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Abstract

Purpose The aim of this meta-analysis was to compare the
results of arthroscopic single-bundle and double-bundle an-
terior cruciate ligament (ACL) reconstruction.

Methods We systematically searched electronic databases to
identify randomised controlled trials (RCTs) in which arthro-
scopic single-bundle was compared with double-bundle for
ACL reconstruction. The search strategy followed the require-
ments of the Cochrane Library Handbook. The outcomes of
these studies were analysed in terms of graft failures, Lysholm
score, negative pivot-shift test, KT1000 arthrometer measure-
ments, knee extensor and flexor peak torques, knee extension
and flexion deficit, and subjective and objective International
Knee Documentation Committee (IKDC) final score. Meth-
odological quality was assessed and data were extracted inde-
pendently. Standard mean difference (SMD) or odds ratio
(OR) with 95 % confidence interval (CI) was calculated by a
fixed effects or random effects model. Heterogeneity across
the studies was assessed with the I-square and chi-square
statistic. Forest plots were also generated.

Results We identified 17 RCTs comprising 1,381 patients
who were treated by arthroscopic single-bundle versus
double-bundle ACL reconstruction. The results of meta-
analysis of these studies showed that arthroscopic double-
bundle reconstruction was associated with a lower risk of graft
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failures (P=0.002) and a lower rate of positive pivot-shift test
(P<0.0001). Compared with single-bundle reconstruction,
double-bundle reconstruction had a lower KT1000 arthrom-
eter measurement (P<0.00001), a lower knee extension def-
icit (P=0.006) and a higher subjective IKDC score (P=0.03).
There was no statistically significant difference between
single-bundle and double-bundle reconstruction in Lysholm
score (P=0.91), knee extensor peak torques (P=0.97), knee
flexor peak torques (P=0.96), knee flexion deficit (P=0.30)
and objective IKDC score (P=0.18).

Conclusions Considering the more favourable outcomes of
graft failures, knee joint stability and knee joint function in
double-bundle reconstruction, we concluded that arthro-
scopic double-bundle reconstruction should be considered
as the primary treatment in ACL reconstruction.

Introduction

The anterior cruciate ligament (ACL) is one of the most
commonly injured ligaments at the knee. Reconstruction of
the ACL is a common procedure [1, 2]. The arthroscopic
single-bundle technique is widely used for patients who suf-
fered from ACL rupture. Anatomical and biomechanical stud-
ies have shown that the ACL comprises two principal bundles,
the anteromedial and the posterolateral [3, 4]. The arthroscop-
ic double-bundle technique has recently been used by many
surgeons in an attempt to reproduce both the anteromedial
bundle and the posterolateral bundle.

A single-bundle reconstruction is performed by producing
one single femoral tunnel and one single tibial tunnel. Con-
ventional single-bundle ACL reconstructive procedures focus
primarily on reproducing the anteromedial bundle. Two stud-
ies demonstrated that single-bundle anteromedial reconstruc-
tion alone was insufficient to control the combined rotator
load and valgus torque that simulates the pivot-shift test [5, 6].
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On the basis of biomechanical studies on human cadavers
showing that the posterolateral bundle of the ACL becomes
important near full knee extension, especially under anterior
tibial and rotator loads [7, 8]. Although much of the evidence
supports the use of the double-bundle technique [9, 15, 18, 19,
23], some trials have not found significant differences be-
tween clinical outcomes in the patient groups [10, 11, 21,
29]. A previously published meta-analysis which included
only four randomised controlled trials (RCTs) showed that
there were no clinically significant differences in KT1000
arthrometer and pivot-shift results between single-bundle
and double-bundle techniques in 2008 [46]. Therefore, it
remains unclear which technique has much more advantages.

The purpose of this paper is to present a meta-analysis of
original research studies dealing with arthroscopic single-
bundle reconstruction and double-bundle reconstruction of
the ACL. We carried out an up-to-date meta-analysis of all
available RCTs to establish whether single-bundle or
double-bundle is a superior treatment for ACL reconstruc-
tion. Our aim was to identify and summarise the best avail-
able evidence from RCTs between single-bundle and
double-bundle reconstruction of the ACL. We hypothesised
that double-bundle ACL reconstruction would be advanta-
geous in restoring the stability and function of the knee
joint, compared with single-bundle reconstruction.

Methods
Search strategy

We searched for relevant studies according to the search
strategy of the Cochrane Collaboration. Three of the authors

independently completed an online search of PubMed,
Cochrane Library, EMBASE, BIOSIS and Ovid (last
search update 1 May 2012). Computer literature search
was conducted using specific search terms (ACL, ante-
rior cruciate ligament, reconstruction, single-bundle and
double-bundle). All searches were limited to the English
language. Citations that included the search terms in
either the title, abstract, article or medical subject head-
ing (MeSH) terms were retained. Additional strategies to
identify relevant studies were supplemented with manual
searches of major orthopaedic textbooks and bibliogra-
phies of the published articles. All of the results were
limited by “randomised controlled trials”. Studies without
comparisons of the clinical results were excluded from the
search result. We pooled the RCT studies comparing arthro-
scopic single-bundle versus double-bundle in reconstruction
of the ACL. A flow chart of the study selection process is
presented in Fig. 1.

Inclusion criteria

We identified the articles that met the following criteria:
(1) prospective RCTs comparing single-bundle technique
with double-bundle technique; (2) primary ACL recon-
struction; (3) absence of ligament injury to the contra-
lateral knee; (4) closed growth plates; and (5) the target
population consisted of individuals who presented with
ACL disruption and needed surgical intervention. Dupli-
cate or multiple publications of the same study were not
included. Two reviewers assessed the articles indepen-
dently to determine if they met the inclusion criteria.
Disagreements between reviewers were resolved by
consensus.

