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Single-Tunnel Double-Bundle Anterior
Cruciate Ligament Reconstruction With
Anatomical Placement of Hamstring
Tendon Graft

Can It Restore Normal Knee Joint Kinematics?

Hemanth R. Gadikota,* MS, Jia-Lin Wu,*y MD, Jong Keun Seon,*z MD, Karen Sutton,* MD,
Thomas J. Gill,* MD, and Guoan Li,*§ PhD
From the *Bioengineering Laboratory, Department of Orthopaedic Surgery, Massachusetts
General Hospital and Harvard Medical School, Boston, Massachusetts, yDepartment of
Orthopaedic Surgery, Tri-Service General Hospital, National Defense Medical Center,
Taipei, Taiwan, and the zDepartment of Orthopaedics, Chonnam National University Hwasun
Hospital, Jeonnam, South Korea

Background: Anatomical reconstruction techniques that can restore normal joint kinematics without increasing surgical compli-
cations could potentially improve clinical outcomes and help manage anterior cruciate ligament injuries more efficiently.

Hypothesis: Single-tunnel double-bundle anterior cruciate ligament reconstruction with anatomical placement of hamstring
tendon graft can more closely restore normal knee anterior-posterior, medial-lateral, and internal-external kinematics than can
conventional single-bundle anterior cruciate ligament reconstruction.

Study Design: Controlled laboratory study.

Methods: Kinematic responses after single-bundle anterior cruciate ligament reconstruction and single-tunnel double-bundle
anterior cruciate ligament reconstruction with anatomical placement of hamstring tendon graft were compared with the intact
knee in 9 fresh-frozen human cadaveric knee specimens using a robotic testing system. Kinematics of each knee were deter-
mined under an anterior tibial load (134 N), a simulated quadriceps load (400 N), and combined torques (10 N�m valgus and
5 N�m internal tibial torques) at 0�, 15�, 30�, 60�, and 90� of flexion.

Results: Anterior tibial translations were more closely restored to the intact knee level after single-tunnel double-bundle recon-
struction with anatomical placement of hamstring tendon graft than with a single-bundle reconstruction under the 3 external load-
ing conditions. Under simulated quadriceps load, the mean internal tibial rotations after both reconstructions were lower than that
of the anterior cruciate ligament–intact knee with no significant differences between these 3 knee conditions at 0� and 30� of flex-
ion (P . .05).The increased medial tibial shifts of the anterior cruciate ligament–deficient knees were restored to the intact level by
both reconstruction techniques under the 3 external loading conditions.

Conclusion: Single-tunnel double-bundle anterior cruciate ligament reconstruction with anatomical placement of hamstring ten-
don graft can better restore the anterior knee stability compared with a conventional single-bundle reconstruction. Both recon-
struction techniques are efficient in restoring the normal medial-lateral stability but overcorrect the internal tibial rotations.

Clinical Relevance: Single-tunnel double-bundle anterior cruciate ligament reconstruction with anatomical placement of ham-
string tendon graft could provide improved clinical outcomes over a conventional single-bundle reconstruction.

Keywords: anterior cruciate ligament (ACL); anatomical single-tunnel double-bundle reconstruction; single-bundle reconstruc-
tion; knee kinematics; robotic testing system

Surgical reconstruction of a ruptured ACL is the most com-
monly adopted treatment option for patients with repeated
episodes of giving way with activities of daily living or
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a lifestyle including high-demand activities.4,23 Single-
bundle ACL reconstruction techniques using either
a bone–patellar tendon–bone graft or a quadrupled ham-
string tendon graft have been shown to successfully restore
normal anterior stability of the knee joint.16,33 However,
some studies have reported persistent rotational instability
and long-term degenerative changes even after such
a surgical intervention.1,11,15,29 Both in vitro and in vivo
studies have indicated that a single-bundle ACL recon-
struction could not restore the normal 6 degrees of freedom
knee kinematics.26,38

With a greater understanding of the ACL anatomy and
function, several anatomical ACL reconstruction techni-
ques have been proposed. Some authors have described
that an anatomical ACL reconstruction can be achieved
by reconstructing both the anteromedial (AM) and postero-
lateral (PL) bundles of the ACL by using various combina-
tions of femoral and tibial tunnels.8,21,27,28,31,37 A few other
techniques described in the literature to achieve anatomi-
cal ACL reconstructions include placing the femoral and
tibial tunnels at the center of the anatomical footprints,
aperture fixation of the graft, creating an oval-shaped
opening of the femoral tunnel, and creating a rectangular
femoral tunnel and a half rectangular, half round tibial
tunnel.2,5,7,13,30

