

DTR at 60� (0.60, \0.000) DTR at 60� (0.67, 0.02)

DTR at 90� (0.42, 0.02)

Tegner activity score

ATT

Rotation Postop IR at 0� (0.44, 0.02) Postop IR at 0� (0.61, 0.01) Postop IR at 60� (0.61, 0.047)

Postop ER at 0� (0.39, 0.04) DER at 30� (0.73, \0.000) Postop TR at 60� (0.64, 0.04)

Postop TR at 0� (0.62, \0.000) Postop TR at 0� (0.62, 0.01)

SB single-bundle, DB double-bundle, ATT anterior tibial translation, IR internal rotation, ER external rotation, TR total rotation, D Difference

between the postoperative and preoperative value (postoperative - preoperative), Postop postoperative
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specific sports activities, we do not yet know precisely how

much the knee must be stabilized to achieve optimal

function. Even though laxity has proven to be the principal

issue more frequently than overtightening after ACL

reconstruction, precise tuning of in situ forces in the

reconstructed ACL and the resultant laxity are mandatory

for normal physiological reconstruction.

The results of a host of comparative studies with clinical

outcomes are quite contradictory, although these studies

are limited principally to short-term follow-up [1, 3, 13, 17,

21, 35, 36, 40]. In this study, we also detected no signifi-

cant differences between the groups in regard to clinical

outcomes except IKDC subjective satisfaction, despite the

superior biomechanical properties observed in the naviga-

tion process. This may be because the sensitivities of the

outcome measurement tools are different from those of the

biomechanical study. Although it is less likely, relatively

low activity level of the subjects involved in this study,

most of whom were recreational players, could be another

reason why there was no difference between groups.

Unfortunately, there is no sufficient evidence for the cor-

relations between the activity level and the functional

difference between groups because most previous com-

parison studies did not specify the level of activities of

subjects. Another reason for no distinction may be the low

power to observe the effect of clinical outcome variables

because of the small number of subjects, which was partly

limited by potential invasiveness of the navigation system

and sufficient to detect the difference in kinematic vari-

ables only. Further study with greater number of the

patients is warranted.

It is interesting to note that the rotations were largely

correlated with pivot shift test results as well as functional

outcome variables such as IKDC subjective satisfaction,

modified Lysholm and Tegner activity scores, while ante-

rior tibial translations were not. This finding is in agree-

ment with the results of other studies in that rotational

measurements such as pivot shift test were more predictive

of functional recovery and subjective satisfaction [18, 37].

The results in this study can be one of the evidences sup-

porting that rotation influences on the functional outcome

more than the anterior laxity does both in SB and in DB

groups. However, it is still questionable whether the cor-

relation with the rotation is more remarkable or the func-

tions are superior in DB group than in SB group. Recently

several authors reported conflicting results about the

functional outcomes comparison after SB and DB ACL

reconstructions, but the final conclusion remains unclear

[12, 22].

The navigation system used in ACL reconstruction

surgery has not only been shown to improve the accuracy

of the procedure, but also enables researchers to collect

objective and quantitative data in a more valid and reliable

fashion [15, 23, 31, 39]. Previous studies regarding the

relationship of navigation system to conventional clinical

examinations, including the Lachman test and the pivot

shift test, have already corroborated its validity as a kine-

matic evaluation tool [6, 24, 34, 38]. However, the current

navigation system is based on unmeasured manual stress,

which is one of the principal limitations of this study. The

manually exerted stress could not be precisely calibrated.

Two individuals attempted to control the magnitude of

manual stress in the measurement procedures, and the

mean values were used for comparison in order to mini-

mize the bias in the kinematic evaluations.

In summary, this study uncovered evidence suggesting

that DB ACL reconstructions result in better in vivo sta-

bility than SB ACL reconstruction; the hypothesis that the

PL bundle would improve rotatory laxity was confirmed.

However, we failed to observe significant differences in

clinical outcomes between groups except IKDC subjective

satisfaction score, although we noticed the rotation was

more important than anterior tibial translation equally in

SB and DB groups. The hypothesis that improved rotatory

laxity by the addition of the PL bundle would improve

functional outcomes was not confirmed.

