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Abstract We conducted a prospective randomised study of
anatomical single-bundle (A-SB group) versus double-
bundle (A-DB group) anterior cruciate ligament (ACL)
reconstruction using the hamstrings tendons. Twenty
patients with unilateral ACL deficiency were randomised
into two groups. We created the bone tunnels at the position
of the original insertion of the anteromedial bundle
footprint and posterolateral bundle footprint in the A-DB
group and at the central position between these two bundles
in the A-SB group. All of the patients were tested before
ACL reconstruction and one year after surgery. The KT-
1000 measurements, isokinetic muscle peak torque and
heel-height difference were evaluated and the general knee
condition was assessed by Lysholm score. For pre- and
postoperative stability assessment, we used the six-degrees-
of-freedom of knee kinematic measurement system using an
electromagnetic device (the EMS) for quantitative assessment
during the Lachman test and the pivot shift test. There were no
significant differences in the KT-1000 measurements, iso-
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kinetic muscle peak torque, heel-height difference, and
Lysholm score at one-year follow-up between these two
groups. The EMS data showed there were significant differ-
ences in the acceleration of the pivot shift test between the
operated knee and the contralateral normal knees in the A-SB
group. In conclusion, clinical outcomes were equally good in
both groups. However, the EMS data showed the anatomical
double-bundle ACL reconstruction tended to be biomechan-
ically superior to the single-bundle reconstruction.

Introduction

Anterior cruciate ligament (ACL) disruption is a common
cause of anterior knee instability, particularly as a result of
sports activities. On the basis of several biomechanical studies
[1-4], double-bundle ACL reconstruction, which is designed
to reproduce both the anteromedial bundle (AMB) and the
posterolateral bundle (PLB), has become increasingly popular
over the past decade, because this procedure has been able to
more closely restore the rotational stability compared with the
conventional single-bundle technique [5, 6]. Zantop et al.
reported that the AMB and the PLB stabilise the knee joint in
response to anterior tibial loads and combined rotatory loads
in a synergistic way [7]. Yagi et al. reported that anatomical
double-bundle ACL reconstruction guaranteed similar results
to the physiologically intact knee and provided a better
control of rotational stability compared with AM single-
bundle and PL single-bundle reconstruction [5].
Traditionally ACL reconstruction procedures have focused
on reproducing only the AMB. These methods may not
completely restore the complex function of the native ACL
[8—11]. Ristanis et al. suggested that single-bundle ACL
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reconstruction did not restore the functional dynamic
stability of the knee in terms of internal-external rotation of
the tibia even when tibial translation was restored [12]. By
contrast, some studies have suggested that the rotational
torque can be controlled by making a femoral tunnel at the
anatomical position compared with that made at the ante-
romedial single-bundle reconstruction [8, 13]. Loh et al.
suggested that lateralised femoral tunnel placement could
lead to better control of abnormal knee kinematics especially
against a rotational load [13].

Several in vivo and in vitro comparative studies of single-
bundle versus double-bundle ACL reconstruction were per-
formed and the integrity of double-bundle reconstruction was
introduced [14—18]. However, a meta-analysis which compared
the clinical outcome of single-bundle versus double-bundle
ACL reconstruction was recently reported by Meredick et al.
[19]. They showed that double-bundle reconstruction does not
result in clinically significant differences in the KT-1000
measurement and pivot shift test compared with single-
bundle ACL reconstruction. However, operative techniques
of single-bundle reconstruction were inconsistent in this study.
Most of them described the femoral tunnel placement as clock
face references, although the shapes of the medial surface of
the lateral condyles were three-dimensional. As Fu and Shen
mentioned [20, 21], the clock face position may have been
unclear in 3D description and we suspected that these studies
were not suitable for comparative study of anatomical single-
bundle versus double-bundle ACL reconstruction.

