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Abstract

Purpose The purpose of this study was to determine the effects of a lateral meniscus posterior root tear, partial meniscectomy,
and total meniscectomy on knee biomechanics in the setting of anterior cruciate ligament (ACL) reconstruction.

Methods Thirteen fresh-frozen cadaver knees were tested with a robotic testing system under an 89.0-N anterior tibial load
at full extension (FE), 15°, 30°, 60° and 90° of knee flexion and a simulated pivot-shift loading (7.0 Nm valgus and 5.0 Nm
internal tibial rotation) at FE, 15° and 30° of knee flexion. Anterior tibial translation (ATT) and the in-situ force of ACL
graft under the different loadings were measured in four knee states: (1) ACL reconstruction with intact lateral meniscus
(Intact meniscus), (2) ACL reconstruction with lateral meniscal posterior root tear (Root tear), (3) ACL reconstruction with
lateral posterior partial meniscectomy (Partial meniscectomy) and (4) ACL reconstruction with total lateral meniscectomy
(Total meniscectomy).

Results Under anterior tibial loading, compared with an intact meniscus, root tear significantly increased ATT at 15° and
30° of knee flexion (p <0.05) and partial meniscectomy had almost same increased ATT as with root tear at any knee flexion
between FE and 90°. Under simulated pivot-shift loading, total meniscectomy increased ATT compared with intact meniscus,
root tear, partial meniscectomy at FE (p <0.05).

Conclusion Under anterior tibial and simulated pivot-shift loading, partial meniscectomy has no significant effect on the
stability of ACL-reconstructed knee with lateral meniscal posterior root tear, while total meniscectomy increased laxity at
less than 30° of knee flexion. Clinically, in cases of irreparable meniscal root tears or persistent pain a partial meniscectomy
can be considered in the setting of ACL reconstruction.
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Introduction

The menisci have been recognized as the secondary restraint

to anterior—posterior translation and rotational movement

in the knee [21, 26, 38]. Injuries to the posterior medial

meniscus root attachments have been shown to be related to

04 Freddie H. Fu clinically significant meniscal extrusion [20], which patently
ffu@upme.edu affects meniscal biomechanics, finally resulting in degen-
erative changes within the knee joint [4, 14, 16, 30]. Clini-
cally, meniscal injuries are common and frequently involved
in ACL injury [3, 5, 13]. Several studies recently have
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options include non-operative treatment, meniscectomy
(partial and total) and meniscal root repairs [4, 25]. Although
indications for meniscal repair are constantly expanding,
both for symptomatic relief and prevention of degenerative
joint disease [4], meniscectomy is still widely performed for
root tears or avulsions, providing short-term symptomatic
relief with unknown long-term consequences [31]. It has
been reported that partial meniscectomy and repair signifi-
cantly both improve subjective outcome scores at a mean
follow-up of 4 years [15].

Biomechanical studies have shown that meniscus root
tears effectively destroyed the meniscus as a load-bearing
structure by reducing the capacity to resist hoop stresses [10,
19]. Several recent studies suggest lateral meniscus posterior
root tears increase significantly the peak tibiofemoral contact
pressure in the lateral compartment reaching up to 50% [18,
33, 36]. A partial meniscectomy of the lateral meniscus con-
current with a slack anterior cruciate ligament substantially
alter cartilage contact pressures [1]. For a posterior medial
meniscal root tear, one study determined that it had a similar
effect on knee peak tibiofemoral contact pressures as a total
meniscectomy [37]. However, for a posterior lateral menis-
cal root tear, most of these studies focused on the contact
pressure in the lateral compartment and ACL-deficient knee
models [9, 11]. Nevertheless, the effect of meniscectomy
over non-surgical treatment during ACL reconstruction on
knee stability, that is more common to the clinical practice,
is currently unknown.

Therefore, the purpose of this study was to assess how
partial and total meniscectomy effect the anterior stability
translation (ATT) of the knee and the in-situ force of ACL
graft after ACL reconstruction combined with posterior
lateral meniscus root tear. It is hypothesized that partial
meniscectomy has no significant effect on the stability of the
ACL-reconstructed knee while total meniscectomy would
further increase the ATT compared with the root tear of the
posterior lateral meniscus.

Materials and methods

Prior approval was obtained at the University of Pittsburgh
for this human cadaver study from the Committee for Over-
sight of Research and Clinical Training Involving Decedents
(CORID #785) and cadaver knee specimens were procured
from approved tissue suppliers.

Arthroscopic inspection was performed on test specimens
before inclusion to exclude serious osteoarthritis, meniscus
injury and any ligamentous injuries. Eighteen fresh-frozen
human cadaveric knee specimens were used and thirteen met
the inclusion criteria. Six were female and seven were male
with a mean age of 47 years (range from 42 to 59 years).
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Prior to the testing, the knees were kept frozen at — 20 °C
and thawed at room temperature for 24 hours. Once thawed,
one surgeon removed the soft tissues beyond 15 cm proximal
and distal to the knee joint line, with all capsular structures
and ligaments kept intact. The distal ends of tibia and proxi-
mal femur bone were potted in an epoxy compound.

