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Posterior Lateral Meniscal Root Tears Increase Strain
on the Reconstructed Anterior Cruciate Ligament: A

Cadaveric Study

William Uffmann, M.D., Neal ElAttrache, M.D., Trevor Nelson, B.S., Sam A. Eberlein, B.S.,

Juntian Wang, M.D., Daniel R. Howard, M.D., and Melodie F. Metzger, M.D.
Purpose: To quantify the amount of strain across an anterior cruciate ligament reconstruction (ACLR) before and after a
lateral meniscus (LM) posterior root complex tear and determine whether a meniscal root repair effectively protects the
ACLR against excessive strain. Methods: Fresh-frozen cadaveric knees were tested with an 88-N anterior drawer force
and an internal and external torque of 5-Nm applied at 0�, 15�, 30�, 60�, and 90� of flexion. A simulated pivot shift was
also applied at 0, 15, and 30� of flexion. Rotation and translation of the tibia, and strain across the ACL graft were
recorded. Testing was repeated for the following four conditions: ACL-intact, ACLR with intact LM, ACLR with LM
posterior root complex tear, and ACLR with root repair. Results: The kinematic data from 12 fresh frozen cadaveric knees
underwent analysis. Only 11 specimens had usable strain data. Sectioning the meniscofemoral ligaments and the LM
posterior root increased rotational and translational laxity at 30� of knee flexion. ACLR graft strain significantly increased
when an anterior load and internal torque were applied. Repair of the LM posterior root reduced strain when the knee
was internally rotated but was unable to normalize strain when an anterior force was applied. Conclusions: This
cadaveric biomechanical study suggests injury to the LM posterior root complex increases rotational and anterior laxity of
the knee and places increased strain across reconstructed ACL grafts. Subsequent root repair did not result in a statistically
significant reduction in strain. Clinical Relevance: This study provides quantitative data on the implications of a LM
posterior root injury in the setting of an ACL reconstruction to help guide clinical decision-making.
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Arthroscopy, Sports Medicine, and Rehabilitation
(ACL) injuries.1-6 Meniscal root tears have been
compared with subtotal meniscectomies in terms of
their ability to alter joint loads and contact stresses.6-10

In addition, root tears are associated with meniscal
extrusion,8,11 rotational instability,6-10 and have been
linked to degenerative changes in the knee.10,12

Previous biomechanical studies demonstrate that the
LM posterior root helps stabilize the knee against
excessive anterior tibial translation in lower flexion
angles and against internal rotation in greater flexion
angles,6,10 and, when torn, contributes to further
translational and rotational instability in ACL-deficient
knees.6,7,9 Furthermore, recent in vitro studies suggest
anatomic root repair can normalize tibiofemoral contact
pressures13-15 and restore native kinematics in both an
ACL-deficient6 and concomitant anterior cruciate liga-
ment reconstruction (ACLR) setting.7 Thus, menisci
have been regarded as important secondary stabilizers
of the knee and their functional absence is thought to
jeopardize the outcome of concurrent ligament
reconstructions, including the ACL. This study directly
evaluated the effect of LM posterior root tears on strain
across an ACL reconstruction graft.
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Fig 1. Photograph of mounted left knee specimen before
performing meniscal root repair demonstrating the ACL
reconstruction with notchplasty and subsequent DVRT
placement performed through a median parapatellar
arthrotomy. Sutures have been placed for meniscal root
repair. Black arrow notes ACL reconstruction graft. White
arrow denotes DVRT sensor. (ACL, anterior cruciate ligament;
DVRT, differential variable reluctance transducer.)

e506 W. UFFMANN ET AL.
The purpose of this study was to quantify the amount
of strain across an ACLR before and after a LM posterior
root complex tear and determine whether a meniscal
root repair effectively protects the ACLR against
excessive strain. It is hypothesized that meniscal root
injury will place increased strain upon the
reconstructed ACL graft and that meniscal root repair
will decrease this increase in strain.