The purpose of this study was to assess the clinical
outcome of anatomical single-bundle versus double-bundle
ACL reconstruction using a prospective randomised study
design and to evaluate the quantitative knee kinematics data
using an electromagnetic measurement system in these two
procedures. We postulated that anatomical double-bundle
reconstruction results in better restoration of knee kinematics
than the anatomical single-bundle procedure.

Materials and methods

Patients

A prospective randomised study was carried out on 20
consecutive patients with chronic ACL deficiency in one

knee and had an indication for ACL reconstruction. They were
randomised with closed envelopes into two groups according
to their sex and age. The first group including ten patients
underwent anatomical single-bundle ACL (A-SB group). The
second group of ten patients underwent the anatomical
double-bundle reconstruction (A-DB group). Details of the
surgical procedures are described later. None of the patients
had medial, lateral, or posterior instability as evaluated by
physical examinations or had any history of surgery on either
knee. Complete ACL tear was confirmed in every patient and
no chondral lesions in the medial or lateral condyles were
observed arthroscopically at the time of surgery. In the A-SB
group, there were five women and five men with an average
age of 24.7+11.8 (mean+standard deviation) years. In the A-
DB group, there were five women and five men with an
average age of 25.2+12.1 years. They were followed-up in
person for 12.0+£2.3 months in the A-SB group and 13.5+3.2
in the A-DB group. No statistical differences were noted
among these two groups with regard to sex, age, and the
follow-up period (Table 1). All patients followed the same
postoperative program. Jogging was permitted at four
months with a gradual return to full sports activity, including
competitive sports, at eight months.

All patients were informed that they were going to be in
a study. Institutional review board approval was obtained
from our institution prior to proceeding with this study and
our protocol was also approved.

Surgical technique

An experienced surgeon performed or directly supervised
all surgery. The semitendinosus and gracilis tendons were
harvested for ACL graft. To make a fair comparison, the
total number of strands prepared for the implanted graft was
standardised at four in these two groups. The actual graft
constitution in each group was as follows: double semite-
ndinosus tendon for the anteromedial bundle (AMB) and
double gracilis tendon for the posterolateral bundle (PLB)
graft in the double-bundle reconstruction, and combined
double semitendinosus and gracilis tendons in the single-
bundle reconstruction.

First, to perform the anatomical reconstruction, we
identified the original position of the AMB and PLB
insertion for both the femoral and tibial side. Arthroscopy

Table 1 Patient profile

N.S. = Not Significant,

Patient profile Anatomical single Anatomical double Statistical
bundle group bundle group evaluation

Number 10 10 N.S.

Gender (female/male) 5/5 5/5 N.S.

Age (years) 24.7+11.8 252+12.1 N.S.

Follow up length (month) 12.0£2.3 13.5£3.2 N.S.

(mean+S.D.)
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confirmed the centre of the femoral attachment of the PLB
was located on a line drawn vertically from the point of
tibiofemoral contact at 90° of knee flexion, at a distance of
5-8 mm from the edge of the joint cartilage. In contrast, the
location of the centre of the AMB insertion point was 5—
8 mm medial to the posterolateral bundle [6]. We created
the bone tunnels at the position of the original insertion of the
AMB and PLB footprint in the A-DB group (Fig. 1 A-1,2)
and at the central position between these two bundles in the
A-SB group (Fig. 1 B-1,2) by an outside-in tibial drill hole
and an inside-out femoral drill hole.

For the anatomical double-bundle reconstruction, we
created two femoral and two tibial tunnels to reproduce the
AMB and PLB. First, we created the femoral tunnel for the
PLB through a far anteromedial accessory portal. After
placing a pilot pin, the femoral PLB tunnel was created
using the cannulated drills for the ENDOBUTTON System
(Smith & Nephew Endoscopy, Andover, MA, USA), and
the tunnel size and depth was matched to the size of the PLB.
Two tibial tunnels were created in the next step. The tibial drill
guide was adjusted to a 45° angle sagittal to the horizontal
tibial surface for both AMB and PLB drilling. For frontal
angles, tibial drill holes were created at approximate angles of
20° and 45° medially for the AMB and PLB. The femoral
tunnel of the AMB was created through a transtibial AMB
drill hole after all the other drill holes were created.
Continuous Loop Endo Button (Smith & Nephew Endoscopy,
Andover, MA, USA) was used for femoral fixation and No.2
Ethybond Sutures (Ethicon, Somerville, NJ, USA) were tied
to the unlooped end of the hamstrings graft. The PLB graft
was passed through using the lead suture. After passing the
PLB graft, the AMB graft was passed through using the

