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Abstract

Purpose Combinations of intra- and extra-articular pro-
cedures have been proposed for anterior cruciate ligament
reconstruction with the aim of achieving an optimal control
of translational and rotational knee laxities. Recently, the
need for better reproducing the structural and functional
behavior of the native anterior cruciate ligament led to the
definition of anatomic double-bundle surgical approach.
This study aimed to quantitatively verify whether the in
vivo static and dynamic behavior obtained using over-
the-top single-bundle with extra-articular tenodesis
reconstruction was comparable to the results achieved by
anatomic double-bundle approach.

Methods Thirty-five consecutive patients, with an iso-
lated anterior cruciate ligament injury, were included in the
study. Standard clinical laxities and pivot-shift test were
quantified before and after anterior cruciate ligament
reconstruction by means of a surgical navigation system
dedicated to kinematic assessment; displacements of
medial and lateral compartment during stress tests were
also analyzed.
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Results  Single-bundle with extra-articular tenodesis
approach presented statistically better laxity reduction in
varus/valgus stress test at full extension and in internal/
external rotation at 90° of flexion; lateral plasty controlled
better the lateral compartment during drawer test and
varus/valgus stress test both at 0° and 30° of flexion and
both the compartments during internal/external rotation at
90° of flexion. On the other hand, pivot-shift phenomenon
was better controlled by anatomic double-bundle recon-
struction.

Conclusions Both the reconstructions worked similarly
for static knee laxity. The extra-articular procedure played
an important role in better constraining the displacement of
lateral tibial compartment, whereas the anatomic double-
bundle reconstruction better restored the dynamic behavior
of knee joint highlighted under pivot-shift stress test.
Study design Case series.

Keywords Anatomic double-bundle - Extra-articular
tenodesis - Laxity - Pivot-shift - Computer-assisted surgery

Introduction

The optimal anterior cruciate ligament (ACL) reconstruc-
tion is still a highly demanding clinical issue in orthopedic
research [4, 1]. In vitro and in vivo studies highlighted that
pure single-bundle (SB) ACL surgery was not completely
able to functionally restore knee rotational stability patterns
[26, 28].

In the past decades, several surgical reconstructions,
combining intra- and extra-articular procedures, have been
proposed with the aim of improving the control of both
knee translational and rotational laxities. The application of
a lateral tendon, as extra-articular plasty, had the advantage
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of mechanically acting on the lateral periphery of the joint,
thus preventing the subluxation of the tibial plateaux and
protecting overloads on the novel ACL graft [13].

The clinical need for better reproducing the anatomic
structure and functional behavior of the native ACL led to the
development of new surgical procedures, dedicated to better
control rotational and dynamic laxities of the knee [22], and
to reproduce the kinematics of the normal joint [29]; this
clinical research specifically led to the development of
double-bundle (DB) ACL reconstructions [1, 14, 23].

Short-term results obtained from the clinical and bio-
mechanical comparisons performed both on DB and SB
techniques are however still contradictory [4, 20, 21, 25].
Specifically, the surgical complexity of the DB technique,
the increased risk of complications, the growing probability
of surgical errors related to tunnels execution, and the
additional costs for the National Health System raised
issues about the feasibility and reasonability of these
techniques [5].

In order to demonstrate the clinical superiority of DB
techniques, several authors exploited computer-assisted
surgery technology and in particular the use of navigation
systems; this equipment allowed in fact the direct com-
parison of the ACL reconstruction techniques from the
point of view of passive stability and laxity measurement
[7, 17, 28, 30]. This knowledge improved the understand-
ing of the biomechanical behavior given by the two bun-
dles through the development of specific in vitro studies
[16]; there are however some contradictory results in
demonstrating the better performance of DB reconstruction
in in vivo conditions, above all for what concerns static
laxities [4]. Kinematic navigation systems additionally
allowed to perform a quantitative analysis also of the pivot-
shift (PS) phenomenon; this test was demonstrated to be
the most reliable one in the quantitative assessment of
dynamic stability [12]. A navigated PS test was therefore
confirmed to be essential in quantitatively demonstrating
the real efficacy of a specific surgical technique.

Although considered clinically antiquated, the single-
bundle reconstruction with an extra-articular tenodesis
presented some advantages related to positive clinical
outcomes [15], technical ease, effectiveness of the surgical
procedure, and extremely low costs [13]. In 2007, Monaco
et al. [19] yet performed a first quantitative analysis of the
positive influence of an extra-articular tenodesis in stan-
dard SB reconstruction on knee internal rotation during
rotational stress test, acquiring the kinematic information
by means of a navigation system. However, they did not
include in their analyze the dynamic stability achievable by
each reconstruction.