Not eligible by title or abstract (4837 were excluded)

Limited to randomised controlled trials and English
(203 were excluded)

43 studies were excluded with reasons:
@ Not single-bundle versus double-bundle clinical

@ Duplicate publications (n=8)
® Insufficient or irrelevant information (n=3)

Fig. 1 Flow chart of eligibility
selection ,E I 5100 relevant articles were identified ]
g
E
E .
y
- 263 articles were screened l
5
& | I
v
& 60 studies were assessed
E
E
&=
trials (n=28)
—
T
] @ Other reasons (n=4)
E y
17 trials were recruited
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Outcome measures

The outcome measures of this meta-analysis included graft
failures, Lysholm score, negative pivot-shift test, KT1000
arthrometer, knee extensor and flexor peak torques (Biodex/
Cybex dynamometer at 60°/s), knee extension and flexion
deficit, and subjective and objective International Knee
Documentation Committee (IKDC) score. Graft failures
were defined as reoperation after ACL reconstruction. Func-
tion evaluation was performed with knee motion deficit
(extension and flexion), Lysholm scale and IKDC. The
Lysholm scale ranges from 0 to 100, with O representing
the worst results and 100 representing optimal results [31].
According to the objective IKDC scale, a normally func-
tioning knee is graded as A, a near-normally functioning
knee is graded as B, a fairly functioning knee is graded as C
and a poorly functioning knee is graded as D [32]. We took
the number of individuals with normal objective IKDC
graded as A. The subjective IKDC score was also pooled
and evaluated in this meta-analysis. The stability of the knee
joint was evaluated by knee isokinetic peak torques (exten-
sor and flexor), pivot-shift test and KT1000 arthrometer.
The pivot-shift test was categorised as normal (negative),
nearly normal (1+), abnormal (2+) and severely abnormal (3
+). We recorded the number of individuals with negative
pivot-shift test for meta-analysis. Side-to-side difference in
anterior tibial translation was assessed with the KT1000
arthrometer (MEDmetric, San Diego, CA, USA) at 134 N
[33]. The data were extracted by two reviewers indepen-
dently to ensure that they were accurate. When there was
any disagreement, a consensus was reached by discussion
within the review team.

Methodological quality assessment

Each study was independently assessed by two of the
reviewers. In order to ensure the methodological quality of the
studies that were included in the meta-analysis, the Consolidat-
ed Standards of Reporting Trials (CONSORT) checklist and
scoring system was used [34]. Each study that met the inclusion
criteria was appraised with use of this 22-point checklist. Every
study was assigned a quality rating, with scores of 18-22
representing excellent study quality, 13—17 good quality, 8—12
fair quality and 7 or less poor quality. To avoid unnecessary
bias, the reviewers were blinded to the study’s title, author and
institution of origin. Conflicts were resolved through consensus.

Statistical analysis

In each study the odds ratio (OR) with 95 % confidence
intervals (CIs) was calculated for dichotomous outcomes.
For continuous outcome measures, the standard mean dif-
ference (SMD) and the associated 95 % Cls were evaluated

for all studies. We tested for heterogeneity using both the
chi-square and I-square test. For the I-square statistic, a
value of less than 25 % is considered to reflect low hetero-
geneity, 50 % moderate heterogeneity and 75 % high het-
erogeneity. Generally, we defined study heterogeneity as a
significant test of heterogeneity (I*>50 %) and differences
in the treatment effects across studies. [-square was used to
estimate total variation across studies. All data were com-
bined with the fixed effects model as there was no evidence
of statistical heterogeneity between studies for any of our
outcome measures. A random effects model was used when
significant heterogeneity was detected. For our outcome
measures, a P value of <0.05 was considered statistically
significant. A funnel plot was created to assess for publica-
tion bias. This plot for studies demonstrates the relationship
between the sample size of the studies and the precision in
estimating the treatment effect. Bias can be seen if the plot is
widely skewed [35].

Results
Study identification

There were 263 potentially relevant papers. Most of these
studies were not suitable for our analysis because they
included case reports, biomaterial studies, biomechanical
studies, non-randomised cohort studies, retrospective stud-
ies and other study subjects irrelevant to our question. By
limiting the search to only RCTs, 20 clinical trials met our
inclusion criteria (level I evidence) [11-29, 43]. Three of
these studies had to be excluded from the meta-analysis
because of inadequacy of data details [11, 29, 43]. Accord-
ingly, there were 17 publications left [12-28]. A total of
1,381 patients undergoing ACL reconstruction were identi-
fied: 722 in the single-bundle group and 659 in the double-
bundle group. However, when anatomical single-bundle
was restricted, only six RCTs were left comprising 449
patients: 189 in the anatomical single-bundle group and
260 in the double-bundle group. The assessment results for
eligible trials by use of the CONSORT checklist showed that
the score ranged from 12 to 19. According to the CONSORT
checklist, four studies achieved an excellent rating (score
18-22), 12 studies attained a good rating (score 13—17) and
one study had a fair quality (score 8—12), with a mean score
15.8. The demographic information and detailed character-
istics of the included studies are listed in Tables 1 and 2.

Functional outcome
Ten studies with a total of 683 patients who were available at

the time of the latest follow-up included Lysholm data that
were suitable for meta-analysis [12, 1416, 21, 22, 24-26,
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Table 1 Demographic informa-

tion of included studies Studies, first Publication ~ Numbers  Follow-up duration = No. of ineffective CONSORT
author year (SB/DB)  (mean, months) at follow-up (SB/DB)  score
Lee [12] 2012 21/21 24 32 14/22
Nuiiez [13] 2012 25/30 24 2/1 18/22
Ochiai [14] 2012 44/40 24 0/0 15/22
Araki [15] 2011 10/10 24 0/0 16/22
Hussein [16] 2011 78/131 51 0/0 19/22
Hemmerich [17] 2011 17/15 5 0/3 13/22
Zaffagnini [18] 2011 39/40 103 0/0 14/22
Suomalainen [23] 2011 71/67 24 11/6 17/22
Aglietti [19] 2010 35/35 24 0/0 19/22
Ibrahim [20] 2009 150/50 29 102/0 16/22
Wang [21] 2009 32/32 16 0/0 14/22
Jarveld [22] 2008 52/25 24 31/3 16/22
Siebold [25] 2008 35/35 19 0/0 17/22
Streich [26] 2008 2524 24 0/0 1522
Jarvelad [24] 2008 25/35 27 4/3 16/22
Muneta [27] 2007 34/34 25 0/0 18/22