A-1 B-1
Original
Insertion
Tunnel Tunnel
Placement of Placement of Tunnel
the AMB the PLB Placement
A-2 B-2
Original
Insertion

Fig. 1 (4-1) Femoral tunnel placement in anatomical double-bundle
reconstruction. (4-2) Tibial tunnel placement in anatomic double-
bundle reconstruction. (B-/) Femoral tunnel placement in anatomical
single-bundle reconstruction. (B-2) Tibial tunnel placement in ana-
tomical single-bundle reconstruction

transtibial guide wire. For the graft fixation, a single 6.5-mm
cancellous post screw with washer (Synthes, Pennsylvania,
PA, USA) was used and sutures were tied to a fixation post
screw. During tibial fixation, manual maximum force was
applied to the PLB graft at 15° and to the AMB at 60° of
knee flexion.

For the anatomical single-bundle reconstruction, single
femoral and single tibial tunnels were created at the central
position between the original insertion of the AMB and
PLB. The femoral tunnel was made through the medial
accessory portal. The graft was fixed to the femur and tibia
in the same manner as in the anatomical double-bundle
reconstruction. During tibial fixation, manual maximum
force was applied at 15° of knee flexion.

Evaluations

A single surgeon performed preoperative assessment and
follow-up examinations one year after surgery. Heel-height
difference (HHD) was measured to evaluate the lack of
extension [22]. Knee extensor and flexor peak torques were
isokinetically measured with a Biodex Dynamometer
(Biodex Corp., Shirley, New York, USA) at 60°/sec.
Clinical results were evaluated using Lysholm score and
one leg hop. Manual knee laxity test (the Lachman test and
the pivot shift test) and anterior laxity at manual maximum
stress using KT-1000 arthrometer (MEDmetric Corp, San
Diego, CA, USA) [23, 24] were also evaluated. Results of
the arthrometric measurements were recorded as the side-
to-side difference between the injured and uninjured knees.

For pre- and postoperative stability assessment, we used
the six-degrees-of-freedom of knee measurement system
with an electromagnetic device (FASTRAK, Polhemus, VT,
USA) [25-27]. For quantitative comparison, the side-to-
side difference of anterior tibial translation during the
Lachman test and the acceleration of the sudden reduction
of the tibia during the pivot shift test were used for
evaluation [25].

Electromagnetic measurement system

The configuration of the electromagnetic measurement
system is shown in Fig. 2. Six-degrees-of-freedom of knee
kinematics was measured using an electromagnetic device
(FASTRAK, Polhemus, Colchester, VT, USA). The detail
of this electromagnetic measurement system was reported
by Hoshino et al. [25]. This system consists of a transmitter
that produces an electromagnetic field and three electro-
magnetic receivers (Fig. 2a). Two of the receivers are used
for motion measurement of the tibia and femur and are
attached to a plastic brace by a circumferential Velcro strap
placed on the thigh and the calf (Fig. 2b). A third receiver
attached to a specially-made stylus is used for digitising
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Fig. 2 a Configuration of the a
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anatomical landmarks before the six-degrees-of-freedom
kinematics measurement is performed. Seven anatomical
landmarks were acquired to define the coordinate system
(Fig. 2c). The acquired position data of each landmark
was converted to the relative position of the electromag-
netic receivers attached to either the thigh or the calf and
used to provide each coordinate system on the femur and
the tibia.