A robotic system (CASPAR Stidubli, Orto MAQUET)
was used to test the knee kinematics that can repeat a posi-
tion within +0.02 mm at each joint and a load cell (UFS;
Model 4015; JR3 Inc.) with a force and moment accuracy
of+0.2 N and +0.1 N m, respectively. A custom MATLAB
program with a multitask operating system (Math Works
Inc., Natick, Massachusetts, USA) was utilized to monitor
knee kinematics and calculate the in-situ forces of the ACL
and the reconstructed graft, with high test-retest reliabil-
ity.[2, 27, 29, 35, 41, 42, 44, 45] During the experiment,
this testing system was operated in both the force- and
displacement-control modes. With the tibia was attached to
the robot while the femur was secured to a fixed platform,
the passive flexion—extension path from FE to 90° of knee
flexion was found by minimizing the external forces and
moments applied to the joint at 0.5° increments of flexion
[35]. At each incremental angle of knee flexion, the forces
and moments generated by the specimen in the remaining
5-degree-of-freedom were minimized by the iterative algo-
rithm of the robot control software.

The anatomic single bundle ACL reconstructions were
performed using the three-portal technique. All reconstruc-
tions were performed arthroscopically and followed ana-
tomic reconstruction principles [43] by the same surgeon.
Previously harvested cadaver hamstring tendon grafts sized
to 8-mm diameter were prepared for the ACL reconstruc-
tions. The ACL was sharply transected using a 11# blade
and resected using a shaver. The femoral tunnel was drilled
with an 8-mm cannulated femoral reamer using the transpor-
tal technique and the tibia tunnel was drilled using a tibial
drill guide system (Smith and Nephew Endoscopy, Andover,
MA) with an 8-mm diameter and 55° aimer angle. Following
graft placement, the graft at the femoral end was fixed out-
side of lateral femoral cortex with an extra-cortical button.
The graft at the tibial side was fixed using interference screw
at 15° of knee flexion (measured with a manual goniometer)
and 40 N using a manual tensioner (Meira Corp) [2]. Lastly,
the suture of the graft at the tibial end was further fixed on
a tibia using a post tie technique.

The lateral meniscal posterior root tear was made by cut-
ting the root attachment under arthroscopy from the middle
portal, and a punch was used from the anterior lateral portal
to transect the lateral meniscal posterior root close to attach-
ment including meniscofemoral ligament (MFL) (Fig. 1a).
A posterior medial approach was built to help completely
cut the MFL. A probe was used to confirm the mobility of
the posterior lateral meniscus root to ensure full disruption
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Fig.1 A Arthroscopic anterior lateral portal view of lateral menis-
cus root tear including MFL (arrow) and a) schematic view of lateral
meniscus root tear and cut MFL. B Partial meniscectomy-removal

of the lateral posterior root including the MFL. A Partial
meniscectomy was performed by removing one third of the
posterior lateral meniscus (Fig. 1b). A punch was first used
and then a motorized shaver was used to remove the redun-
dant of the inner edge of meniscus, making the rest of lateral
meniscus smooth and stable. The total meniscectomy was
made by a 11# sharp blade and punch and shaver. All of the
meniscus tissue was removed from the capsule of the lateral
knee (Fig. 1c).

Each group was evaluated with the following ACL and
lateral meniscus states: (1) ACL reconstruction with intact
lateral meniscus (Intact meniscus), (2) ACL reconstruction
with posterior lateral meniscus root tear (Root tear), (3)
ACL reconstruction with partial meniscectomy of posterior
lateral meniscus part (Partial meniscectomy) and (4) ACL
reconstruction with total lateral meniscectomy (Total menis-
cectomy). Since the focus of this study was on the lateral
meniscal state and not on the ACL reconstruction, which
has been well studied, the gold standard that was used was
for comparison was the ACLR knee with an intact menis-
cus. Two different external loads were applied to the knees
during testing: (1) an 89-N anterior tibial load, a simulated
KT1000 test, to test anterior tibial translation (ATT) (mm)
at full extension (FE), 15°,30°, 60° and 90° of knee flexion
[41, 45], (2) a combined 5.0 Nm internal tibial and 7.0 Nm
valgus torque, a simulated pivot-shift test, was applied to the

of one third of posterior lateral meniscus (arrow) b) schematic dotted
black line indicating partial meniscectomy. C Total meniscectomy—
removal of all the lateral meniscus tissue

specimen at full extension and at FE, 15° and 30° of knee
flexion [17, 44].