SB single-bundle, DB Jarveld [28] 2007 30/35 14 5/5 12/22

double-bundle

28]. Figure 2 shows the results of Lysholm score at the follow-
up. With a fixed effects model, the results showed that there
was no significant difference between the two groups in
Lysholm functional score (SMD 0.05; 95 % CI —0.83 to
0.92; P=0.92). The forest plot showed higher Lysholm scores
with single-bundle reconstruction than with double-bundle
reconstruction, but the difference was not statistically

Table 2 Characteristics of the 17 studies used in the meta-analysis

significant. Heterogeneity across the studies was not consid-
ered not significant (P=0.10; I*=38 %). Figures 3 and 4 show
that there was no significant difference between double-
bundle and single-bundle concerning Lysholm score in the
anatomical subgroup (P=0.31) with a random effects model
(P=0.06; =57 %) and in the isometric subgroup (P=0.41)
with a fixed effects model (P=0.37; =6 %).

Studies, first author Randomised method

Graft material of SB

Graft material of DB Weight-bearing time after surgery

Lee [12]

Nuiez [13]
Ochiai [14]
Araki [15]
Hussein [16]
Hemmerich [17]
Zaffagnini [18]
Suomalainen [23]
Aglietti [19]
Ibrahim [20]
Wang [21]
Jéarveld [22]
Siebold [25]
Streich [26]
Jarveld [24]
Muneta [27]
Jéarveld [28]

Not mentioned

A random list of numbers

Not mentioned
Closed envelopes
Computer software
METLAB analysis

Computer-generated

Closed envelopes
Not mentioned
Closed envelopes
Not mentioned
Closed envelopes
Computer

Not mentioned
Closed envelopes

0Odd and even number

Closed envelopes

Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Patellar tendon

Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous ST

Autologous STG
Autologous STG
Autologous STG

Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous STG
Autologous ST

Autologous STG
Autologous STG
Autologous STG

As tolerated

Not mentioned

First 2 weeks

Not mentioned

As tolerated

Not mentioned

First 2 weeks
Immediately after surgery
Not mentioned
Immediately after surgery
Second day after surgery
Immediately after surgery
First week

1 months after surgery
Immediately after surgery
3 days after surgery

Immediately after surgery

SB single-bundle, DB double-bundleST semitendinosus tendon, STG semitendinosus and gracilis tendons, METLAB MathWorks, Natick, MA, USA
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DB SB Mean Difference Mean Difference

Study or Subgrou Mean SD Total Mean SD Total Weight [V, Fixed, 95% Cl I, Fixed, 95% CI

Arakiz011 943 88 10 961 45 10 20% -1.80[7.93 4.33 ;f

Hussein2011 a3 4 131 918 43 78 556% 1.20[0.03,2.37]

Jarvela2007 83 10 30 92 6 25  42% -3.00[-7.28,1.28] S

Jarvela2008a 92 B 22 34 7 20 49% -2.00[5.96,1.96] i

Jarvela2008h 91 8 32 34 ] 21 54% -3.00[6.78, 0.78] o

Lee2012 87.4 127 19 814 145 18 1.0% 6.00[-2.80, 14.80] =]

Satoshi2012 964 438 40 968 6.3 44 135% -0.40[-2.78,1.98 "

Siebold2008 a0 ] 35 93 ] 35 6.0% -3.00[-6.58, 0.58) I

Streich2008 918 7.3 24 915 6.3 25 52% 0.30[3.52 412 S

Wang2009 865 11 32 8817 1289 32 22% -167[7.54 4.20] DR T D

Total (95% CI) 375 308 100.0% 0.05[-0.83,0.93] L ]

Heterogeneity, Chi"= 14.54, df= 9 (P = 0.10); F= 38% 10 5 v 20

Test for overall effect Z=0.11 (P =0.91)

Fig. 2 Forest plot of Lysholm score. Individual studies are listed on
the left with Lysholm score (mean and standard deviation) as well as
number of patients in each study group. A visual representation of the
standard mean difference for each study is plotted on the right with a
diamond. The large black diamond at the bottom represents the pooled

Ten studies with a total of 823 patients who were avail-
able at the time of the latest follow-up provided the objec-
tive IKDC final score for meta-analysis [12, 16, 19, 20,
22-25, 27, 28]. Figure 5 shows the number of individuals
with normal objective IKDC final score at the follow-up.
With a random effects model, the pooling of data showed
that there was no significant difference between the single-
bundle and double-bundle techniques (OR 1.56; 95 % CI
0.82-2.95; P=0.18). The forest plot showed double-bundle
reconstruction had better objective IKDC final score, and
the difference was statistically significant. Heterogeneity
across the studies was considered significant (P<0.0001;
*=76 %). Similarly, there was no significant difference in
the anatomical subgroup (OR 1.51; 95 % CI 0.49-4.70; P=
0.47) and isometric subgroup (OR 1.57; 95 % CI1 0.71-3.48;
P=0.27).

Subjective IKDC score was reported in eight studies with
630 patients [12, 13, 16, 18, 19, 21, 25, 28]. Figure 6 shows
that for subjective IKDC score at the follow-up, with a fixed
effects model, the results analysed suggested a significant

Favours SB Favours DB

treatment effect of all studies. It lies on the midline, representing no
significant difference (P=0.91) with a fixed effects model. DB double-
bundle, SB single-bundle, Jérveld 2008a the study of reference [22],
Jarveld 2008b the study of reference [24]

difference between the single-bundle and double-bundle
groups (SMD 1.41; 95 % CI 0.11-2.70; P=0.03). Het-
erogeneity was not significant across the studies (P=
0.21; 1°=28 %). There was a significant difference in
the anatomical subgroup (SMD 1.72; 95 % CI 0.07-
3.37; P=0.04). However, there was no significant difference
in the isometric subgroup (SMD 0.90; 95 % CI —1.20 to 3.00;
P=0.40).