Six-degrees-of-freedom of knee kinematics were calculated
by modifying the principle of a three-cylinder open-chain
mechanism proposed by Grood et al. using the bone axis of the
femur instead of the mechanical axis [28]. The six degrees of
freedom were described in terms of flexion, external rotation,
adduction, anterior translation, distraction, and lateral shift.
These six parameters represent a joint static relationship
between the femur and tibia.

Statistical evaluation

The statistical evaluation was carried out by means of the
Student #-test for manual knee laxity, KT-1000 arthrometric
measurements, heel height difference, knee extensor and
flexor muscle peak torques, Lysholm score and one legged
hop. The analysis of variance (ANOVA) was used for the
comparison of the pre- and post-operative electromagnetic
measurement data. A multiple comparison with the
Fischer’s PLSD was applied only to the data considered
significant by the ANOVA. Significance level was deter-
mined at 5%.
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Results

No postoperative complication occurred among either group
and all patients returned to their previous sports activity level.
At one-year follow-up, in the pivot-shift test, three patients
were evaluated as grade 1+ in the A-SB group and one patient
was evaluated as grade 1+ in the A-DB group (Table 2). In the
Lachman test, there was no significant difference between
the two groups (Table 2). According to the KT-1000
arthrometric measurements, preoperative mean side-to-side
differences were 5.2+1.5 mm in the A-SB group and 6.0+
2.7 mm in the A-DB group. At the one-year follow-up, mean
side-to-side differences were 1.8+£1.7 mm in the A-SB group
and 0.7+1.8 mm in the A-DB group. In both groups, the
side-to-side differences were significantly improved; however,
there were no statistical differences between two groups
postoperatively (Fig. 3). Postoperative knee extensor and
flexor muscle isokinetic peak torques at 60%s were 92.1+
13.7% and 90.2+17.8%, respectively, in the A-SB group and
84.9420.4% and 92.0+14.6 % in the A-DB group, respec-
tively. Postoperative knee extension limitation with heel
height differences were 11.0 = 15.2 mm in the A-SB group
and 18.8+16.9 mm in the A-DB group. Lysholm scores were
96.1£4.5 in the A-SB group and 94.3+8.8 in the A-DB
group. In one-legged hop, percent ratios of contralateral
normal knees were 88.2+12.0% in the A-SB group and
89.9+15.2% in the A-DB group. There were no significant
differences for these three physical findings between these
two groups (Table 3).
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Table 2 Objective evaluations. Results of the manual pivot shift test
and the manual Lachman test

Test A-SB group A-DB group
Pre-op Post-op Pre-op Post-op
Pivot shift test
Grade 0 0 7 0 9
Grade 1 4 3 5 1
Grade 2 6 0 4 0
Grade 3 0 0 1 0
Lachman test
Grade 0 0 10 0 10
Grade 1 6 0 7
Grade 2 3 3
Grade 3 1 0 0 0

A-SB anatomical single-bundle, 4-DB anatomical double-bundle

In the quantitative measurement of the Lachman test,
side to side differences were —1.23+5.5 mm in the A-SB
group and —0.47+4.9 mm in the A-DB group; these
differences were not significant (Fig. 4).

By contrast, a significant difference was found in the
quantitative measurement of the pivot shift test using our
newly developed electromagnetic measurement system at
one-year follow-up. In the A-SB group, the acceleration
during the pivot shift test in the operative knees was —940.36+
524.36 mm/s>, while the contralateral knees was —640.13+
137.68 mm/s”. There was significant difference between the
operated knees and the contralateral intact knees (P<0.05) in
the A-SB group. However, in the A-DB group, no significant
difference was found between the operated knees and the
contralateral intact knees (the acceleration during the pivot
shift test in the operative knees was —701.48+225.81 mm/s*
and that of the contralateral intact knees was —685.11+
261.79 mm/s%) (Fig. 5).