The goal of this work was to in vivo analyze the static
and the dynamic behavior of knee joint quantifying the
execution of both standard clinical stress tests and PS test.
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We specifically hypothesized that the clinical performance
of the over-the-top SB reconstruction with an extra-artic-
ular tenodesis (SBLP) was however comparable to the
more actual concept of anatomic DB (ADB) ACL
reconstruction.

Materials and methods

We included in this study 35 consecutive patients with an
isolated anterior cruciate ligament injury that underwent
between September 2007 and April 2010 both anatomic
double-bundle (ADB Group—15 patients) and over-the-top
single-bundle with additional lateral plasty (SBLP Group—
20 patients) ACL reconstruction. The average age was
34.0 £ 8.7 years, specifically 32.8 £+ 7.1 years for ADB
group and 35.2 + 9.7 years for SBLP; no statistical dif-
ferences were found in demography between the two
groups (independent Student’s ¢ test, n.s.). All the included
lesions were preoperatively identified by the expert sur-
geon as chronic ACL lesions. Patients presenting previous
ligament surgeries, additional ligament tears, or severe
arthroscopically identified chondral defects were excluded
from the analysis. Both reconstructions applied to SBLP and
ADB group were executed by the same expert surgeon who
moreover performed all the intraoperative kinematic tests.
The choice of the specific reconstruction was consecutively
performed by the expert surgeon according to predefined
research protocols approved by the institutional review board
of the institute. All ACL lesions were additionally confirmed
by arthroscopy. Preoperative International Knee Documen-
tation Committee (IKDC) objective grading identified 1 nor-
mal (B) grade (1 SBLP patient), 17 abnormal (C) grade
(9 ADB and 8 SBLP patients), and 17 severely abnormal
(D) grade (7 ADB and 10 SBLP patient). Differences in pre-
operative IKDC score between ADB and SBLP group were
not statistically significant (Pearson Chi-square, n.s.).

Navigation system and surgical procedure

In order to evaluate joint laxity and passive kinematics, we
adopted a surgical navigation system (BLU-IGS, Orthokey,
Lewes, Delaware, DE, USA) equipped with a software
specifically dedicated to kinematic acquisitions (KLEE,
Orthokey, Lewes, Delaware, DE, USA) [16]. The reli-
ability of the navigation system, demonstrated both in
static laxity tests and pivot-shift analysis, was previously
discussed and analyzed [11, 12, 18]; literature specifically
reported very good reliability in pivot-shift analysis (with a
mean intra-tester ICC about 0.98 for the determined
parameters) and an intra-tester repeatability of about 1 mm
for drawer/Lachman, 1° for varus/valgus stress test and 2°
for internal/external rotation stress test.
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Fig. 1 Schematic representation of the translations of lateral and medial compartment in antero/posterior direction during AP (a) and IE (c) and

medial and lateral joint opening during VV (b)

Standard surgical equipment was used to perform both
the analyzed ACL surgical reconstructions. In particular,
both anatomic double-bundle ACL reconstruction, as
reported by Shen et al. [24], and over-the-top single-bundle
with the additional extra-articular tenodesis on the lateral
compartment, as reported by Marcacci et al. [13] were
performed using semitendinosus and gracilis tendons. The
preparation of the patients and the proposed surgical
techniques was not modified by the introduction of the
navigation system.

Testing protocol

After performing the anatomic registration phase required
by the navigation system [18] and before fixing the grafts,
the operating surgeon manually performed at maximum
force the clinical laxity tests [17] and the pivot-shift test
[12]. In particular, according to the defined acquisition
protocol, the surgeon performed:

e anterior/posterior displacement at 30° of flexion (Lach-
man test—AP30) and at 90° of flexion (drawer test—
AP90), internal/external rotation at 30° (IE30) and 90°
of flexion (IE90), varus/valgus test at 0° (VVO0) and 30°
of flexion (VV30) in order to highlight knee static
stability.

e Pivot-shift (PS) test was used to determine dynamic
stability. PS test was strictly executed following the
clinical grading defined by Jacob et al. [8].

The reliability of both laxity tests performed at maxi-
mum force and the pivot-shift was evaluated in previous
studies [11, 14, 18].

After fixing the graft as described by the specific sur-
gical procedures, the previously described clinical tests
were repeated and acquired by the navigation system.

During the whole set of tests and reconstructions, the
examiner was always the same and he was blinded for test
quantitative results in order to avoid bias in the
acquisitions.

Data and statistical analysis

The whole set of kinematic data was acquired and off-line
elaborated by means of MATLAB framework (The
Mathworks Inc., Natick, Massachusetts, MA, USA).

In particular, the global amount of varus/valgus rota-
tion, internal/external rotation, and antero/posterior
displacement obtained during the test were analyzed for
ACL-deficient and ACL-reconstructed knees. In order to
highlight the possible specific contribution of the extra-
articular tenodesis, we also analyzed the antero/posterior
displacement of both lateral and medial compartment
during AP30, AP90, IE30, and IE90, and maximal medial
and maximal lateral joint opening during VVO0 and VV30,
i.e., the maximal distance between the epicondyle and the
corresponding reference point on the tibial plateaux during
VV tests (Fig. 1).