As to knee extension and flexion deficit, 279 patients in
two studies were included [16, 25]. Figure 7 shows the
results of knee extension deficit and Fig. 8 shows those of
knee flexion deficit. With a fixed effects model, there was a
significant difference between the two groups in knee ex-
tension deficit (SMD —0.37; 95 % CI —0.63 to —0.11; P=
0.006). Heterogeneity across the studies was not considered
significant (P=0.42; ’=0 %). However, there was no sig-
nificant difference between the two groups (SMD —0.40;
95 % CI —1.15 to 0.35; P=0.30) according to the results of
knee flexion deficit. Heterogeneity across the studies was
not considered significant (P=0.60; I°=0 %).

DB SB Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight I, Random, 95% Cl I/, Random, 95% CI
1.4.1 Anatomic Subgroup
Araki2011 943 88 10 961 45 10 106%  -1.80[7.93, 4.33]
Hussein2011 93 4 131 918 43 78 351% 1.20[0.03, 2.37] i
Jarvela2007 89 10 30 92 6 25 168% -3.00[7.281.28] -_—
Jarvela2008a 92 B 22 94 7 20 183% -2.00[-5986,1.986)] %
Jarvela2008h 91 8 32 94 6 21 192%  -3.00[6.78,078] A il
Subtotal (95% CI) 225 154 100.0% -1.22[-3.55, 1.12] g

Heterogeneity. Tau®= 3.69; Chi*= 9.21, df= 4 (P = 0.06), F= 57
Test for overall effect: Z=1.02 (P=0.31)

Total (95% CI) 225 154 1
Heterogeneity: Tau®*= 3.69; Chi*= 9.21, df= 4 (P = 0.06); F= 57
Testfor overall effect: Z=1.02 (P =0.31)

%

00.0%
%

-1.22[-3.95,1.12]

10

-5
Fawvours SB Favours DB

‘l’

i 5

10

Fig. 3 Forest plot of Lysholm score in the anatomical subgroup. The pooled treatment effect, with a random effects model, demonstrates no
significant difference between double-bundle (DB) and single-bundle (SB) (P=0.31)

@ Springer



218 International Orthopaedics (SICOT) (2013) 37:213-226

DB SB Mean Difference Mean Difference

Study or Subgrou Mean SD Total Mean SD Total Weight [V, Fixed, 95% Cl I, Fixed, 95% CI

1.4.2 Isometric Subgroup F_

Lee2012 874 127 19 B14 145 18 3.5% 6.00[-2.80, 1480 >

Satoshi2012 96.4 43 40 968 6.3 44 483% -0.40[-2.78,1.98]

Siebold2008 90 g 35 33 ] 35 21.4% -3.00[-6.58,0.58] —

Streich2008 918 7.3 24 0915 6.3 25 188% 0.30[3.52 412 e

Wang2009 865 11 32 88.17 1289 32 80% -167[7.54 420 —

Subtotal (95% CI) 150 154 100.0% -0.70[-2.36, 0.96] >

Heterogeneity, Chi*=4.24, df=4 (P=0.37), F=6%

Test for overall effect: Z=0.83 (P = 0.41)

Total {95% CI) 150 154 100.0% -0.70[-2.36, 0.96]

Heterogeneity, Chi*= 4,24, df= 4 (P=0.37), F= 6%
Test for overall effect Z=0.83 (P = 0.41)
Test for subaroun differences: Mot annlicable

10 -5 5 10
Favours SB Favours DB

-4

Fig. 4 Forest plot of Lysholm score in the isometric subgroup. The pooled treatment effect, with a fixed effects model, demonstrates no significant

difference between double-bundle (DB) and single-bundle (SB) (P=0.41)

Stability of knee joint

Results of the pivot-shift test were reported in 13 studies
with a total of 985 patients for meta-analysis [12, 14-16, 18,
20, 22-28]. Figure 9 shows the number of individuals with
negative pivot-shift test at the follow-up. With a random
effects model, the results showed a significant difference in
negative pivot-shift tests between the two groups (OR 3.67;
95 % CI 1.97-6.84; P<0.0001). The forest plot demonstrated
a significant difference favouring the double-bundle tech-
nique. Heterogeneity was significant across the studies (P=
0.002; I’=60 %). Similarly, there was a significant difference

in the anatomical subgroup (OR 3.44; 95 % CI 1.29-9.11; P=
0.01) and isometric subgroup (OR 3.92; 95 % CI 1.65-9.29;
P=0.002).

Eleven studies including 794 patients provide the KT1000
arthrometer (MEDmetric, San Diego, CA, USA) results at the
follow-up [12, 15, 16, 19, 22-28]. Figure 10 shows the results
of KT1000 arthrometer measurements. The results from a
fixed effects model showed a significant difference between
the two groups (SMD —0.48; 95 % CI —0.66 to —0.30; P<
0.00001). The forest plot showed that the double-bundle
group had an advantage with KT1000 arthrometer postopera-
tively. Heterogeneity across the studies was not considered

DB SB Odds Ratio Odis Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% Cl
1.10.1 Anatomic Subgroup
Agliettiz010 28 5 20 35 98% 3.00[1.03,8.70] G
Hussein2011 122 13 52 78 11.0% 6.78[2.97,15.46] o
Jarvela2007 11 30 17 25 95% 0.27 [0.09, 0.84) —_—
Jarvela2008a 13 22 1 20 9.0% 1.18[0.35, 4.02) S EE—
Jarvelaz2008h 17 32 11 21 9.6% 1.03[0.34,3.10] T
Subtotal (95% CI) 250 179  48.9% 1.51[0.49, 4.70] el
Total events 191 11
Heterogeneity: Tau®=1.37; Chi*= 23.12, df= 4 (P = 0.0001); = 83%
Testfor overall effect Z=072 (P=0.47)
1.10.2 Isometric Subgroup
Ibrahim2009 32 50 23 48 1M11% 1.93[0.86, 4.34) ™ -
Lee2012 9 19 10 18 8.7% 0.72[0.20, 2.63) — =
Muneta2007 20 34 22 34 10.2% 0.78[0.29, 2.08) —
Siebold2008 26 35 g 35 9.8% 8.35[2.86, 24.38] =——
Suomalainen2010 25 g1 24 B0 11.4% 1.04 [0.50,2.15) i
Subtotal (95% CI) 199 195 51.1% 1.57 [0.71, 3.48] S
Total events 112 88
Heterogeneity: Tau*= 058, Chi*=14.15, df= 4 (P=0.007); F=72%
Testfor overall effect Z=1.11 (P =0.27)
Total (95% CI) 449 374 100.0% 1.56 [0.82, 2.95] 1
Total events 303 198 . . ' .
Heterogeneity: Tau®= 0.80; Chi*= 37.69, df= 9 (P < 0.0001), F=76% 0ol 01 10 100