Some biomechanical studies have reported that an ana-
tomical double-tunnel double-bundle ACL reconstruction
can sufficiently restore the intact knee kinematics under
various external loads.21,35,36 However, a consensus on
the superiority of such techniques over the single-bundle
ACL reconstruction in clinical outcomes is yet to be estab-
lished. A recent meta-analysis of randomized controlled
trials reported that no clinically significant differences
between the single-bundle and double-bundle ACL recon-
struction exist with respect to KT-1000 arthrometer and
pivot-shift testing.24 Therefore, a debate on the need for
such a technically challenging procedure as an alternative
to the conventional single-bundle ACL reconstruction is
yet to be resolved.16,22,24

Recently, some authors have proposed anatomical ACL
reconstruction techniques by using a single femoral and
tibial tunnel as opposed to creating multiple tun-
nels.7,10,30,31 However, few studies have investigated the
efficacy of such ACL reconstruction techniques using ham-
string tendon grafts, especially under physiological loading
conditions.10 Hence, this study was designed to evaluate if
an anatomical ACL reconstruction using a single femoral
and tibial tunnel that places a hamstring tendon graft pos-
teriorly along the contour of the posterior border of the lat-
eral femoral condyle, restoring the anatomical joint line
attachment at the native ACL footprint and the 2 bundles
of the ACL, could provide superior joint stability compared
with a conventional hamstring tendon graft single-bundle
ACL reconstruction by using a robotic testing system. We
hypothesized that single-tunnel double-bundle anterior

cruciate ligament reconstruction with anatomical place-
ment of hamstring tendon graft (‘‘anatomical single-tunnel
ACL reconstruction’’) can more closely restore the intact
knee kinematics than can a conventional single-bundle
ACL reconstruction.

MATERIALS AND METHODS

This study was performed by using 9 fresh-frozen human
cadaveric knee specimens from 7 male and 2 female donors
with a mean age of 55 years (range, 47-60 years). All speci-
mens were stored at –20�C until 1 day before the experi-
ment when they were thawed at room temperature for 24
hours. Each specimen was examined for osteoarthritis
and ACL injury by using fluoroscopy and manual stability
tests. Specimens with either of these conditions were
excluded from this study. To facilitate the fixation of the
femur and tibia, musculature surrounding the diaphyses
was stripped. A bone screw was used to firmly secure the
fibula to the tibia in its anatomical position. The tibial
and the femoral diaphyses were then potted in hollow
cylindrical cardboard tubes by using bone cement. After
the bone cement solidified, the cardboard tubes were
removed, leaving solid cylinders of bone cement with the
femur or tibia embedded in them. These constructs were
then secured in thick-walled aluminum cylinders that
were attached to the robotic testing system.

The specimen was then installed on a robotic testing
system and tested under various loading conditions.
Details on how this robotic testing system can be used to
study knee joint kinematics have been described in previ-
ous studies.10,18,38 The robotic testing system was used to
determine a passive flexion path of the ACL-intact knee
from 0� to 120� in 1� increments of knee flexion. This pas-
sive flexion path was repeated 5 times before the determi-
nation of kinematics under the external loads at each knee
condition. After the determination of the passive flexion
path, kinematic responses of each ACL-intact knee were
obtained under 3 different external loading conditions
(an anterior tibial load of 134 N, a simulated quadriceps
load of 400 N, and combined torques of 10 N�m valgus tibial
torque and 5 N�m internal tibial torque) at selected flexion
angles of 0�, 15�, 30�, 60�, and 90�. At each selected flexion
angle, a selected external load was applied to the tibia by
the robot while it simultaneously recorded the kinematic
responses.

After the intact knee kinematics were determined, the
ACL was resected through a small medial arthrotomy
under arthroscopy guide to simulate an ACL-deficient
knee condition. The arthrotomy and skin were repaired
in layers by sutures. After the resection of the ACL, kine-
matics of the ACL-deficient knee were determined under
the same external loading conditions that were used to
test the ACL-intact knee.

§Address correspondence to Guoan Li, PhD, Bioengineering Laboratory, Massachusetts General Hospital/Harvard Medical School, 55 Fruit Street, GRJ
1215, Boston, MA 02114 (e-mail: gli1@partners.org).