According to Lopomo et al. [12], we analyzed the
maximal anterior displacement of the lateral tibial com-
partment and the area included by the translation during PS
phenomenon with respect to flexion/extension angle, and
additionally the posterior acceleration reached by the lat-
eral compartment during tibial reduction [10].

Comparisons of preoperative and postoperative laxities
were made using paired Student’s ¢ test within the same
group; comparison between ADB and SBLP groups was
performed using independent Student’s ¢ test, analyzing
both starting preoperative condition and postoperative one,
in order to verify both the uniformity between the two
groups and which were the differences introduced by each
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Table 1 Pre- and postoperative values (mean + standard deviation)
of the obtained static laxities for the both ACL reconstructions (SBLB
single-bundle plus lateral plasty, ADB anatomic double-bundle)

Test Preoperative Postoperative

mean =+ std [mm/deg] mean =+ std [mm/deg]

SBLP ADB SBLP ADB
AP30 123 £ 2.2 12.1 £ 2.0 51 +£1.7 54+1.5
AP90 93 +23 85+ 1.9 31 +1.0 36 +£1.1
1E30 29.1 + 2.7 283 + 2.6 233 + 2.1 231 +23
1IE90 309 + 2.5 28.8 £ 2.5 21.8 £ 2.9 239 + 2.6
VVO 6.7t 1.5 59+1.2 3.0+ 0.9 3.5 +0.7
VV30 50£+1.0 5114 3.0+ 0.9 35+08
LAXITY REDUCTION
14

[mm/deg]

AP30 AP90 IE30 IESD wWo W30

Fig. 2 Global amount of laxity reduction for translation (AP) and
rotations (VV and IE) at different flexion angle obtained during
kinematics tests. * p < 0.05

specific reconstruction. The presence of outliers from data
parameters was checked using the Thompson Tau method
[2]. Statistical significance for all the tests was set at 95%
(p = 0.05).

Results

In Table 1, we reported for each reconstruction the global
amount of AP translations, VV rotation, and IE rotation
related to each performed static laxity test. Statistically
significant reduction in the global amount of static laxities
was observed for both ADB and SBLP reconstruction
(p < 0.05), due to the introduction of the graft. Further-
more, no statistical difference was found between the 2
groups for neither pre- nor postoperative absolute values
(n.s.).

Statistically significant differences were instead identi-
fied between the 2 groups considering the value of laxity
reduction (i.e., pre—post values) as highlighted in Fig. 2.
Specifically, we found differences in laxity reduction dur-
ing VVO and during IE90.

Focusing on the behavior of each compartment
(Table 2), we found in each group a statistically significant
reduction in the global AP displacement and joint opening
(p < 0.05). Furthermore, no statistical difference was
found between ADB and SBLP group for neither pre- nor
postoperative absolute value (n.s.). On the other hand,
statistically significant differences were found between the
2 groups considering the value of reduction as highlighted
in Fig. 3. In particular, we found differences in lateral
compartment displacement during AP90, in maximal lat-
eral joint opening during VVO and VV30, and in both
medial and lateral AP displacement during IE90.

All the dynamic parameters analyzed for the lateral
tibial plateaux (i.e., the peak of displacement in anterior
direction, the corresponding area included by the curve and
acceleration due to tibial reduction) were significantly
reduced in both the groups (p < 0.0005). For what con-
cerns the differences introduced by the two surgical

Table 2 Displacements of the

lateral compartment (Lateral) Test Compartment Preoperative Postoperative
and the medial compartment mean =+ std [mm] mean + std [mm]
(Medial): global AP
displacements for AP30/AP90 SBLP ADB SBLP ADB
and IE30/IE90 tests were
analyzed, whereas maximal AP30 Lateral 152+ 1.9 15.8 + 1.1 7.1+ 14 7.8 +£1.5
medial/lateral joint opening was Medial 137 £1.2 132 £ 14 74+ 1.6 6.7+12
reported for VVO/VV30 tests AP90 Lateral 163 + 1.8 149 + 1.3 754+ 16 85+ 13
Medial 6.7 1.7 64 +12 36 +1.7 35+ 1.0
1E30 Lateral 223 £ 2.1 220+ 1.7 17.6 + 2.1 17.8 + 1.8
Medial 223+ 1.6 220+ 1.6 183+ 1.6 185 + 1.8
1E90 Lateral 28.1 +£3.3 257 + 3.0 19.8 + 34 21.7 £ 32
Medial 22.1 £25 20.8 +£2.3 16.5 £ 2.2 18.1 +£2.2
. . VV0 Lateral 298 £5.5 284 +52 253 + 5.7 272+ 45
Kinematic test results are
reported for pre- and post- Medial 35.6 = 5.1 33.8 +52 347 £ 5.3 327+ 45
reconstruction conditions, VV30 Lateral 29.5 £ 5.8 302 £5.2 26.0 £ 5.1 284 £ 5.8
highlighting both SBLP and Medial 36.7 + 5.4 353457 352452 343 +£53