Methods

Specimen Preparation
Paired male and female specimens aged 18 to 60 years

were included. Specimens were visually examined by a
sports fellowship-trained orthopaedic surgeon (W.J.U.)
and evaluated for suitability and to ensure no varus or
valgus deformity, ligamentous laxity, any visible
arthritic wear, previous surgical history, or gross
anatomic abnormality were present. Specimens were
stored at �20�C and thawed at room temperature 24
hours before testing. The femoral diaphysis and tibial
diaphysis were sectioned 20 and 15 cm from the joint
line, respectively. The muscle bellies of the quadriceps
and hamstrings were sectioned 5 cm distal to the
femoral osteotomy preserving their tendinous
insertions and the skin overlying the knee. Similarly,
the muscles of the 4 compartments of the lower leg
were sectioned 5 cm proximal to the tibial osteotomy
preserving any proximal skin and all ligamentous and
tendinous peri-articular origins. The distal portion of
the tibia was potted in a custom machined aluminum
cylinder.
A median parapatellar arthrotomy was made to

facilitate inspection of the specimen and allow repro-
ducible placement of the strain gauge. Before testing all
ACLR states, the specimen was prepared for the
placement of a strain gauge. Placement of the differ-
ential variable reluctance transducer (DVRT) strain
gauge was carried out in a similar manner as outlined
by Mancini et al.16 A standardized 5-mm notchplasty
was made at the superolateral intercondylar notch on
all specimens using a 5-mm round burr to prevent
impingement of the DVRT sensor with the femur. For
each specimen, the strain gauge (3-mm stroke micro-
miniature DVRT; Lord Corp., Williston, VT) was
placed within the mid-substance of the ACL or recon-
structed graft. The strain gauge was then placed with
the knee held at 90� of flexion with no loading using
metal barbs and 3 separate 3-0 VICRYL sutures along
the sensor length (Fig 1). The gauge was placed nearest
to its point of minimal displacement as was practically
feasible to facilitate measurement of maximal
displacement and strain. This was confirmed visually
with live output from the sensor. The knee was then
taken through a full range of motion and varus and
valgus and rotational loads applied to ensure that the
sensor was still within its measurable range without
invalid measurements. Gauge placement was adjusted
as needed until optimized. Visual inspection confirmed
no tibial or femoral impingement.

Biomechanical Testing
Specimens were loaded onto a custom apparatus with

the femur rigidly clamped and the potted tibia secured
to a hinged testing frame that accommodates knee
flexion from 0� to 90�, as previously described.17-21

Positional data of the tibia relative to the femur were
obtained using a 3-dimensional motion tracking system
(Optotrak Certus, Northern Digital Inc., Ontario,
Canada) with infrared diodes attached to the femur and
tibia (Fig 2).
Biomechanical testing was carried out in accordance

with previously published work. The tibia was statically
loaded with an 88-N anterior drawer force applied to
the tibia through an anterior eye bolt attached to the
aluminum pot, which was confirmed and recorded
using a S-beam load cell (LCCA-100; OMEGA Engi-
neering Inc., Stamford, CT). In addition, a 5 N-m in-
ternal and external moment was applied to a bolt
centered on the distal end of the potted tibia via a
torque wrench. Each load condition was held for 15
seconds and motion tracking and strain data were
recorded during the last 10 seconds. These loads were
repeated at 0�, 15�, 30�, 60�, and 90� of knee flexion.
Afterward, knees were also subjected to a simulated
pivot shift maneuver wherein a 7 N-m valgus load and
5 N-m internal rotation torque were simultaneously
applied. While the pivot shift is a composite motion,
anterior tibial translation alone without tibial rotation
was measured under this loading condition.
The loading sequence was repeated for each specimen

in the following conditions: (1) ACL-intact, (2) ACLR



Fig 2. Photograph of a mounted left knee demonstrating the
biomechanical testing apparatus.
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with LM intact, (3) ACLR with LM posterior root tear,
and (4) ACLR with LM root repair. To preserve tissue
integrity, all specimens were wrapped in saline-soaked
gauze whenever possible.

Strain Measurement
DVRT displacement and force readings from the load

cell were digitally synced. Displacement measurements
recorded from the DVRT were used to calculate strain
(Ɛ), which was defined as the transducer displacement
divided by the length of the transducer prior to loading
(Ɛ ¼ DL/Lo).