The authors declared that they had no conflicts of interests in their authorship and publication of this contribution.
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Single-Bundle ACL Reconstruction
Surgical Technique

Both reconstructions were performed under arthroscopic-
assisted techniques by a single surgeon while the specimen
was still installed on the robotic testing system. The surgery
began by harvesting the semitendinosus and gracilis ten-
dons that were used as the graft material for both ACL
reconstructions. The harvested grafts were pretensioned on
a graft preparation board (DePuy Mitek, Raynham, Massa-
chusetts) with 20 lb of force while the tibial and femoral tun-
nels were prepared (20-25 minutes). First, the tibial tunnel
was placed at the center of the ACL remnant through the
AM surface of the tibia at the level of the tibial tubercle
using a tibial guide (DePuy Mitek) set at 55�. After the tibial
tunnel placement, a K-wire was placed into the lateral fem-
oral condyle at 1:30 or 10:30 position through the AM portal
with the knee flexed to 120� using an offset guide (DePuy
Mitek). With the inserted K-wire as the reference, a femoral
tunnel was reamed to the lateral cortex of the distal femur
using a 4.5-mm EndoButton drill (Smith & Nephew Endo-
scopy, Andover, Massachusetts). A 30-mm-long femoral
socket was then created by a cannulated reamer that
matched the prepared graft diameter. After both tunnels
were created, the prepared quadrupled hamstring tendon
graft was passed through the tibial tunnel into the joint
and finally through the femoral socket and was secured
with a 20-mm EndoButton CL (Smith & Nephew Endoscopy)
on the lateral cortex of the femur. A tibial INTRAFIX system
(DePuy Mitek), which consists of a sheath with 4 quadrants
and an interference screw, was used to secure the distal end
of the quadrupled graft. All 4 strands wereplaced within a sin-
gle quadrant of the sheath, and an interference screw was
then inserted into the sheath while 40 N of axial graft ten-
sion was applied at full extension. After the graft was fixed
at both ends, arthrotomy and skin incisions were repaired
by sutures. After the single-bundle ACL reconstruction (Fig-
ure 1A), the kinematic responses of the reconstructed knee
were determined under the 3 external loading conditions.

Anatomical Single-Tunnel Double-Bundle ACL
Reconstruction Surgical Technique

After the determination of the single-bundle ACL-
reconstructed knee kinematics, the graft was released
from the joint and was examined for any damage. If there
was no noticeable damage, the same graft was reused for
anatomical single-tunnel double-bundle ACL reconstruc-
tion (Figure 1B). The femoral and tibial tunnels that
were used for single-bundle ACL reconstruction were
reused after dilating both tunnels by 1 mm for anatomical
single-tunnel ACL reconstruction. The semitendinosus
and gracilis tendons were looped over a single strand of
suture, and only the AM bundle was colored on the proxi-
mal end of the graft to easily identify the bundle. To
achieve a desired position for the AM and PL bundles,
a graft-positioning tool (DePuy Mitek) was used. The graft
was placed in the fork of the positioning tool with 1 bundle
on either side of the fork. The single strand of the suture

over which the graft was looped was passed through the
femoral tunnel and out the lateral thigh. This suture was
used to pull the graft into the tunnel, and the graft-
positioning tool was advanced through the tibial tunnel
until it reached the aperture of the femoral tunnel. At
this point, the AM and PL bundles were rotated by rotating
the positioning tool to achieve the desired positions of the 2
bundles before they were advanced into the femoral tun-
nel. The keel of a sheath trial (DePuy Mitek) was placed
between the strands to separate the 2 bundles within the
single tunnel. After aligning the AM and PL bundles into
their anatomical orientation posteriorly in the femoral tun-
nel (Figure 1B), a femoral INTRAFIX sheath (DePuy
Mitek) was then carefully inserted into the tunnel without
altering the position of the 2 bundles. The graft was then
secured by driving a femoral INTRAFIX screw into the
sheath that was inserted previously. This femoral INTRA-
FIX system places the graft posteriorly along the posterior
border of the lateral femoral condyle. After the graft is
secured in the femoral tunnel, the knee was fully extended
by the robotic testing system. At this position, the tibial
tunnel fixation was achieved by the tibial INTRAFIX sys-
tem with the AM and PL bundles placed in 2 opposite
quadrants of the sheath at their anatomical insertion sites
on the tibial plateau. A 40-N graft tension was applied
while the graft was secured in the tibial tunnel by an inter-
ference screw at full extension. The arthrotomy and skin
incisions were then repaired by sutures, and kinematics
of the anatomical single-tunnel ACL-reconstructed knee
were determined using the same protocol as described
above.