Testfor overall effect Z=135(P=0.18)

Favours SB Favours DB

Fig. 5 Forest plot of objective IKDC score. The pooled treatment effect, represented by the black diamond, demonstrates no significant difference

(P=0.18)
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DB sB Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
1.5.1 Anatomic Subgroup
Aglietti2010 83 15 35 78 13 35 3.9% 5.00[1.58,11.58) .
Hussein2011 921 55 131 0906 64 78 A7.9% 1.50[0.20,3.20] -
Subtotal (95% CI) 166 113 61.8% 1.72[0.07,3.37] ‘
Heterogeneity: Chi*=1.02, df=1 (P=0.31); F=2%
Testfor overall effect Z=2.04 (P = 0.04)
1.5.2 Isometric Subgroup
Lee2012 796 129 19 709 111 18 28% B8.70[096,16.44) S
Montserrat2012 70O 105 29 697 106 23 50% 030548 6.08] —
Siebold2008 88 10 35 90 10 3% 77% -2.00[-6.69 269 - 1
Streich2008 8395 6.4 24 88B6 65 25 129% 090[271,4.51] I
VWang2009 81.86 9.59 32 8332 115 32 6.2% -1.46[6.65 3.73] - 1
Zaffagnini2011 a8 9 40 82 20 39 36% 6.00[-0.87,12.87) T
Subtotal (95% CI) 179 172  38.2% 0.90 [-1.20, 3.00] <>
Heterageneity: Chi*= 8.33, df= 5 (P = 0.14), F= 40%
Testfor overall effect: Z=0.84 (P = 0.40)
Total (95% CIj 345 285 100.0% 1.41[0.11,2.70] &>
Heterogeneity: Chi*= 9.71, df= 7 (P = 0.21); F= 28% t '

Testfor overall effect Z=213 (P =0.03)

40 -5 0 5 10
Favours SB Favours DB

Testfor subaroun differences: Chi*= 0.36. df=1 (P=055). F=0%

Fig. 6 Forest plot of subjective IKDC score. The pooled treatment effect, represented by the black diamond, demonstrates a significant difference

favouring double-bundle (DB) (P=0.03)

significant (P=0.44; I’=0 %). Similarly, there was a signifi-
cant difference in the anatomical subgroup (SMD —0.48; 95 %
CI —0.69 to —0.27; P<0.00001) and isometric subgroup
(SMD —0.48; 95 % CI —0.82 to —0.14; P=0.005).

Referring to the knee isokinetic extensor and flexor
strength, only 121 patients in three articles were reported
[12,15,21]. With a fixed effects model, Figs. 11 and 12 show
that no significant differences were found for the incidence of
extensor peak torques (SMD 0.09; 95 % CI —5.07 to 5.26; P=
0.97) and flexor peak torques (SMD —0.10; 95 % CI —3.96 to
3.76; P=0.96) between the two groups. Heterogeneity across
the studies was not considered significant (P=0.94; I’=0 %
and P=0.61; ’=0 %).

Graft failures

With regard to graft failures, six publications with a total of
355 patients reported the outcome at the end of follow-up [14,
17, 19, 2224, 28]. Figure 13 shows the results of meta-
analysis. Jarveld [28] reported the number of patients who
undergo graft failure in both groups, but these patients were
excluded from the statistical analysis of their study. However,

DB SB
Study or Subgroup

Mean SD Total Mean SD Total Weight

we must include the patients in our study when we analyse the
data. Graft failures of ACL reconstruction were more common
in the single-bundle group compared with the double-bundle
group, and the difference was statistically significant (OR
0.20; 95 % CI 0.07-0.55; P=0.002). Heterogeneity was not
significant across the studies (P=0.87; =0 %). Similarly,
there was a significant difference in the anatomical subgroup
(OR 0.22; 95 % CI 0.07-0.76; P=0.02) and isometric sub-
group (OR 0.17; 95 % CI 0.03-0.98; P=0.05).

Sensitivity analysis and publication bias

Sensitivity analysis was used in this meta-analysis to assess
the robustness of results. Sensitivity analysis revealed that
with low-quality (CONSORT score=12) studies excluded,
the summary OR/SMD, 95 % ClIs and P values for negative
pivot-shift, Lysholm score and KT1000 arthrometer (as
these outcomes were reported in most of the studies of this
meta-analysis) were still similar to the results before they
were excluded, as presented in Table 3.