Discussion

The goal of ACL reconstruction is to restore normal knee
kinematics and to allow the patients to return to a previous
level of function. Several biomechanical studies demonstrate
that double-bundle ACL reconstruction improves anterior
tibial translation and rotation [1, 2, 29]. Other reports support
the integrity of this procedure, which was designed to
reproduce the AMB and PLB, and it has theoretic
advantages in controlling rotational torque proved by robotic
study [3, 4, 7]. Moreover, several in vivo studies have also
supported these in vitro biomechanical reports [15, 16, 18,
30]. Yasuda et al. reported that side-to-side KT-2000
measurements and pivot shift examination of anatomical

double-bundle ACL reconstruction showed significantly
better results than in the single-bundle procedure [18].
Although there were biomechanical advantages in double-
bundle ACL reconstruction, clinical results did not show any
significant improvement over the conventional procedure
[31]. A meta-analysis of single-bundle versus double-bundle
ACL reconstruction from Meredick et al. also supported
these results. They reported that double-bundle reconstruc-
tion did not result in clinically significant differences in the
KT-1000 measurement or pivot shift test [19].

However, several series of comparative or randomised
studies were reported in which operative techniques of
single-bundle reconstruction were inconsistent. Yasuda et al.
compared the outcomes of AM single-bundle reconstruction,
non-anatomical double-bundle reconstruction and anatomi-
cal double-bundle reconstruction [18]. The meta-analysis by
Meredick et al. also included several trials of the single-
bundle technique [19]. This is unlikely to represent the true
outcome of single-bundle versus double-bundle ACL
reconstruction. Regarding the femoral tunnel position,
Jarveld, Muneta, Asagumo and Streich et al. described by
the o’clock position [15, 16, 32, 33]. However, Fu and Shen
et al. have stated that the position of the clock varies
depending on whether the clock face references the anterior
versus the posterior aspect of the notch and does not
adequately address the depth of the medial surface on the
lateral condyle. Additionally, the clock position varies with
knee flexion angles [20, 21].

In the single-bundle reconstruction, some studies have
suggested that the rotational torque can be controlled by
making a femoral tunnel at the anatomical position
compared to that made at the anteromedial single-bundle
reconstruction [8, 13]. Loh et al. suggested that lateralised
femoral tunnel placement could lead to better control of

The KT-1000 measurements
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Fig. 3 Side-to-side difference of KT-1000 measurements. There were
no statistical differences between the two groups at the pre- and
postoperative evaluations. The significance level was 5%
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Table 3 Subjective evaluations. Knee extension with heel-height difference, knee flexor and extensor muscle isokinetic peak torques at 60°/s,

one-leg hop and Lysholm score. The significance level was 5%

A-SB group A-DB group Statistical evaluation

Knee extension with heel height difference 11.0£15.2 mm 18.8£16.9 mm N.S.
Knee extensor muscle isokinetic peak torques at 60°/sec. 92.1+13.7% 90.2+17.8% N.S.

(% ratio of contralateral normal knee)
Knee flexor muscle isokinetic peak torques at 60°/sec. 84.9+£20.4% 92.0+14.6% N.S.

(% ratio of contralateral normal knee)
Lysholm score 96.1+4.5 94.3£8.8 N.S.
One leg hop (vs. Normal side) 88.2+12.0% 89.9+15.2% N.S.

N.S. = Not Significant, (mean+S.D.)

abnormal knee kinematics, especially against a rotational
load [13]. We focused on making bone tunnels at the
anatomical insertion in both groups.

Additionally, to compare the clinical evaluation quanti-
tatively, Kasovi¢ et al. demonstrated the electromyographic
difference among two different techniques using bone—
patella tendon—bone graft, hamstrings tendon graft in ACL
reconstruction and a healthy group [34]. In a two-year
follow-up, the hamstrings tendon graft group achieved the
maximum amplitude of biceps femoris muscle signal
statistically significantly later than the bone—patella tendon—
bone group, whereas the rectus femoris muscle in the
hamstrings tendon graft group improved statistically signifi-
cantly earlier than the healthy group in that study. Thus,
electromyographic evaluation might be useful for one of the
quantitative evaluation devices after ACL surgery. We used
the three-dimensional electromagnetic measurement system
and collected the knee kinematics data during the Lachman
test and the pivot shift test to compare the knee instability