Data Analysis

For each specimen in this study, kinematic responses to
the 3 external loads were measured under the 4 different
knee conditions (ACL intact, ACL deficient, single-bundle
ACL reconstructed, and anatomical single-tunnel double-
bundle ACL reconstructed). A 1-way repeated-measures

Figure 1. Single-bundle (A) and anatomical single-tunnel (B)
ACL reconstructions. AMB, anteromedial bundle; PLB, pos-
terolateral bundle.
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analysis of variance was used to detect statistically signif-
icant differences in the kinematic responses of the knee
under the 4 different knee conditions. When significant dif-
ferences were found, post hoc comparisons were made
using the Student Newman-Keuls test. Differences were
considered statistically significant at P \ .05. The statisti-
cal analysis was performed in STATISTICA (StatSoft, Inc,
Tulsa, Oklahoma).

RESULTS

Kinematic Responses to an Anterior
Tibial Load of 134 N

An anterior tibial load of 134 N induced an anterior tibial
translation at all selected flexion angles ranging from 4.8
6 1.4 mm at 0� to 7.9 6 2.7 mm at 30� of flexion in the
ACL-intact knee (Table 1). After the resection of the ACL,
anterior tibial translations significantly increased at all
selected flexion angles compared with those of the ACL-
intact knee (P\ .05). Both the single-bundle and anatomical
single-tunnel ACL reconstructions significantly reduced
these increased anterior tibial translations of the ACL-
deficient knee at all selected flexion angles (P \ .05).
However, the anterior tibial translations after single-bun-
dle ACL reconstruction were significantly greater than those
of the ACL-intact knee at all selected flexion angles (P \
.05). On the contrary, the anterior tibial translations after
the anatomical single-tunnel ACL reconstruction were not
significantly different compared with the intact knee from
0� to 60� of flexion (P . .05). Significant differences in the
anterior tibial translations of the ACL-intact knee and ana-
tomical single-tunnel ACL-reconstructed knee were
observed at 90� of flexion with a mean difference of 1.9
mm (P \ .05).

Application of anterior tibial load significantly shifted
the ACL-deficient tibia medially compared with the

ACL-intact knee at 0�, 15�, 30�, and 60� of flexion (P \ .05)
(Table 2). The mean maximum ACL-deficient knee tibial
medial shift of 2.7 mm occurred at 30� of flexion. The
increased medial shifts were restored to the ACL-intact
knee level by both reconstruction techniques at all selected
flexion angles (P . .05).

Kinematic Responses to the Action of Simulated
Quadriceps Load of 400 N

Simulated quadriceps load increased the anterior tibial
translation of the ACL-intact knee at all selected flexion
angles with a maximum anterior tibial translation of 5.2
6 3.3 mm at 30� of flexion (Table 1). The ACL deficiency
further increased these anterior tibial translations signifi-
cantly at 0�, 15�, and 30� of flexion (P \ .05). Significant
differences in the anterior tibial translations of the single-
bundle ACL-reconstructed knee and ACL-intact knee
were observed at 0�, 15�, and 30� of flexion (P \ .05). In
contrast, no significant differences were observed between
the anatomical single-tunnel ACL reconstruction and the
ACL-intact knee in terms of the anterior tibial transition
at 0�, 15�, and 30� of flexion (P . .05). No significant differ-
ences were found between all 4 knee conditions at 60� and
90� of flexion (P . .05).

Anterior cruciate ligament deficiency significantly
increased the mean medial tibial translation (Table 2) com-
pared with that of the ACL-intact knee at 0�, 15�, and 30�
of flexion (P \ .05). Both ACL reconstruction techniques
were capable of reducing these increased medial tibial
shifts of the ACL-deficient knee close to that of the ACL-
intact knee level (P . .05). Under the action of simulated
quadriceps load, the tibia of the ACL-intact knee internally
rotated at all selected flexion angles. The mean internal
tibial rotations (Table 3) after both ACL reconstructions
were lower than that of the ACL-intact knee with no

TABLE 1
Anterior (1)/Posterior (2) Tibial Translation (mean 6 SD, mm) Under 3 External Loading Conditions