The in-situ force of the ACL graft was calculated between
the ACL deficient and ACL-reconstructed conditions at the
same joint positions and loading [22, 32]. After each ACL
and lateral meniscus status, external loads were applied to
the ACL-reconstructed knee, and the motion was meas-
ured. After removal of the graft, the motion was replayed
to determine the in-situ force experienced by the graft. By
the principle of superposition, the change in the force before
and after graft removal, with the knee in the same position,
represents the in-situ force in the graft [22, 35].

Statistical analysis

One-way repeated-measures analysis of variance (ANOVA)
was performed for each flexion angle to detect the overall
effect of meniscus condition on ATT of the knee and the
in-situ force of ACL graft. A Post hoc Tukey test was used
for the statistical analysis between different ACL graft and
meniscus status (SPSS version 17.0, SPSS, Chicago, IL,
USA) with statistical significance when p <0.05. To esti-
mate the number of samples, an a priori power analysis,
based on a 2-tailed paired t test, was performed (G*Power,
v 3.1.9.2) with a significance level of 0.05, a power of 0.80,
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and a hypothesized effect size of d=1.0, which resulted in
a sample size of n=10.

Results
Kinematics

After aroot tear in the ACL-reconstructed knee, the amount
of ATT increased significantly in comparison with the intact
meniscus at 15° and 30° of knee flexion. With a partial
meniscectomy, ATT was not different from a root tear, while
a total meniscectomy increased ATT in comparison with the
intact meniscus at all lower angles of knee flexion (Fig. 2).
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Under simulated pivot-shift loading, the ATT after a total
meniscectomy increased relative to all other knee states at
FE, with respect to a partial meniscectomy at 15° and com-
pared to the intact meniscus and root tear of flexion at 30°
of knee flexion (Fig. 3).

Kinetics

Although meniscal damage tended to increase the ACL graft
force, no significant differences were observed in the graft
for the different knee states under anterior tibial loading
(Fig. 4).

Also, no differences in graft force were found under simu-
lated pivot-shift loading for the four knee states (Fig. 5).

¥ Intact meniscus
¥ Root tear
® Partial meniscectomy

¥ Total meniscectomy

Knee Flexion Angle (deg.)

Fig.2 Anterior tibial translation (mm) for different meniscus states with knee flexion angle (*p <0.05)
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Fig. 3 Anterior tibial translation (mm) for different meniscus states under simulated pivot-shift load with knee flexion angle (¥p <0.05)
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Fig.4 ACL graft force (N) under anterior tibial load for different meniscus states at knee flexion angles (¥p <0.05)
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Fig.5 ACL graft force () under simulated pivot-shift load for different meniscus states at knee flexion angles (*p <0.05)

Discussion

The most important findings of this cadaver study were that
a root tear after ACL reconstruction increased ATT under
anterior tibial loading at 30° or less of knee flexion and a
partial meniscectomy did not significantly change the ATT
while total meniscectomy significantly increased the ATT
under anterior tibial loading and simulated pivot-shift load-
ing. These findings support our hypotheses that a partial
meniscectomy treatment for a lateral meniscal posterior root
tear has no significant side effect on stability of the ACL-
reconstructed knee while total meniscectomy increases the
instability of knee after ACL reconstruction. For the in-situ
force of ACL graft, no significantly difference was observed
between intact meniscus, root tear, partial and total menis-
cectomy after ACL reconstruction at any knee flexion,
although root tear, partial meniscectomy and total menis-
cectomy had a tendency to increase the in-situ force of ACL
graft compared with intact meniscus at 15° and 30° of knee
flexion angles under anterior tibial loading.

Posterior lateral meniscus root injuries are common and
frequently in association with ACL tears [6-8, 24, 34] and
the optimal treatment of meniscal root tears is still debated.
Among these, partial or total meniscectomy, as a traditional
surgical procedure, has been performed for meniscus tears
or root avulsions for a long time, providing relief from short-
term symptoms with possible long-term consequences [15,
32, 40]. Meniscectomy still is widely used. Recent data from
the American Board of Orthopaedic Surgery Certification
Examination Database (ABOS) showed the number of par-
tial meniscectomies was significantly larger than root repair
for treating meniscus injuries during ACL reconstruction
[31]. This study analyzed the cases of meniscal repair, par-
tial meniscectomy, and ACL reconstruction from 2004 to
2012. A total of 62,408 cases were treated by partial menis-
cectomy, while only 6,969 by meniscus repair. During ACL
reconstruction, 7,657 cases were treated by meniscectomy,
while 3,642 by meniscus repair.