Surgical Technique
A medial parapatellar arthrotomy was performed

while carefully preserving the intermeniscal ligament
and anterior meniscus attachments before testing the
intact state. The menisci, cartilage, and cruciate liga-
ments were examined for any pathology. Soft-tissue and
skin incisionswere closedwith staples before performing
the biomechanical testing protocol for each testing state.

ACL Reconstruction
All ACL reconstructions were performed by a single

sports medicine fellowship-trained surgeon (W.J.U.).
Surgeries were performed under direct visualization
through an open arthrotomy using the following
technique. After the intact state had been tested, the
central 10 mm of the patellar tendon was sharply
harvested along with the attached bone plugs from both
the patella and tibia using a handheld oscillating saw.
Bone plugs were sized to be 10-� 25-mm in size. Two
2.5-mm holes were drilled at even spacing into the
patellar bone plug and two polyblend sutures were
passed through the drill holes. A single drill hole was
made through the tibial bone block and a single poly-
blend suture was passed for later graft placement. The
graft was then measured and kept in saline soaked
gauze until graft placement. The ACL was then
sectioned near the native femoral and tibial footprints
and carefully removed while preserving the anterior
and posterior meniscal attachments and the native
posterior cruciate ligament. A 2.4-mm Beath pin was
passed through the center of the ACL femoral footprint
with the knee in a hyper flexed position and a 10-mm
closed-socket femoral tunnel was reamed at 120� of
knee flexion with a 10-mm low-profile reamer to a
minimum depth of 25 mm to simulate the reaming
position that would be achieved through an accessory
anteromedial arthroscopic portal. Afterward, a tibial
ACL drill guide was used to pass a 2.4-mm drill pin
through the center of the tibial footprint of the ACL.
The guide was initially set at 55� and adjustments were
made to facilitate appropriate tunnel length to prevent
tunnel�graft mismatch. The tibial tunnel was then
reamed outside-in with a 10-mm diameter cannulated
reamer. The ACL graft was then shuttled and fixed in
the femur with a 7 � 20-mm cannulated interference
titanium screw placed in front of the cancellous surface
of the plug. The knee was cycled several times under
manual graft tension and placed in 0� of flexion and
neutral rotation and fixated with a 9 � 25 titanium
cannulated interference screw positioned on the ante-
rior aspect of the cancellous portion of the bone plug
while applying manual graft tension and a posteriorly
directed force on the proximal tibia taking care to avoid
varus or valgus stress. Tibial fixation was reinforced by
tying the remaining suture limbs over a 3.5-mm cortical
screw fixed 1 cm distally within the tibial cortex.

Posterior Root Tear
The posterior root of the LM was sectioned with a

banana blade near its anatomic attachment under direct
visualization approximately 1 mm posterior and 4 mm
medial to the lateral tibial eminence while taking care
to preserve the ACL graft and posterior cruciate liga-
ment.22 The meniscofemoral ligaments, both anterior
(Humphry) and posterior (Wrisberg) when present,
also were sectioned to complete the posterior root
injury. The LM was then probed under direct visuali-
zation to confirm it was completely mobile from its
posterior root attachments.



Fig 3. Average anterior tibial translation (�SD) as a function
of knee flexion angle. Note: * denotes a P < .05 when
compared with the intact state, þ denotes a P < .05 when
compared with the ACLR state. (ACLR, anterior cruciate
ligament reconstruction.)

Fig 4. Average (�SD) internal rotation as a function of knee
flexion. Note: * denotes a P < .05 when compared with the
intact state, þ denotes a P < 0.05 when compared to the
ACLR state. (ACLR, anterior cruciate ligament
reconstruction.)
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Posterior Root Repair
The LM posterior root repair was performed using a

single tunnel transosseous pull-out repair tech-
nique.6,7,23 The femoral and tibial tunnels for the ACL
reconstruction were drilled first as outlined above.
Next, a tibial drill guide was used to mark the location
for placement of a 2.4-mm guide pin from the ante-
romedial tibia to the insertion of the posterior root
attachment to avoid tunnel convergence. The tunnel
was then drilled with a 4-mm cannulated drill. A
meniscal suture-passing device was used to place two
shuttling sutures near the meniscal free edge to facili-
tate passage of two 1.3-mm tape sutures. These were
placed in a luggage-tag fashion through the root and
brought out through the 4-mm tunnel with a looped
nitinol suture passer and passed through a four-hole
12-mm round button. The root was reduced to its
footprint under direct visualization with manual suture
tension and the paired sutures were alternately tied
over the button with the knee flexed to 90�.