Loading Condition
Flexion

Angle, deg ACL Intact ACL Deficient
Single-Bundle ACL

Reconstruction
Anatomical ACL
Reconstruction

Anterior tibial load 0 4.8 6 1.4 12.8 6 1.9a1 7.1 6 1.0a6,b1 5.0 6 1.0b6,c1

15 7.1 6 2.7 17.9 6 4.4a2 10.2 6 1.8a7,b2 8.3 6 1.7b7,c2

30 7.9 6 2.7 18.3 6 5.3a3 11.1 6 2.0a8,b3 9.5 6 1.9b8

60 6.8 6 3.0 13.4 6 5.0a4 9.5 6 2.5a9,b4 8.6 6 2.3b9

90 6.3 6 3.1 10.9 6 3.3a5 8.4 6 2.2a10,b5 8.1 6 2.2a11,b10

Simulated quadriceps load 0 2.5 6 1.8 5.4 6 2.6a12 4.0 6 1.3a15,b11 2.2 6 1.3b14,c3

15 4.7 6 3.4 10.5 6 5.0a13 7.0 6 2.6a16,b12 5.2 6 2.0b15

30 5.2 6 3.3 9.4 6 4.2a14 7.4 6 2.9a17,b13 5.9 6 2.3b16

60 2.5 6 1.7 2.5 6 2.6 2.6 6 2.6 1.9 6 2.0
90 0.3 6 0.5 0.3 6 0.8 0.4 6 0.9 0.1 6 0.4

Combined tibial torques 0 0.1 6 2.1 2.7 6 2.3a18 1.1 6 1.1a20,b17 20.5 6 1.1b18,c4

30 2.1 6 4.3 4.5 6 4.7a19 3.6 6 3.8 2.7 6 3.9b19

aa1-5, a13: P 5 .0002; a6: P 5 .0017; a7: P 5 .0050; a8: P 5 .0115; a9: P 5 .0341; a10: P 5 .0326; a11: P 5 .0275; a12: P 5 .0005; a14: P 5 .0003;
a15: P 5 .0236; a16: P 5 .0435; a17: P 5 .0260; a18: P 5 .0001; a19: P 5 .0052; a20: P 5 .0185 (significantly different from ACL-intact knee).

bb1-b3, b18: P 5 .0002; b4: P 5 .0010; b5: P 5 .0047; b6-b8, b15: P 5 .0001; b9, b14: P 5 .0004; b10: P 5 .0054; b11: P 5 .0435; b12: P 5 .0013;
b13: P 5 .0226; b16: P 5 .0008; b17: P 5 .0016; b19: P 5 .0230 (significantly different from ACL-deficient knee).

cc1: P 5 .0019; c2: P 5 .0349; c3: P 5 .0205; c4: P 5 .0035 (significantly different from single-bundle ACL reconstruction).
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significant differences between these 3 knee conditions at
0� and 30� of flexion (P . .05).

Kinematic Responses to Combined Tibial Torques
of 5 N�m of Internal Torque and 10 N�m of
Valgus Torque

Under the combined tibial torques, anterior tibial transla-
tions of the ACL-intact knee were 0.1 6 2.1 mm at 0� of
flexion and 2.1 6 4.3 mm at 30� of flexion (Table 1). Signif-
icant increases in the mean anterior tibial translations at
0� and 30� of flexion were observed due to ACL deficiency
compared with that of the ACL-intact knee (P \ .05). The
anterior tibial translation after the single-bundle ACL
reconstruction was significantly higher than that of the
ACL-intact knee at 0� of flexion (P \ .05). In contrast,
no significant differences were found in the anterior tibial
translations of the anatomical single-tunnel ACL recon-
struction and the ACL-intact knee at 0� and 30� of flexion
(P . .05).

The ACL deficiency significantly increased the mean
medial tibial translation (Table 2) at 0� and 30� of flexion
compared with that of the ACL-intact knee (P \ .05).
These increased medial tibial translations were closely
restored to ACL-intact knee level by both reconstruction
techniques at 0� of flexion (P . .05). Although there
was a significant difference in the medial tibial transla-
tion between the single-bundle ACL reconstruction and
the ACL-intact knee, no significant difference was found
between anatomical single-tunnel ACL reconstruction
and the ACL-intact knee at 30� of flexion. The ACL defi-
ciency increased the internal tibial rotations at 0� and 30�
of flexion compared with that of the ACL-intact knee
(Table 3). These increased internal tibial rotations were
restored to the ACL-intact knee level by both ACL recon-
structions at 0� and 30� of flexion (P . .05).