For the purpose of assessing publication bias, funnel
plots were used in our study. Funnel plots can be used for

Mean Difference
I, Fixed, 95% CI

Mean Difference
I, Fixed, 95% CI

Hussein2011 02 07 13N e 1.1 78 922% -040F067,-013]

Siebold2008 1 2 35 1 2 35 78% 0.00[}-094, 094 —

Total (95% CI) 166 113 100.0% -0.37 [-0.63, -0.11] &

Heterogeneity: Chi* = 0.65, df=1 (P = 0.42); F= 0% '4 '2 g ﬁ a't

Test for overall effect: Z= 2.77 (P = 0.0086)

Favours DB Favours SB

Fig. 7 Forest plot of knee extension deficit. The pooled treatment effect, represented by the black diamond, demonstrates a significant difference

favouring double-bundle (DB) (P=0.006)
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DB SB Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Hussein2011 12 26 131 17 32 78 796% -0.50[1.34,0.34] -
Siebold2008 2 4 35 2 3 35 204% 0.00[1.66,1.66] —
Total (95% CI) 166 113 100.0% -0.40[-1.15,0.35] <>

Heterogeneity: Chi*=0.28, df=1 (P = 0.60); F=0%
Test for overall effect Z=1.04 {F = 0.30)
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Fig. 8 Forest plot of knee flexion deficit. The pooled treatment effect, represented by the black diamond, demonstrates no significant difference

(P=0.30)

reviews with sufficient numbers of included studies. Figure 14
shows a funnel plot of the 11 studies pooled for KT1000
arthrometer measurements reporting the standard difference
in means as a measure of treatment effect. The x-axis repre-
sents the standard difference in means as a measure of treat-
ment effect, whereas the y-axis represents a measure of study
size. The plot demonstrates some mild asymmetry, but all
studies fall within the 95 % CI axis for a given standard error.
However, there is minimal evidence of publication bias.

Discussion

The ACL plays an important role in the motion of the knee joint,
and it is the primary restraint to anterior tibial displacement. The

exact incidence of ACL injuries is unknown. However, an
estimated 80,000 ACL tears occur annually in the USA [36].
Surgical repair of the ACL is a fairly common necessity in knee
injuries, especially with good to excellent outcomes. In an
attempt to more closely recreate native anatomy and better
replicate natural ACL function, anatomical double-bundle
ACL reconstruction is popular with many surgeons. The earliest
published discussions of double-bundle ACL reconstruction are
from the 1980s [37, 38]. Since then, many studies reported that
double-bundle reconstruction of the ACL reproduced better
stability of a native knee [9, 22, 39-42]. Meta-analysis studies
are considered to represent a high level of evidence when high-
quality RCTs are combined in an appropriate fashion. To our
knowledge, the latest systematic review including 13 studies
concluded that the double-bundle may be better than the single-

DB SB Odds Ratio Odis Ratio
Study or Subgroup  Fvents Total Events Total Weight M-H, Random, 95% ClI M-H, Random, 95% CI
1.8.1 Anatomic Subgroup
Araki2011 9 10 7 10 4.4% 386 [0.33, 45.57] =
Hussein2011 122 13 52 78 11.3% 6.78[2.97,15.46]
Jarvela2007 29 30 16 25 52% 16.31[1.89,140.64]
Jarvela2008a 18 22 16 20 7.5% 1.131[0.24, 5.25) E—
Jarvela2008h 26 32 16 21 8.5% 1.35[0.35,5.17] =
Subtotal (95% CI) 225 154 36.9% 3.4411.29,9.11]
Total events 204 107

Heterogeneity: Tau®*= 061, ChF=8.34, df=4 (P=0.08); F=52%

Test for overall effect Z= 248 (P=0.01)
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lhrahim2009 48 a0 20 48 7.6%
Lee2012 13 19 12 18  83%
Muneta2007 29 34 20 34 9.4%
Satoshi2012 38 40 40 44  BE%
Siebold2008 34 35 25 35 A3%
Streich2008 23 24 19 28 5.1%
Suomalainen2010 41 B1 38 B0 11.7%
Zaffagnini2011 36 40 26 39 9.1%
Subtotal {(95% CI) 303 303 63.1%

Total events 262 200

Heterogeneity: Tau®= 0.98; Chi*= 21.70, df = 7 (P = 0.003); F = 68%

Testfor overall effect Z= 310 (P =0.002)

Total (95% CI)
Total events

528 457 100.0%
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Testfor overall effect: Z=4.09 (F = 0.0001)
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Fig. 9 Forest plot of negative pivot-shift test. The pooled treatment effect, represented by the black diamond, demonstrates a significant difference

favouring double-bundle (DB) with a higher negative rate (P<0.0001)
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DB SB

Study or Subgrouy, Mean _SD Total Mean SD Total
1.3.1 Anatomic Subgroup

Agliettiz010 1.3 13 35 23 14 35
Arakiz011 0.7 18 10 18 17 10
Hussein2011 1.2 08 13 16 08 78
Jarvela2007 14 18 30 1.6 2 25
Jarvela2008a 1.3 24 22 22 29 20
Jarvela2008h 13 21 32 1.7 24 21
Subtotal (95% CI) 260 189

Heterogeneity: Chi*= 4.26, df=5 (P = 0.51), F=0%
Test for overall effect Z=4.50 (P < 0.00001)

1.3.2 Isometric Subgroup

Lee2012 262 172 19 274 1.65 18
Muneta2007 14 14 34 24 14 34
Siebold2008 1 1 35 16 13 35
Streich2008 1.1 1.57 24 094 1.76 25
Suomalainen2010 2 3 61 2 24 60
Subtotal (95% CI) 173 172
Heterogeneity: Chi*=571, df=4 (P=0.22), F=30%

Test for overall effect Z= 2.79 (P = 0.005)

Total (95% CI) 433 361

Heterogeneity: Chi*=9.97, df=10(P=0.44), F=0%
Test for overall effect: Z=5.30 (P < 0.00001)
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Fig. 10 Forest plot of KT1000 arthrometer measurements. The /arge
black diamond at the bottom represents the pooled treatment effect of
all studies. It lies exclusively to the left and does not cross the midline,

bundle ACL reconstruction technique in rotational stability but
not for function, translation and complications [30]. However,
there were some obvious limitations in the systematic review.
First and most important, isometric and anatomical single-
bundle reconstructions were taken together for analysis, so the
comparison is not fair and of course the double-bundles do
better. Second, the last search date was 27 April 2011, and
many new RCTs have been published since [12—-14, 16, 17,
23]. Third, a quasi-randomised trial and a prospective compar-
ative study met the inclusion criteria. Therefore, the statistical
power of the systematic review would be impaired. In this up-
to-date meta-analysis, we statistically combined the results of all
available evidence from RCTs to answer the question of wheth-
er the double-bundle reconstruction technique is a superior
treatment for ACL ruptures. Based on the analysis of the latest
RCTs [12-28], this study shows that there is no significance
with Lysholm score, objective IKDC score, flexion deficit and
knee isokinetic peak torques (flexor and extensor) between the