Statistical Analysis
An a priori power analysis was calculated (G*Power

3.0.10) to determine the number of specimens to include
based on previously reported means and standard de-
viations for anterior tibial translation in an ACLR with
posterior LM root injury7 and ACL strain before and after
a medial collateral ligament injury16 confirming a mini-
mumof 8 specimens would be requiredwith a set at 0.05
andpower (1� b) set at 0.8. In addition, a post hoc power
analysiswas conducted to determine thepower achieved.
A post-hoc power analysis using strain as a primary end
point revealed that the studywas adequately powered for
pivot shift testing ([1� b]¼ 0.99) butwas underpowered
for anterior loading ([1 � b] ¼ 0.71) (n ¼ 11, effect
size¼0.367 with an a set at 0.05). Statistical analysis was
performed using SAS statistical software (version 9.4,
SAS Institute, Inc., Cary, NC). After verification of
normally distributed data, a 2-way mixed repeated
measure analysis of variance model was used to
determine the effect of each surgical condition (intact,
ACLR, ACLR with root tear, and ACLR with root repair)
and each angle of knee flexion on ACL strain and knee
kinematics. Tukey�Kramer was used to adjust for
multiple comparisons. Significance was set at P< .05 and
all data are presented as mean � standard deviation.7

Results
Of the 14 knees acquired, twelve completed all testing

procedures, (6 male: 6 female, 7 left and 5 right) with a
mean age of 48.9 years (�6.6, range: 38-58). Two
specimens were excluded: one was not properly
secured and rotated within the femoral clamp during
testing, and the other experienced graft pullout midway
through testing secondary to inadequate tibial fixation
related to specimen bone quality. The data from the
remaining 12 knees were reviewed and included in the
kinematic analysis. The DVRT shifted in one specimen
resulting in unreliable data and therefore only eleven
specimens were included in the final strain analysis.

Kinematic Data
Anterior Tibial Translation
When subjected to an 88 N anterior load, the average

anterior tibial translation of knees with an ACLR and a
sectioned LM posterior root complex was significantly
increased at 30� (ACLR ¼ 7.6 � 2.6 mm vs ACLR w/
tear ¼ 8.1 � 2.6 mm, P ¼ .04) but did not reduce with
root repair (Fig 3).

Internal and External Rotation
When a 5 N-m internal torque was applied to the tibia

of knees with an ACLR and a sectioned LM posterior
root complex tibial internal rotation significantly
increased at 30� of flexion (ACLR ¼ 23.9 � 1.2� vs
ACLR w/tear ¼ 24.7 � 1.3�, P ¼ .04) but was not
restored with root repair (Fig 4).



Fig 5. Average (� SD) anterior tibial translation measured
during simulated pivot shift at 0�, 15�, and 30� of flexion.
Note: þ denotes P < .05 when compared with ACLR. (ACLR,
anterior cruciate ligament reconstruction.)
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Pivot Shift
When a simulated pivot shift maneuver was applied

to knees with an ACLR and a sectioned LM posterior
root complex, anterior tibial translation significantly
increased at 30� (ACLR ¼ 4.9 � 2.3 mm vs ACLR w/
tear ¼ 4.3 � 1.9 mm, P ¼ .04) but was not restored with
root repair (Fig 5).

Strain Data
Anterior Tibial Translation
When the tibia was anteriorly loaded to 88 N,

sectioning of the LM posterior root complex signifi-
cantly increased ACL graft strain at 30� of knee flexion
compared with the ACLR state with an intact meniscus
(6.2 � 3.3% vs 4.3 � 3.1%, P ¼ .01) but was not
restored with root repair (Fig 6A, Table 1).