DISCUSSION

In the current study, an anatomical ACL reconstruction
using a single tibial and femoral tunnel in which the graft
is placed posteriorly along the contour of the posterior bor-
der of the lateral femoral condyle to mimic the ACL inser-
tion geometry was found to more closely restore the
increased anterior tibial translations of the ACL-deficient
knee to the ACL-intact knee level than did a conventional
single-bundle ACL reconstruction under the 3 external
loading conditions. Both ACL reconstruction techniques
could sufficiently reduce the increased medial tibial trans-
lations of the ACL-deficient knee to the ACL-intact knee
level under anterior tibial load and simulated quadriceps
load. However, both reconstructions overcorrected the
internal tibial rotations under the simulated quadriceps
load. These data partially support our initial hypothesis
that a single-tunnel double-bundle ACL reconstruction
with anatomical placement of hamstring tendon graft can
more closely restore the intact knee kinematics than can
a conventional single-bundle ACL reconstruction.

In our study, we observed that ACL deficiency not only
increases the anterior tibial translation but also signifi-
cantly increases the medial tibial translations compared
with that of the ACL-intact knee under the 3 external load-
ing conditions. The increased anterior and medial tibial
translations of the ACL-deficient knee are consistent
with the observations of other studies.10,18 These findings
reiterate the importance of restoring the 6 degrees of free-
dom kinematics of the normal knee after an ACL recon-
struction, which could potentially prevent abnormal
articular cartilage contact patterns. Our data showed
that both reconstruction techniques were capable of restor-
ing the normal medial tibial translations under anterior
tibial load and simulated quadriceps load.

In vitro studies have investigated the efficacy of single-
bundle ACL reconstruction under various loading

TABLE 2
Medial (1)/Lateral(–) Tibial Translation (mean 6 SD, mm) Under 3 External Loading Conditions

Loading Condition
Flexion

Angle, deg ACL Intact ACL Deficient
Single-Bundle ACL

Reconstruction
Anatomical ACL
Reconstruction

Anterior tibial load 0 20.5 6 0.6 0.6 6 2.0a1 20.5 6 1.1b1 20.7 6 1.0b5

15 20.4 6 0.9 2.1 6 3.2a2 20.4 6 1.9b2 20.6 6 1.8b6

30 20.1 6 1.3 2.7 6 3.5a3 0.1 6 2.5b3 20.1 6 2.3b7

60 1.0 6 1.0 2.6 6 3.2a4 1.2 6 2.3b4 1.1 6 2.1b8

90 1.4 6 1.6 2.6 6 3.4a5 1.3 6 2.3 1.3 6 2.2
Simulated quadriceps load 0 0.2 6 0.4 1.0 6 1.1a6 0.6 6 0.7 0.3 6 0.6b10

15 1.0 6 1.0 2.1 6 1.9a7 1.2 6 1.5b9 0.9 6 1.2b11

30 1.1 6 1.1 2.0 6 2.2a8 1.4 6 1.6 1.2 6 1.3b12

60 0.9 6 0.7 0.9 6 1.0 0.9 6 0.8 0.7 6 0.7
90 0.4 6 0.4 0.3 6 0.7 0.3 6 0.6 0.3 6 0.5

Combined tibial torques 0 2.2 6 1.2 4.4 6 1.8a9 2.9 6 1.3b13 2.3 6 1.2b14

30 3.9 6 1.8 5.5 6 2.4a10 4.8 6 1.9a11 4.5 6 1.6b15

aa1: P 5 .0345; a2: P 5 .0014; a3: P 5 .0030; a4: P 5 .0423; a5: P 5 .0505; a6: P 5 .0089; a7: P 5 .0021; a8: P 5 .0432; a9: P 5 .0002; a10:
P 5 .0013; a11: P 5 .0489 (significantly different from ACL-intact knee).

bb1: P 5 .0194; b2: P 5 .0035; b3: P 5 .0012; b4: P 5 .0212; b5: P 5 .0302; b6: P 5 .0026; b7: P 5 .0017; b8: P 5 .0363; b9: P 5 .0040; b10:
P 5 .0054; b11: P 5 .0022; b12: P 5 .0389; b13: P 5 .0006; b14: P 5 .0001; b15: P 5 .0209 (significantly different from ACL-deficient knee).
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conditions.10,34,35 Similar to our findings, these studies
have concluded that a single-bundle ACL reconstruction
can restore the anterior tibial translation to a clinically
satisfactory level but not to the ACL-intact knee level. To
improve knee joint stability, especially the rotational sta-
bility, some authors have proposed to reconstruct both
functional bundles of the ACL by using 2 independent tun-
nels for each of the bundles. Yagi et al35 reported that
a double-bundle ACL reconstruction was capable of signif-
icantly reducing the increased anterior tibial translations
of the ACL-deficient knee but could not restore them to
the intact-knee level at 0� and 30� of flexion under an ante-
rior tibial load of 134 N. In another study using a robotic
testing system, Yamamoto et al36 found no significant dif-
ferences in the anterior tibial translations of ACL-intact
and double-bundle ACL-reconstructed knees under an
anterior tibial load. More recently, Markolf et al22 demon-
strated that a double-bundle ACL reconstruction signifi-
cantly overconstrained the anterior tibial translations
compared with the ACL-intact knee from 30� to 90� of flex-
ion. In our study, the anatomical single-tunnel ACL recon-
struction sufficiently restored the ACL-intact knee
anterior stability under the anterior tibial load and simu-
lated quadriceps load. Similar results were observed in
another study that evaluated the efficacy of a single-tunnel
double-bundle ACL reconstruction technique in restoring
normal knee kinematics.10 Based on our data, the normal
anterior stability of the knee joint can be efficiently re-
stored by an anatomical single-tunnel ACL reconstruction.