Mean Difference Mean Difference

Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
7.9% -1.00 [1.63,-0.37] —

13% -1.10[2.63,0.43] B
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2.0% -0.40 [-1.66, 0.86] —_—

72.6% -0.48[-0.69,-0.27] ¢

27% -0.12[1.21,097] S

71% -1.00 [1.67,-0.33] b

10.7% -0.60 [-1.14, -0.06] —

36% 0.16[0.77,1.09] -1

3.4%  0.00[0.97,0.97] —t—

27.4% -0.48[-0.82, -0.14] *

100.0% -0.48 [-0.66, -0.30] ¢

4 2 0 2 4
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representing a lower KT1000 arthrometer measurement favouring
double-bundle (DB) with a significant difference (P<0.00001)

two techniques, which corresponds with the previous studies.
We also found that double-bundle reconstruction is superior to
single-bundle reconstruction in graft failures, subjective IKDC
score, extension deficit, pivot shift tests and KT1000
measurements.

There is a problem in most published articles comparing
single- and double-bundle ACL reconstruction: one or both
surgical techniques are not performed anatomically (trans-
tibial single-bundle versus anatomical double-bundle)
[12-14, 17, 18, 20, 21, 23, 25-27]. As a consequence, the
results were controversial, mainly focused on single-bundle
reconstruction. Whether the surgical technique of single-
bundle reconstruction is anatomical or not is determined
by the method used to create the femoral tunnel. The trans-
tibial technique is defined as isometric reconstruction, and if
the femoral tunnel and tibial tunnel are placed independent-
ly, mainly by a transportal technique, we define that as an
anatomical reconstruction. It has been established that the

DB SB Mean Difference Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Fixed, 95% CI I, Fixed, 95% CI
Araki2011 90.2 178 10 921 178 10 109% -190[17.50,13.70]
Lee2012 855 496 19 85 78 18 84.3% 0.50[5.12,6.12]
Wang2003 167.9 351 32 1704 583 32 48% -250[-26.08,21.08)
Total (95% CI) 61 60 100.0% 0.09 [-5.07, 5.26]

Heterogeneity. Chi*=0.13, df=2 (F = 0.94); F=0%
Testfor overall effect Z=0.04 (P=0.97)
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Fig. 11 Forest plot of knee extensor peak torques. The pooled treatment effect, represented by the black diamond, demonstrates no significant

difference (P=0.97)
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DB SB Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl I, Fixed, 95% CI
Araki2011 92 146 10 849 204 10 6.2% 7.10[-8.45, 22.65)
Lee2012 785 7.8 19 788 54 18 803% -0.30[-4.60,4.00]
Wang2003 835 1538 32 857 264 32 135% -220[12.70,8.30)
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Fig. 12 Forest plot of knee flexor peak torques. The pooled treatment effect, represented by the black diamond, demonstrates no significant

difference (P=0.96)

true insertion site of the ACL on the femur is actually on the
wall of the intercondylar notch and not on the roof [22].
However, the transtibial technique using the o’clock method
can easily lead to a high and anterior position of the femoral
tunnel, which will generate misconceptions because of the
three-dimensional nature of the intercondylar notch, where
the clock face can be put anywhere along the anterior to
posterior axis [47, 48]. Moreover, cadaveric studies showed
that the transtibial approach is not accurate both in single-
bundle and double-bundle ACL reconstruction [49]. The
problem was considered in this meta-analysis, so we believe
that our results will be more meaningful.

Lysholm score, knee motion deficit (extension and flex-
ion), and subjective and objective IKDC score were used in
this study to evaluate the functional outcomes in ACL
reconstruction. With regard to the subjective IKDC score,
our pooled results showed that double-bundle reconstruction
was superior to single-bundle reconstruction (P=0.03). The
forest plot showed that the double-bundle group has more

advantages compared with the single-bundle group. Kondo
et al. [42] and Aglietti et al. [19] reported that anatomical
double-bundle reconstruction revealed some tendency to-
wards superiority over the single-bundle reconstruction.
Lee et al. [12] reported that the double-bundle group was
superior to the single-bundle group in IKDC subjective
score at the two-year follow-up. Not surprisingly, Hussein
et al. [16] reported similar results. In contrast, Siebold et al.
[25] reported that the average subjective IKDC score was
higher in the single-bundle group than in the double-bundle
group (90 points versus 88 points). The subjective IKDC
score may be affected by the subjective view of different
patients, so different results are possible and understandable.

As to Lysholm score and objective IKDC score, this
meta-analysis shows no statistically significant difference
with Lysholm score (P=0.91) and objective IKDC score
(P=0.18) between the two groups, which is in accordance
with most of the published studies [18, 19, 21, 22, 24-26].
The results of Sastre et al. [43] also suggested that there was
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Fig. 13 Forest plot of graft failure. The pooled treatment effect, represented by the black diamond, demonstrates a significant difference favouring

double-bundle (DB) with a lower rate of graft failure (P=0.002)
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Table 3 Sensitivity analysis of this meta-analysis