No reports have been found on knee stability after lat-
eral partial meniscectomy following ACL reconstruction.
In our study, a root tear was found to increased ATT after

ACL reconstruction under both anterior tibial and simulated
pivot-shift loading; but no difference was found between root
tear and partial meniscectomy. This suggest partial menis-
cectomy has no effect beyond that of a root tear on stability
of ACL-reconstructed knee, which was in consistent with
recently clinical studies [12, 39, 40]. In two multicenter,
randomized, double-blind, sham-controlled trial in 146
patients who had knee symptoms consistent with a degen-
erative meniscus tear and no knee osteoarthritis, performed
from 2007 to 2014, Sihvonen et al., demonstrated that par-
tial meniscectomy and sham surgery had similar clinical
outcomes including the Lysholm score, Western Ontario
Meniscal Evaluation Tool (WOMET) score and knee pain
at 12 months after operation and 2-year follow-up [39, 40].
In another multicenter, randomized, controlled trial involv-
ing symptomatic patients with a meniscal tear and evidence
of mild-to-moderate osteoarthritis on imaging, Katz et al.
also determined no significant difference on clinical results
between partial meniscectomy and non-operative treatment
(physical therapy) after 6 months of follow-up [12].

Therefore, for patients with chronic root tears and symp-
tomatic grade 3 or 4 chondral lesions who failed non-oper-
ative treatment, or failed suture repair because of lower
quality of soft tissue resulting from chronic damages and
degenerative changes, patients with positive physical exami-
nation findings (i.e., clicking, positive McMurray test, joint
line tenderness, and effusion) or patients with partial root
tears and a substantial portion of the footprint still intact
(exact percentage or quantity of footprint yet to be deter-
mined), partial meniscectomy remains the preferred treat-
ment option [4, 23, 25]. After all, knee pain is usually the
main reason that patients seek treatment and the advantages
of partial meniscectomy over repair include decreased opera-
tive time, a less stringent postoperative rehabilitation proto-
col with no weight bearing restrictions and faster return to
activities and sports [4].

Few published biomechanical studies have evaluated
the effect of lateral total meniscectomy on laxity of the
knee. In a recent study, Musahl et al. assess the stabilizing
effect of the medial and lateral meniscus on ACL-deficient
knees during the pivot-shift examination [26]. They found
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the ATT did not increase after lateral meniscectomy in the
ACL-deficient knee under anterior tibial loading but sig-
nificantly increased during the pivot-shift maneuver, which
is not completely consistent with our study. This may be
because, the model adopted in the Musahl et al. [26] study
was the ACL-deficient knee, while in this study it was an
ACL-reconstructed knee. The lateral meniscus root tear is
more common during clinical ACL-reconstruction process;
thus, the data might have the better clinical significance for
surgical consideration.

In addition to the study of knee kinematics, data was col-
lected on the effect of meniscectomy on the in-situ force of
ACL graft in the four meniscus states. No significant differ-
ence was found in the in-situ force of ACL graft between the
knee states at any knee flexion, although root tear, partial
meniscectomy and total meniscectomy had a tendency to
increase the in-situ force of ACL graft at 15° and 30° of knee
flexion angles under anterior tibial loading, which is partly
inconsistent with one previous study on the medial meniscus
[29]. They found that the in-situ forces in the ACL graft
increased between 33 and 50% after medial meniscectomy.
The changes of the in-situ forces of ACL graft in Papageor-
giou et al.’s study was higher than that of our study, which
may be explained by that medial meniscus rather than the
lateral meniscus was evaluated and anatomic ACL recon-
struction was not performed. Clinically, this study supports
that a partial meniscectomy treatment may be a selection for
treating an irreparable lateral meniscal posterior root tear in
the setting of ACL reconstruction, which can relieve the pain
and faster return to activities and sports.

There are some limitations in this study. This study is a
time-zero cadaver study which applied lower than physi-
ologic loads and involved no muscle forces, but the applied
knee loads have been widely used in assessing the biome-
chanics of different surgical procedures [2, 17, 44]. No sig-
nificant differences could be found in the ACL graft force
with meniscal state. Graft force tends to have a higher vari-
ation than knee kinematics, so a larger sample size may have
been needed to elicit this difference. Lastly, this study did
not include tibial-femoral contact pressure testing to evalu-
ate the biomechanical effects on the meniscus. Nevertheless,
this study supported our hypotheses that a partial meniscec-
tomy treatment may be an option for treating an irreparable
lateral meniscal posterior root tear.

Conclusion

Root tear after ACL reconstruction increased ATT at low
flexion angles under anterior tibial loading and a partial
meniscectomy has no further significant effects on knee
laxity in the treatment of the lateral meniscal posterior
root tear. However, in the ACL-reconstruction knee a total
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meniscectomy significantly increased laxity under simulated
pivot-shift loading in comparison to a partial meniscectomy
at low flexion angles. That suggests in cases of irreparable
meniscal root tears or persistent pain that a partial rather
than a complete meniscectomy should be considered in the
setting of ACL reconstruction.
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