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In Situ Forces in the Anteromedial and
Posterolateral Bundles of the Anterior
Cruciate Ligament Under Simulated
Functional Loading Conditions

Jia-Lin Wu,*" MD, Jong Keun Seon,** MD, Hemanth R. Gadikota,* MS, Ali Hosseini,*S MS,
Karen M. 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, the TDepartment of
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Taiwan, the Il:De,oart‘ment of Orthopaedic Surgery, Chonnam National University Hwasun
Hospital, Gwangju, South Korea, and the SDepartment of Mechanical Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts

Background: The in situ forces of the anteromedial (AM) and posterolateral bundles (PL) of the anterior cruciate ligament (ACL)
under simulated functional loads such as simulated muscle loads have not been reported. These data are instrumental for
improvement of the anatomical double-bundle ACL reconstruction.

Hypothesis: The load-sharing patterns of the 2 bundles are complementary under simulated muscle loads.
Study Design: Descriptive laboratory study.

Methods: Eight cadaveric knees in this study were sequentially studied using a robotic testing system. Each knee was tested
under 3 external loading conditions including (1) a 134-N anterior tibial load; (2) combined rotational loads of 10 N-m of valgus
and 5 N-m internal tibial torques; and (3) a 400-N quadriceps muscle load with the knee at 0°, 15°, 30°, 60°, and 90° of flexion.
The in situ forces of the 2 bundles of ACL were determined using the principle of superposition.

Results: Under the anterior tibial load, the PL bundle carried peak loads at full extension and concurrently had significantly lower
force than the AM bundle throughout the range of flexion (P < .05). Under the combined rotational loads, the PL bundle contrib-
uted to carrying the load between 0° and 30°, although less than the AM bundle. Under simulated muscle loads, both bundles
carried loads between 0° and 30°. There was no significant difference between the 2 bundle forces at all flexion angles (P > .05).

Conclusion: Under externally applied loads, in general, the AM bundle carried a greater portion of the load at all flexion angles,
whereas the PL bundle only shared the load at low flexion angles. The bundles functioned in a complementary rather than a recip-
rocal manner to each other.

Clinical Relevance: The data appear to support the concept that both bundles function in a complementary manner. Thus, how
to re-create the 2 bundle functions in an ACL reconstruction should be further investigated.

Keywords: anterior cruciate ligament; double bundle; in situ force; muscle load

It has been generally accepted in the literature that the functional components, the anteromedial (AM) and pos-
anterior cruciate ligament (ACL) consists of 2 major terolateral (PL) bundles.?*%%* Previous anatomical studies
have shown that the 2 bundles function in a reciprocal
manner during passive knee motion, with the PL bundle
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higher than the AM bundle.®???"3° Under the combined
rotational loads, the 2 bundles shared the load at the
selected flexion angles.3?2

Recent in vivo studies revealed that the AM and PL
bundles of the ACL have a more complementary, as
opposed to reciprocal, lengthening pattern during weight-
bearing flexion, especially at low flexion angles.!"** Both
bundles were observed to reach maximum length at near
extension and then shorten with flexion, indicating that
the ACL bundles may function differently under physio-
logical loading conditions when compared with passive
loading conditions. A similar result was obtained using
a surgical navigation system to evaluate the length change
and orientation of the 2 bundles in cadaveric knees.?’ Our
in vitro studies also found that the ACL force diminished
beyond 30° of flexion under simulated muscle loads,
implying that both bundles may not function at high
flexion.'®1® However, no data have been reported on the
AM and PL bundle forces when the knee is subjected to
muscle loads. A quantitative knowledge of the in situ forces
of the AM and PL bundles under physiological loads could
be instrumental for understanding the ACL function and
developing anatomical ACL reconstruction techniques
that are aimed to reproduce the 2 functional bundles of
the ACL.

The objective of this study was to measure the in situ
forces of the AM and PL bundles of the ACL under simulated
quadriceps muscle loads. The forces of the 2 bundles
under an anterior tibial load and combined rotational loads
were also examined in the study. We hypothesized that the
load-sharing patterns of the AM and PL bundles would be
complementary under simulated muscle loads.