Combined valgus–internal rotational torques have been
used to evaluate the efficacy of ACL reconstructions to
resist rotational loads. Yagi et al35 found that a double-
bundle ACL reconstruction could not restore the anterior
tibial translations close to the ACL-intact level under com-
bined valgus–internal rotational torques at 15� and 30� of
flexion. However, Yamamoto et al36 reported that the ante-
rior tibial translations of the ACL-intact knee under com-
bined valgus–internal rotational torques were closely
restored by the double-bundle ACL reconstruction at 15�

and 30� of flexion. In our study, no significant differences
in the anterior tibial translations of the intact knee and
anatomical single-tunnel ACL-reconstructed knee were
observed at 0� and 30� of flexion under the combined
valgus–internal rotational torques. Although a significant
difference in the anterior tibial translation between the
ACL-intact knee and single-bundle ACL-reconstructed
knee was found at 0� of flexion, the difference between
the 2 groups was ’1 mm, which may not be detectable in
a clinical setting. These results demonstrate that an ana-
tomical single-tunnel ACL reconstruction can sufficiently
resist combined rotational loads and could be an efficient
alternative to both single-bundle and double-bundle ACL
reconstructions to restore the rotational stability of the
knee joint.

Few studies have investigated the internal-external tib-
ial rotation after ACL reconstruction under physiological
loading condition.10,38 Our data demonstrated that both
the single-bundle and anatomical single-tunnel ACL recon-
struction resulted in a lower internal tibial rotation com-
pared with that of the ACL-intact knee under simulated
quadriceps load. Similar observations of decreased internal
tibial rotation after ACL reconstruction have been reported
in various studies.10,25,26,32,38 Cartilage-to-cartilage contact
in a normal tibiofemoral joint is reported to occur at re-
gions of thicker cartilage layers.19 A shift in the cartilage-
to-cartilage contact regions to areas of thinner cartilage
layers due to altered knee kinematics may have some unde-
sirable consequences. Furthermore, a decrease in internal
rotation is reported to increase the contact pressure in the
patellofemoral joint, which may lead to complications in
this joint.17 Therefore, further improvements to the current
ACL reconstruction techniques are warranted to restore the
normal tibial rotation under physiological loading.

The anatomical ACL reconstruction of this study used
a single tibial and femoral tunnel similar to some previously
proposed anatomical ACL reconstruction techniques that
use a tibialis anterior tendon, hamstrings tendon, or
bone–patellar tendon–bone graft.7,10,30,31 A recent study by

TABLE 3
Internal (1)/ External (2) Tibial Rotation (mean 6 SD, deg) Under 3 External Loading Conditions

Loading Condition
Flexion

Angle, deg ACL Intact ACL Deficient
Single-Bundle ACL

Reconstruction
Anatomical ACL
Reconstruction

Anterior tibial load 0 20.1 6 5.5 0.2 6 3.7 22.1 6 6.5 22.6 6 6.1
15 1.9 6 6.6 1.7 6 4.5 20.5 6 8.7 21.3 6 9.1
30 1.0 6 8.3 2.3 6 4.9 0.7 6 8.8 0.1 6 9.3
60 3.1 6 5.4 3.3 6 4.5 2.7 6 4.3 1.7 6 5.9
90 3.7 6 4.5 3.2 6 4.5 2.4 6 3.3 1.5 6 3.7

Simulated quadriceps load 0 4.2 6 2.7 3.3 6 3.6 2.7 6 3.5 2.7 6 3.2
15 8.9 6 2.8 6.9 6 3.4 5.7 6 4.2a1 5.7 6 4.0a2