ADB group
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Fig. 3 Laxity reduction of the lateral compartment (Lateral) and the
medial compartment (Medial): differences in AP displacements for
AP30/AP90 and IE30/IE90 tests were analyzed, whereas differences
in maximal medial/lateral joint opening were reported for VV0/VV30

techniques, the two groups presented similar preoperative
areas (n.s.), whereas ADB patients revealed less “hyster-
etic” area (that is correlated to knee dynamic laxity) after
the reconstruction (p = 0.0005). Moreover, there were no
statistical differences in anterior translation before the
reconstruction (n.s.), whereas the anterior displacement,
obtained during PS test, was significantly higher in SBLP
patients after the reconstruction (p = 0.0009). The accel-
erations considered during tibial reduction were statisti-
cally the same in preoperative condition (n.s.), whereas
SBLP patients presented more acceleration after the
reconstruction (p = 0.0060) compared to ADB. The
obtained results for PS test are reported in Fig. 4.

tests. The differences between pre- and post-reconstruction are
reported for each kinematic test, highlighting both SBLP and ADB
group. * p < 0.05

Discussion

One of the most important finding we highlighted in the
present study was the different behavior expressed by two
different ACL reconstructions in controlling static and
dynamic instability. Specifically, we found that the addi-
tional extra-articular procedure—acting on the lateral
periphery of the joint—was more effective in controlling
lateral joint opening during VV stress both at 0° and 30° of
flexion confirming also what was reported by Bignozzi
et al. [3]. Furthermore, the lateral plasty was able to give a
better contribution in restraining AP translation of the lat-
eral compartment at 90° of flexion. Differently from what
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Fig. 4 Absolute values of areas, peaks, and accelerations reached by the lateral tibial compartment during PS test pre- and post-reconstruction,

classified according to reconstruction techniques. * p < 0.05

highlighted by Monaco et al. [19] for static rotation, we
found that an additional constraint applied to the lateral
side could achieve better results in containing IE rotation at
90° of flexion, acting on the translation of both lateral and
medial compartment. On the other hand, ADB showed to
have a better performance in controlling dynamic laxity
[12] that has been proven to be correlated to PS phenom-
enon [8, 9]. In the performed study, we found that all ACL-
deficient knees showed positive PS test before surgery,
revealing huge values in the tibial subluxation and in the
acceleration reached by the tibia during the reduction. In
this study, ADB revealed to have a better control of the
dynamic knee laxity, since both the areas and the peaks of
the lateral compartment displacement during PS test pre-
sented a higher reduction when compared to SBLP.

The obtained results confirmed the biomechanical
principle, acting on the periphery in order to obtain a better
lever arm and thus to control rotational motion. ADB
reconstruction, better reproducing the native insertion
areas, allowed on the other hand a better control of the
combined translations and rotations (i.e., the dynamic
behavior of the knee joint). Moreover, also the acceleration
reached during PS test was more reduced in ADB group,
thus ensuring a more physiologic smooth kinematics.

The present study presented some limitations; specifi-
cally, we performed the measurements for VV, IE, and AP
laxities during surgery with an inflated tourniquet that
might have increased muscle tension influencing test out-
comes. Test conditions remained, however, the same for all
the tests and patients, thus ensuring data congruence and
granting data comparison. Moreover, although our tests
were manually performed at manual maximum force by the
same surgeon—thus not directly controlling loads and
torques—the reliability of these measurements has already
been proven [12, 17] and it was congruent with the dif-
ferences we highlighted between the 2 groups.
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This study represented one of the first quantitative
analysis performed in in vivo conditions by means of a
navigation system on both static and dynamic knee sta-
bility, achievable with the use of two different surgical
approaches: the anatomic DB and the over-the-top SB
combined with extra-articular tenodesis. Computer-assisted
surgery has been demonstrating the advantage of extremely
precise quantification for both the static and the dynamic
behavior of the knee joint [6, 17, 28, 30].

Conclusion

Concluding our results suggested that the use of additional
extra-articular procedure could be taken into consideration
as an easy surgical procedure in patient not involved in
high demanding sport activities, even if the anatomic
double-bundle reconstruction could allow a better control
of the dynamic instability of the joint. Moreover—although
further analyses of these patients at long-term follow-up
are required—the better kinematic pattern obtained with
ADB could be able to avoid the degenerative joint dis-
eases often observed even in highly satisfactory ACL
reconstruction [27].
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