MATERIALS AND METHODS

In situ forces of the AM and PL bundles were studied in 8
fresh-frozen cadaveric knee specimens with a mean age of
55 years (range, 47-60 years) and with 1 female and 7 male
donors. Before the experiment, all specimens were stored
at —20°C and were thawed at room temperature for 24
hours before the experiment. Each of the specimens was
examined after it was completely thawed for osteoarthritis
and ACL injury by fluoroscopy and manual stability evalu-
ation. Specimens with either of these conditions were
excluded from this study. The femur and tibia were trun-
cated approximately 25 cm from the joint line, with all
the soft tissues around the knee intact, and a bone screw
was used to firmly secure the fibula to the tibia in its ana-
tomical position. Each specimen was manually precondi-
tioned by flexing the knee joint 10 times before it was
installed on the robotic testing system.

A robotic testing system (Figure 1) was used to investi-
gate the knee joint biomechanics. This testing system has
been previously described in the literature.”>182631 After
the specimen was installed on the robotic testing system,
a passive flexion path of the ACL intact knee was deter-
mined from 0° to 90° of flexion in 1° increment of knee flex-
ion. A passive position along the passive flexion path was
described as a position of the knee at which all resultant
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Figure 1. The robotic/UFS testing system used in this exper-
iment with pulleys for the application of quadriceps muscle
loads.

forces and moments at the knee center were minimal
(<5 N and <0.5 N-m, respectively). The kinematic responses
of each knee were then determined under 3 different sub-
physiological loading conditions: an anterior tibial load of
134 N, combined torques of 10 N-m valgus and 5 N-m inter-
nal tibial torque, and a simulated quadriceps load of 400 N
at selected flexion angles of 0°, 15°, 30°, 60°, and 90°. The
simulated quadriceps loads were applied to the knee joint
by hanging weights from a rope passing through a pulley
system at each of the selected flexion angles.’®'® Under
each loading condition, the robotic testing system recorded
the kinematic responses of the knee joint.

After the kinematics of the ACL intact knee were deter-
mined under the external loads at the selected flexion
angles, the AM and PL bundles were identified via a medial
miniarthrotomy with the knee flexed to 90° by one ortho-
paedic surgeon and verified by another surgeon (Figure
2). The AM or the PL bundle was cut in an alternative
fashion at its femoral insertion using a No. 15 scalpel dur-
ing the testing of the 8 specimens. Careful attention was
paid to avoid any damage to other structures. After resec-
tion of one bundle, the miniarthrotomy and skin were
repaired through a layered closure. After the repair, the
kinematics of the intact knee were replayed at each of
the selected flexion angles, and the forces transferred
through the knee joint were recorded. To determine the
amount of force experienced by the resected bundle under
the external loads, the principle of superposition was
used.®?22730 The force within each ACL bundle was deter-
mined as the difference of the forces measured before and
after transection of the bundle.’®!® A similar process was
followed to resect the second bundle of the ACL, and the
intact knee kinematics were again replayed to determine
the forces experienced by the second bundle under the 3
external loads at each of the selected flexion angles using
the principle of superposition.

In this experiment, each specimen was tested to deter-
mine the in situ forces experienced by each of the ACL
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Figure 2. The anteromedial bundle (AMB) and posterolateral
bundle (PLB) of the anterior cruciate ligament (ACL) viewed
from the anterior arthrotomy of the knee. At 90° of knee flex-
ion, the AM bundle was taut, while the PL bundle was slack.

bundles under 3 external loading conditions at the selected
flexion angles. A 2-way repeated measures analysis of var-
iance (ANOVA) was used to detect statistically significant
differences in the forces experienced by the 2 bundles at
the selected flexion angles under the 3 external loads.
When significant differences were found, post hoc compar-
isons were made using the Student-Newman-Keuls test.
Differences were considered statistically significant at
P < .05.

RESULTS

In Situ Forces Under the 134-N Anterior Tibial Load

The in situ force of the AM bundle was relatively constant
throughout the range of flexion tested (Figure 3). The peak
of the in situ force of the AM bundle was 123.7 = 26.3 N at
30° of knee flexion and a minimum of 80.2 + 24.0 N at 90°
of knee flexion. The in situ force of the AM bundle at 30° of
knee flexion was significantly higher than that at 60° and
90° of flexion (P < .05).