The Lachman test % : P<0.05
min (mean £ S.D.)
12 * EEE
g 10 1 [
g 81
g 6
= 4 4| 78128
§ 2 ] Post ope
w -1.2 £ 5.5
& 0
S 21 Preope — Pre ope
=
n 4
-6 :
_8 J | N-So I
A-SB group A-DB group

Fig. 4 Quantitative evaluation of the Lachman test using the
electromagnetic measurement system. There were no significant
differences between the two groups at the pre- and postoperative
evaluation. The significant level was 5%

@ Springer

quantitatively, because subjective non-parametrical assess-
ments of these tests lack objectivity.

Our data show no significant difference in the manual
Lachman test, the manual pivot shift test, the knee
extension with heel height difference, the knee flexion
and extension muscle peak torques at 60 degrees, the
Lysholm score and one-legged hop. Only the acceleration
of the sudden tibial reduction during the pivot shift test,
which is a quantitative evaluation of pivot shift, showed
better restoration in double-bundle reconstruction than in
anatomical single-bundle reconstruction. Our early results
seem to agree with the results of previously published
biomechanical studies. On the other hand, it is unclear how
this significant difference in abnormal knee kinematics of the
pivot shift test affects the clinical outcome because our study

The pivot shift test
(Post-operative evaluation)
— A-SB group A-DB group
Reconstructed Reconstructed
knee Intact knee knee Intact knee
0 " i
2200
= 400 ] -940 % 524 -640 = 138 =701 226 -685 + 262
=
'g -600 A
= |
2 -800 -
]
g -1000 - ‘
= -1200 A
-1400 i % : P<0.05
-1600 N.S.

(mean * S.D.)

Fig. 5 Quantitative evaluation of the pivot shift test using the
electromagnetic measurement system. There was significant difference
between the operated knees and the contralateral intact knees in the
anatomical single-bundle (A-SB) group. However, in the anatomical
double-bundle (A-DB) group, no significant difference was found
between the operated knees and the contralateral intact knees. The
significance level was 5%
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showed no significant difference in clinical score between
double-bundle and single-bundle ACL reconstruction.

There are some limitations in the data analysis in this
study. First, the follow-up period was only one year
because accurate assessment with the patient under general
anaesthesia was possible only when the post screw was
removed one year after surgery. Second, the validity and
accuracy of the measurement system have not been wholly
confirmed. We are currently collecting data to clarify these
issues, and our preliminary results show this measurement
system provides comparable repeatability to those of other
measurement systems such as the KT-1000 [25, 26]. Third,
in the pivot-shift test we sometimes have to perform the
manoeuvre more than once to elicit the shift phenomenon.
Therefore, we performed the pivot shift test five times and
used the highest values for the study; thus, a potential bias
may exist. However, we also believe we have overcome
these potential limitations somewhat by maximising the
accuracy of the data by quantitative evaluation of rotatory
instability under general anaesthesia in a randomised study.
Fourth, the number of patients was small. We need a larger
number of patients to research the clinical outcome and
allow quantitative knee kinematics data.

In conclusion, this prospective randomised study showed
clinical outcomes were equally good in both groups and the
anatomically positioned femoral tunnel technique of single-
bundle reconstruction restored the normal knee kinematics
as confirmed by conventional evaluation. However, the
electromagnetic measurement data showed that the anatom-
ical double-bundle ACL reconstruction tended to be biome-
chanically superior to the single-bundle reconstruction.
Despite this, there are disadvantages in double-bundle
reconstruction, such as additional surgical time, cost, and
increased technical complexity so it remains to be seen
whether it is worthwhile performing double-bundle anatom-
ical reconstruction in clinical practice. Additional refinement
of the reconstructive method is required to obtain optimum
clinical results.
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