The results of this study do not currently prove the

hypothesis that more bundles result in better outcomes in

ACL reconstruction. However, the findings of this study

warrant further studies into more optimized ACL recon-

struction techniques using multiple graft bundles. After

establishing the reference kinematic data of the normal

physiologic range of motion in various activities, we

should be able to come to some more definitive conclusions

regarding the laxity of the patient’s knee joint on naviga-

tion-based kinematic analyses; this will allow us to more

effectively customize ACL reconstructions for individual

patients. Additionally, further observation of clinical out-

comes and graft evaluation are mandatory to assess whe-

ther the navigational measurements are pertinent to the

clinical consequences or, in other words, whether the

intraoperative kinematic data would predict clinical

outcome.

Conclusions

The kinematic tests in this study found evidence suggesting

that the DB ACL reconstruction improved rotatory laxity

better than the SB ACL reconstruction at 30� and 60� of

flexion, but there was no difference in functional outcome

at 2 years follow-up between SB and DB groups.

Acknowledgments This study was supported by a grant of the

Korean Health Technology R&D Project, Ministry for Health,

Welfare & Family Affairs, Republic of Korea. (A100451).

Knee Surg Sports Traumatol Arthrosc (2012) 20:752–761 759

123



References

1. Adachi N, Ochi M, Uchio Y, Iwasa J, Kuriwaka M, Ito Y (2004)

Reconstruction of the anterior cruciate ligament. Single- versus

double-bundle multistranded hamstring tendons. J Bone Joint

Surg Br 86:515–520

2. Aglietti P, Buzzi R, D’Andria S, Zaccherotti G (1992) Arthro-

scopic anterior cruciate ligament reconstruction with patellar

tendon. Arthroscopy 8:510–516

3. Aglietti P, Giron F, Losco M, Cuomo P, Ciardullo A, Mondanelli

N (2010) Comparison between single- and double-bundle anterior

cruciate ligament reconstruction: a prospective, randomized,

single-blinded clinical trial. Am J Sports Med 38:25–34

4. Bach JM, Hull ML, Patterson HA (1997) Direct measurement of

strain in the posterolateral bundle of the anterior cruciate liga-

ment. J Biomech 30:281–283

5. Bedi A, Musahl V, Lane C, Citak M, Warren RF, Pearle AD

(2010) Lateral compartment translation predicts the grade of

pivot shift: a cadaveric and clinical analysis. Knee Surg Sports

Traumatol Arthrosc 18:1269–1276

6. Bignozzi S, Zaffagnini S, Lopomo N, Fu FH, Irrgang JJ, Marc-

acci M (2010) Clinical relevance of static and dynamic tests after

anatomical double-bundle ACL reconstruction. Knee Surg Sports

Traumatol Arthrosc 18:37–42

7. Bull AM, Andersen HN, Basso O, Targett J, Amis AA (1999)

Incidence and mechanism of the pivot shift. An in vitro study.

Clin Orthop Relat Res 363:219–231

8. Bull AM, Earnshaw PH, Katchburian MV, Hassan AN, Amis AA

(2002) Intraoperative measurement of knee kinematics in

reconstruction of the anterior cruciate ligament. J Bone Joint Surg

Br 84:1075–1081

9. Chouliaras V, Ristanis S, Moraiti C, Stergiou N, Georgoulis AD

(2007) Effectiveness of reconstruction of the anterior cruciate

ligament with quadrupled hamstrings and bone-patellar tendon-

bone autografts: an in vivo study comparing tibial internal-

external rotation. Am J Sports Med 35:189–196

10. Colombet P, Robinson J, Christel P, Franceschi J-P, Djian P

(2007) Using navigation to measure rotation kinematics during

ACL reconstruction. Clin Orthop Relat Res 454:59–65

11. Ferretti A, Monaco E, Labianca L, de Carli A, Maestri B,

Conteduca F (2009) Double-bundle anterior cruciate ligament

reconstruction: a comprehensive kinematic study using naviga-

tion. Am J Sports Med 37:1548–1553

12. Gobbi A, Mahajan V, Karnatzikos G, Nakamura N (2011) Single-

versus double-bundle ACL reconstruction: is there any difference

in stability and function at 3-year followup? Clin Orthop Relat

Res. Epub doi:10.1007/s11999-011-1940-9

13. Hamada M, Shino K, Horibe S, Mitsuoka T, Miyama T, Shiozaki

Y, Mae T (2001) Single- versus bi-socket anterior cruciate liga-

ment reconstruction using autogenous multiple-stranded ham-

string tendons with endobutton femoral fixation: a prospective

study. Arthroscopy 17:801–807

14. Harner CD, Honkamp NJ, Ranawat AS (2008) Anteromedial

portal technique for creating the anterior cruciate ligament fem-

oral tunnel. Arthroscopy 24:113–115
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