The magnitude of the in situ force of the PL bundle in
response to the anterior tibial load decreased with increas-
ing knee flexion (Figure 3). The peak of the in situ force of
the PL bundle was 51.3 = 19.5 N at 0° of knee flexion and
aminimum of 7.1 = 4.8 N at 90° of flexion. Statistically sig-
nificant changes in the magnitude of the in situ force of the
PL bundle were seen at 60° and 90° of flexion compared
with those at 0° and 15° of flexion (P < .05).

Comparison of the in situ forces of the AM and PL bun-
dles revealed that the PL bundle carried significantly lower
in situ force than the AM bundle at all flexion angles (P <
.05). At 0° of flexion, the in situ force of the PL bundle was
53% of the AM bundle force. At 30°, the in situ force of the
PL bundle decreased to 23% of the AM bundle. At 90°, the
in situ force of the PL bundle was only 9% of the AM bundle.
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Figure 3. The in situ forces in the anteromedial bundle (AMB)
and posterolateral bundle (PLB) in response to a 134-N anterior
tibial load (*P < .05). The PL bundle carried significantly
lower in situ force than the AM bundle at all flexion angles
(P < .05).

In Situ Forces Under the Combined Valgus
and Internal Tibial Torques

Under combined rotational loads of 10 N-m valgus and
5 N'm internal tibial torques, the in situ forces of the AM
bundle were 59.9 = 27.5 N and 75.5 * 42,5 N at 0° and
30° of knee flexion, respectively. The forces of the PL bun-
dle were 40.9 = 23.7 N and 35.9 * 31.4 N, respectively, at
the 2 flexion angles (Figure 4). However, there was no sig-
nificant difference between the 2 bundles at 0° of flexion,
whereas the in situ force of the PL bundle was significantly
lower than that of the AM bundle at 30° of flexion (P < .05).

In Situ Forces Under the 400-N Quadriceps
Muscle Load

In response to the quadriceps muscle load, the magnitude
of the in situ force of the AM bundle was a maximum of
75.2 = 48.7 N at 15° of flexion and a minimum of 12.5 =+
10.7 N at 90° of flexion. The magnitude of the in situ force
for the PL bundle was a maximum of 51.5 + 41.6 N at 30°
of knee flexion and a minimum of 8.2 = 4.8 N at 90° of flex-
ion. There was also no significant difference between the 2
bundle forces at all flexion angles (Figure 5). At 60° and
90°, both bundles carried similar loads less than 25 N.

DISCUSSION

This article investigated the in situ forces of the 2 functional
bundles of the ACL in human knees under simulated
muscle loads and passive tibial loads using cadaveric
knee specimens. The data under simulated muscle loads
indicated that the AM and PL bundles carried similar
loads, even though on average, the loads of the AM bundle
were higher than those of the PL bundle. It is interesting to
note that under an anterior tibial load, both bundles carried
peak loads at low flexion angles (0°-30°), whereas the PL
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Figure 4. The in situ forces in the anteromedial bundle (AMB)
and posterolateral bundle (PLB) in response to combined 10
N-m valgus and 5 N-m internal tibial torques (*P < .05). There
was no significant difference between the 2 bundles at 0° of
flexion, but the PL bundle shared significantly lower force
than the AM bundle at 30° of flexion (P < .05).

bundle carried diminishing loads with increasing knee
flexion. The PL bundle carried approximately less than
50% of the load carried by the AM bundle throughout the
range of knee flexion. Under combined torque loads, the
PL bundle also carried lower loads than the AM bundle,
and the forces of the PL bundle decreased as flexion angle
increased. Our data indicate that the AM and PL bundles
function in a complementary manner. The AM and PL bun-
dles supplement each other under various loading condi-
tions rather than function independently. The data
support our hypothesis that the load-sharing patterns of
both bundles are complementary rather than reciprocal
under simulated muscle loads.