30 8.5 6 4.0 7.3 6 4.0 5.9 6 4.9 6.0 6 4.9
60 4.3 6 2.6 3.6 6 3.3 3.7 6 3.4 3.3 6 3.2
90 0.8 6 0.9 1.0 6 1.4 0.9 6 1.7 0.8 6 1.4

Combined tibial torques 0 11.9 6 3.2 13.7 6 3.3a3 12.2 6 3.6b1 11.1 6 3.8b2

30 20.6 6 4.3 21.1 6 3.9 20.3 6 4.2 20.4 6 4.0

aa1: P 5 .0209; a2: P 5 .0125; a3: P 5 .0263 (significantly different from ACL-intact knee).
bb1: P 5 .0292; b2: P 5 .0025 (significantly different from ACL-deficient knee).
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Gadikota et al10 reported that a single-tunnel double-bundle
ACL reconstruction technique using hamstring tendon graft
closely restored the anterior laxity to the intact-knee level at
low flexion angles (�30�) but overconstrained the knee joint
at high flexion angles (�60�) under the anterior tibial load
and at 0� and 30� of flexion under combined torques. The
single-tunnel double-bundle ACL reconstruction technique
used an AperFix femoral implant (Cayenne Medical, Scotts-
dale, Arizona) that separates the hamstring tendon graft
into 2 bundles in a single tunnel. In the present study, the
INTRAFIX system facilitates the fixation of a hamstring
tendon graft posteriorly along the contour of the posterior
border of the lateral femoral condyle, restoring the anatom-
ical joint line attachment at the native ACL footprint and
the 2 bundles of the ACL. Our data showed that an anatom-
ical single-tunnel ACL reconstruction can restore the nor-
mal anterior laxity at time zero without overconstraining
the joint at high flexion angles. Such techniques could be
easily adopted by surgeons who currently practice single-
bundle ACL reconstruction to achieve a more anatomical
reconstruction of the ACL. However, as with other ACL
reconstruction techniques, this technique needs to be fur-
ther improved to restore normal knee internal tibial rota-
tions under physiological loads. Different femoral and
tibial tunnel positions should be investigated to obtain the
most optimal anatomical single-tunnel ACL reconstruction.

This current cadaveric biomechanical study has several
limitations that need to be addressed. A commonly used
femoral tunnel position placed at 10:30/1:30 position was
used in this study, and hence it does not evaluate the effect
of various tunnel locations. The scope of this study was lim-
ited to using hamstring tendon graft for both reconstruction
techniques. Therefore, further investigation is required to
compare the anatomical single-tunnel ACL reconstruction
using hamstring tendon graft to single-bundle ACL recon-
structions using other graft sources such as a bone–patellar
tendon–bone graft or a quadriceps tendon graft. Further-
more, randomization of the groups for reusing the graft
was not performed because the anatomical single-tunnel
ACL reconstruction required a larger tunnel than that
used for single-bundle ACL reconstruction. The 2 distinct
features of the anatomical single-tunnel ACL reconstruction
compared with the single-bundle ACL reconstruction are (1)
aperture fixation and (2) anatomical reconstruction of both
bundles of the ACL. However, from the results of this study,
we cannot estimate how much each of these 2 differences
contributed to the observed differences in the kinematic
results between the 2 reconstruction techniques. Similar
to the observations of this study, few biomechanical studies
demonstrated that an aperture fixation can provide a more
stable joint than that of a peripheral fixation.12,14 However,
both fixation techniques have been reported to provide
similar clinical outcomes.3,6,9,20 Therefore, the true efficacy
of this anatomical reconstruction needs to be evaluated
by a clinical follow-up study. Nevertheless, the repeated-
measures design of this study facilitated a controlled mea-
surement of knee kinematics under various knee conditions
using the same specimen.

In conclusion, the current study has shown that at time
zero, a single-tunnel double-bundle ACL reconstruction

with anatomical placement of hamstring tendon graft can
provide a satisfactory anterior stability compared with
a single-bundle ACL reconstruction under anterior tibial
load, simulated quadriceps load, and combined tibial tor-
ques. Both reconstruction techniques can restore the
medial-lateral stability under the 3 external loads but
overcorrected the internal tibial rotations under the action
of simulated quadriceps loads. Further improvements to
the current ACL reconstruction techniques are needed to
restore normal tibial rotation. Future investigations must
evaluate if such an advantage in terms of the stability pro-
vided by the anatomical single-tunnel ACL reconstruction
carries over to a long-term follow-up and prevents degener-
ative changes.
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