Internal and External Rotation
When a 5 N-m tibial internal torque was applied to

the tibia, strain across the ACLR graft increased signif-
icantly after sectioning of the LM posterior root
complex at 30� of flexion (4.5 � 3.3% vs 6.5 � 3.3%,
P ¼ .001) (Fig 6B, Tables 2 and 3). Root repair reduced
strain to levels that were not significantly different than
ACLR with an intact meniscus (5.5 � 3.1%, P ¼ .18).
Fig 6. Average (�SD) ACL graft strain measured during (A) anter
shift loading as a function of knee flexion. * indicates P < .05
reconstruction.)
Pivot Shift
When knees were subjected to a simulated pivot shift

maneuver, sectioning of the LM posterior root
complex significantly increased ACLR graft strain at 15�

(3.4 � 2.0% vs 4.9 � 2.2%, P ¼ .04) compared to ACL-
reconstructed knees with an intact meniscus (Fig 6C,
Table 4). ACLR graft strain decreased after root repair to
4.6 � 3.2% at 15� of flexion which was not significantly
different than ACLR graft strain with an intact meniscus
(P ¼ .40).
Discussion
The main finding of this time-zero biomechanical

study was that injury to the LM posterior root complex
in ACL-reconstructed knees increased strain across the
ACLR graft when internal torque and pivot shift
maneuver was applied to the tibia. Root repair did not
significantly reduce graft strain when subjected to
loading in this study. LM root tears also increased ACLR
graft strain during anterior loading of the knee,
although root repair did not successfully mitigate this
increase in graft strain. These findings corroborate
previous studies that outline the role of the LM poste-
rior root as an important secondary stabilizer and
quantify the amount of excess strain placed across
ACLR grafts when the LM root is injured. In addition, it
suggests that current root repair strategies may have a
protective role in minimizing ACLR graft strain, but do
not fully restore strain to pretorn levels.
Strain within a ligament or tendon is a measure of

elongation or “stretch” in response to a tensile load.
Initially, small loads produced large strains as collagen
fibers become aligned in what is known as the toe re-
gion of the stress�strain curve. As tensile loads increase
and all collagen fibers are recruited, the tissue experi-
ences an approximately linear increase in strain
dictated by its elastic modulus. This increase in strain
continues until relatively large stresses develop in the
tissue and the collagen fibers become damaged and
fracture leading to failure of the tissue. Studies on the
native ACL indicate activities of daily living produce
strains of 4% or less, with failure occurring somewhere
ior tibial loading, (B) internal torque, and (C) simulated pivot
and ** indicates P < .01. (ACLR, anterior cruciate ligament



Table 1. 88 N Anterior Drawer Force

0� 15� 30� 60� 90�

Intact
ATT, mm 2.29 � 1.98 5.88 � 4.10 6.08 � 3.60 3.89 � 1.72 2.69 � 0.98
Strain, % 0.8 � 0.8 4.5 � 2.3 4.1 � 2.4 2.3 � 2.1 1.4 � 1.0

ACLR
ATT, mm 2.88 � 1.58 6.87 � 2.40 7.56 � 2.61 5.51 � 2.19 4.41 � 1.68
Strain, % 0.9 � 1.2 3.4 � 2.4 4.3 � 3.1 3.0 � 3.5 2.7 � 3.1

ACLR with tear
ATT, mm 3.30 � 1.84 7.22 � 2.44 8.06 � 2.61 6.13 � 2.16 4.39 � 1.34
Strain, % 1.2 � 1.9 4.7 � 2.4 6.2 � 3.3 4.0 � 3.1 2.9 � 2.5

ACLR with repair
ATT, mm 3.46 � 1.76 7.32 � 2.25 8.02 � 2.46 6.16 � 2.01 4.65 � 1.46
Strain, % 1.4 � 1.9 5.0 � 2.8 5.8 � 3.1 4.0 � 3.0 3.2 � 3.1