The function of the AM and PL bundles of the ACL with
applying various tibial loads has been reported in various
studies.®?22"30 In a pioneer work, Girgis et al’ found that
the AM bundle was tight in high flexion while the PL bun-
dle was tight in low flexion by using palpation during pas-
sive flexion, indicating a reciprocal function of the 2 ACL
bundles along the flexion path of the knee. Later, Sakane
et al>” and Gabriel et al® found that under an anterior tibial
load, the PL bundle carried a higher load at low flexion and
lower load at high flexion compared with the AM bundle.
In general, our data showed a similar trend in the change
of force magnitude of the two bundles with flexion, but the
reciprocal function of the 2 bundles was not shown in our
data under both the anterior tibial load and the simulated
muscle loads. However, the load-sharing pattern in our
study under combined rotational loads at 30° of flexion
was similar to that of Gabriel et al.® Markolf et al>! found
that the PL bundle carried peak loads at full extension
under an anterior tibial load and the PL bundle force
sharply decreased with flexion as well. Our data on the
PL bundle forces under an anterior tibial load showed
a similar trend as that of Markolf et al.!

In our previous studies of the in situ force of the ACL
under simulated muscle loads, the ACL was shown to carry
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Figure 5. The in situ forces in the anteromedial bundle (AMB)
and posterolateral bundle (PLB) in response to a 400-N
quadriceps muscle load (*P < .05). There was also no signif-
icant difference between the 2 bundle forces at all flexion
angles (P > .05).
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minimal loads at high flexion angles,'®!® which implied

that under muscle loads, the 2 bundles did not function
at high flexion angles. This conclusion was confirmed by
our data on ACL elongation during an in vivo single-legged
lunge activity,'"'* where the 2 bundles were shown to
decrease in length as flexion angle increased. In the pres-
ent study, the 2 bundles under muscle loads were shown
to carry high loads between 0° to 30° of knee flexion and
minimal loads at 60° and 90°. The in vivo AM and PL bun-
dle elongation patterns and the in vitro AM and PL bundle
forces along the flexion path demonstrated consistent func-
tional behavior.

The load sharing of the AM and PL bundles may have
important clinical relevance in ACL reconstruction. The
specific flexion angle for graft fixation is one of the most
controversial problems surgeons face during double-bundle
ACL reconstruction. There is no general consensus on the
range of angles of knee flexion for graft fixation. In the lit-
erature, the 2 bundle grafts were either fixed at the same
knee flexion angle or at 2 different knee flexion angles
where each bundle carried the highest force >%10:12:23.33
While recent literature suggested that the PL bundle
should be fixed at or near full extension to avoid overload-
ing the graft,1610:11.1422.25.32 tho fixation of the AM bundle
graft has been varied from 90° to 10° of knee flex-
ion,1'56:19.2022.28-30 Oy data indicate that the AM and PL
bundles carry maximal loads between 0° to 30° of flexion
under various applied loads. The 2 bundles might be fixed
within this range of flexion. More studies should be carried
out to examine the effect of flexion angles for graft fixation
on knee stability after ACL reconstruction. The clinical
outcome of various graft fixation angles should also be fur-
ther investigated.

Several limitations of our study should be noted. The
400-N quadriceps muscle load, half of the total body
weight, is less than that experienced during daily activi-
ties. Lower muscle loads would mechanically cause less

Downloaded from ajs.sagepub.com at Yale University Library on July 26, 2015


http://ajs.sagepub.com/

562 Wu et al

in situ forces in the ACL. Ground-reaction forces were not
simulated in this study. Future investigation should focus
on the improvement of the loading levels and include the
simulation of ground-reaction forces to simulate more real-
istic knee joint function. It should be noted that the varia-
tion in the force data has been indicated by the large
standard deviations, which may be due to the interspeci-
men variation. To eliminate the methodological variation,
the 2 bundles were transected in an alternative way. The
AM and PL bundles were specified by one orthopaedic sur-
geon first and then verified by another surgeon. The bun-
dle separation method was similar to that used by Girgis
et al.® Finally, the in situ bundle forces of the ACL were
measured under a quasistatic condition. The investigation
of the bundle function of the ACL under dynamic loading
conditions might be necessary.

CONCLUSION

In conclusion, our study evaluated the load sharing
between the AM and the PL bundles of the ACL under 3
different loading conditions. Our findings demonstrate
that the AM bundle carried a greater portion of the load
within the ACL at all flexion angles under externally
applied loads, whereas the PL bundle only shared the
load of the ACL at low flexion angles. The data appear to
support the concept that both bundles function in a comple-
mentary rather than reciprocal manner. Thus, how to re-
create the 2 bundle functions in a single- or double-bundle
ACL reconstruction should be further investigated.
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