Outcomes No. of studies No. of patients OR/SMD (95 % CI) P value
No studies excluded Negative pivot-shift test 13 985 3.67 (1.97-6.84) <0.0001
Lysholm score 10 683 0.05 (-0.83 to 0.93) 0.91
KT1000 arthrometer 11 794 —0.48 (-0.66 to —0.30) <0.00001
Excluded studies of low-quality Negative pivot-shift test 12 930 3.37 (1.79-6.34) 0.0002
(CONSORT score=12) Lysholm score 9 628 0.18 (-0.71 to 1.08) 0.69
KT1000 arthrometer 10 739 —0.49 (-0.67 to —0.31) <0.00001

no significant difference in Lysholm score between the two
techniques, while Muneta et al. [27] reported that average
points on the Lysholm knee scale were higher in the double-
bundle group (94.5 points) compared with the single-bundle
group (93.8 points). Because data on standard deviation
were not given, the Lysholm score of this study was not
included in this meta-analysis. Conversely, Araki et al. [15]
demonstrated that the single-bundle group had a higher
Lysholm score than the double-bundle group. However, no
significant difference was found between the groups in the
two studies. In this meta-analysis, we gathered the number
of individuals with normal objective IKDC score (graded as
A) at the follow-up. Jarveld [28] reported that the single-
bundle group had more individuals with normal objective
IKDC score than the double-bundle group, but it was equal-
ly good in both groups at follow-up. By contrast, Sastre et
al. [43] found a statistically significant difference in favour
of the double-bundle technique in terms of objective IKDC
at the two-year follow-up. Generally, most studies reported
there was no significant difference in terms of objective

IKDC score between the two techniques. Likewise, similar
results with Lysholm and objective IKDC score were seen in
our study.

Niki et al. [44] found that knee extension deficit was an
important predisposing factor for postoperative anterior knee
pain in the early postoperative period. Concerning deficit of
motion (extension and flexion), although we got the better
statistical result favouring the double-bundle group in exten-
sion deficit, combined with subjective IKDC score results, we
only conclude that there was a potential advantage in the
double-bundle group compared with the single-bundle group
in functional outcome, because the number of patients is small
and the data are only from two studies.

The pivot-shift results, KT1000 measurements and iso-
kinetic peak torques (flexor and extensor) were used in this
study to evaluate the stability for ACL reconstruction. This
meta-analysis demonstrated that the double-bundle tech-
nique was superior to the single-bundle technique in nega-
tive pivot-shift testing of the knee joint (P<0.0001), which
corresponds with the latest systematic review in favour of
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double-bundle reconstruction. In our study, many RCTs
included were published in recent years [12-14, 16, 17,
23, 26], which were not included in the review [30]. It
shows that double-bundle reconstruction has a lower risk
of positive pivot-shift testing than single-bundle reconstruc-
tion. Finding no difference in pivot-shift results, Meredick et
al. [46] concluded that their pivot-shift results did not sup-
port the theoretical advantage of double-bundle ACL recon-
struction. In contrast, recently published RCTs and our study
show that the superior rotational stability of the double-bundle
group might protect the knee from a new injury, particularly in
sports that involve pivoting. The pivot-shift results have par-
ticular clinical relevance, because the test was designed to
evaluate knee rotational instability. Kondo et al. [42] in a
prospective comparative study of 328 patients reported that
anatomical double-bundle had significantly better results than
single-bundle in terms of pivot shift. Rotational stability indi-
cated that 93.1 % of the double-bundle group and 66.7 % of
the single-bundle group had a negative pivot-shift result (P<
0.001) [16]. Cadaveric and biomechanical studies had proved
that double-bundle ACL reconstruction was better for control
of knee rotational instability [5, 45]. The result of our study is
also in accordance with previous studies [15, 16, 18, 19,
22-28]. KT1000/2000 arthrometry is the most reliable param-
eter for measurement of anterior translation available. Differ-
ing from the previous review, this meta-analysis showed that
there was a statistically significant difference with KT1000
between the two groups (P<0.00001), with the double-bundle
group being more stable. Muneta et al. [27] reported that
anterior stability evaluated with the KT1000 arthrometer was
superior in the double-bundle group to that in the single-
bundle group, average 2.4 mm versus 1.4 mm, while Jarveld
et al. [24] reported no group difference with anterior stability
of the knee. In addition, they found that the correlation be-
tween the tunnel enlargement in the anteromedial tunnel and
the anterior laxity of the knee was significant in both groups
on the tibial side and femoral side. According to their findings,
the greater the tunnel enlargement was, the worse the result
was in terms of KT1000 measurements. Yasuda et al. [39] also
reported that side-to-side KT2000 measurements of anatomi-
cal double-bundle ACL reconstruction showed significantly
better results than in the single-bundle procedure. Considering
the previous studies and our meta-analysis, we believe that the
double-bundle technique is a safe and reliable technique for
ACL reconstruction in anterior stability of the knee.

To our knowledge, the majority of previous studies
reported few graft failures among either group. In compar-
ison with single-bundle reconstruction, double-bundle re-
construction was proved to be advantageous in terms of
graft failures in this meta-analysis (P=0.002). Jarveld et al.
[22] reported that one patient required a revision ACL
reconstruction in the single-bundle group compared with
one patient in the double-bundle group. In addition, revision

@ Springer

ACL reconstructions were performed on those four patients
in the single-bundle group in the study of Jarveld [28]. It
seems that the double-bundle technique is more advanta-
geous with respect to graft failures of ACL reconstruction.

Our study has some limitations to be considered. First,
the follow-up periods were different in the included studies
of this meta-analysis. Furthermore, several patients were
lost to follow-up [12, 13, 17, 23, 24, 28]. This might weaken
the strength of the results. Second, the sample size in some
studies was small, which could increase the publication bias.
As we know, any meta-analysis is subject to publication
bias, regardless of using a funnel plot to evaluate the pub-
lication bias. Third, the quality of the primary studies can
affect the strength of the conclusion of this study. Some
studies did not have complete reporting, and this decreases
the quality assessment in meta-analysis. Furthermore, the
reports included in the literature of this meta-analysis are all
English studies. Because of language restrictions, some
RCTs in other languages were not evaluated in this meta-
analysis. Notwithstanding these limitations, this meta-
analysis does suggest there are more advantages of double-
bundle reconstruction compared with single-bundle recon-
struction of the ACL.

Conclusions

The current evidence in this meta-analysis does support the
hypothesis that double-bundle ACL reconstruction would be
advantageous in restoring stability and in functional outcome
and in decreasing the risk of graft failures, compared with
single-bundle reconstruction. The results indicated that arthro-
scopic double-bundle reconstruction should be considered as
the primary treatment in ACL reconstruction.

Conflicts of interest None.
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