NOTE. All values presented as mean � standard deviation.
ACLR, anterior cruciate ligament reconstruction; ATT, anterior tibial translation.
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above 15%.24-26 While the present study recorded
statistically significant differences in strain during
certain subsets of simulated knee loading, whether
these differences are clinically significant remains to be
determined. A post-hoc power analysis demonstrated
that this study was adequately powered for strain
comparisons during pivot shift loading but was not
adequately powered during anterior loading of the
tibia. The authors acknowledge the statistical fragility of
these conclusions, given the relatively large standard
deviations in strain when compared to the absolute
increase in strain in these loading conditions. The
observed increases in strain experienced under these
loading parameters were close to what is believed to be
experienced in activities of daily living compared to
those that are associated with injury.
While previous studies have theorized that ACLR

graft force would increase in the setting of posterior
lateral root deficiency,9,10 the present study directly
measured strain across ACLR grafts in the presence of a
root tear and after subsequent repair. Numerous studies
have evaluated knee kinematics before and after
meniscal root injury and repair.5-10,14,15 In 2015,
Table 2. 5 N-m Internal Rotation Torque

0� 15�

Intact
IR, � 10.74 � 3.07 20.97 � 4.72
Strain, % 1.9 � 1.0 5.2 � 3.4

ACLR
IR, � 12.69 � 4.29 21.80 � 4.40
Strain, % 1.6 � 1.9 4.4 � 2.1

ACLR with tear
IR, � 12.96 � 4.76 22.15 � 4.52
Strain, % 2.1 � 2.1 5.8 � 3.2

ACLR with repair
IR, � 12.60 � 4.43 21.81 � 4.01
Strain, % 2.3 � 2.4 5.5 � 2.8

NOTE. All values presented as mean � standard deviation.
ACLR, anterior cruciate ligament reconstruction; IR, internal rotation.
Shybut et al.9 reported that avulsion of the LM posterior
root in ACL-deficient knees further destabilized the
knee when a pivot shift load was applied to the knee,
but found no significant increase in anterior translation
when the knee was anteriorly loaded. Frank et al.10

corroborated these results and measured a significant
increase of approximately 1� when an internal torque
was applied after sectioning the LM root in ACL-intact
knees. In 2018, Forkel et al.6 evaluated meniscal root
injury and repair in ACL-deficient knees and deter-
mined that root injury increased rotational laxity and
subsequent root repair using a transtibial pullout tech-
nique helped restore some internal rotation stability but
not to pre-torn levels. Most recently, Tang et al.7 eval-
uated the kinematics of LM root injury in ACLR knees.
They reported a significant increase in anterior knee
laxity after sectioning the LM posterior root complex
that was restored to pre-torn levels after root repair.
Also, during simulated pivot shift testing they reported
no difference in anterior translation after root injury
and that subsequent repair overconstrained the knee.
In the same paper, Tang et al. inferred ACLR graft force
using a subtractive robotic technique.7 Their results
30� 60� 90�

22.42 � 4.44 19.46 � 5.28 17.31 � 6.09
3.3 � 1.9 -0.2 � 0.8 -0.2 � 1.0

23.88 � 4.31 20.65 � 6.01 17.22 � 6.04
4.4 � 3.3 1.1 � 0.9 0.5 � 1.1

24.66 � 4.56 20.97 � 6.32 17.00 � 5.82
6.5 � 3.3 0.7 � 1.6 0.4 � 1.3

23.75 � 4.19 20.52 � 6.14 17.41 � 6.82
5.5 � 3.1 1.2 � 2.0 0.0 � 1.0



Table 3. 5 N-m External Rotation Torque

0� 15� 30� 60� 90�

Intact
ER, � 11.67 � 4.34 18.75 � 4.93 19.53 � 4.81 22.42 � 5.36 24.85 � 5.11
Strain, % �1.0 � 1.6 1.4 � 2.3 0.5 � 2.9 �1.9 � 2.6 �3.3 � 2.3

ACLR
ER, � 11.77 � 5.22 19.54 � 4.60 20.31 � 5.08 22.28 � 5.36 24.93 � 4.71
Strain, % 0.0 � 1.2 0.8 � 2.9 1.2 � 4.6 �2.9 � 2.8 -4.6 � 3.4

ACLR with tear
ER, � 12.16 � 5.57 18.72 � 4.56 21.08 � 6.06 22.58 � 6.10 25.26 � 5.03
Strain, % 0.5 � 1.8 1.5 � 3.1 1.5 � 4.7 �3.1 � 2.8 �5.3 � 3.9

ACLR with repair
ER, � 12.65 � 5.65 19.21 � 4.85 21.55 � 6.08 22.43 � 6.09 24.19 � 5.52
Strain, % 0.4 � 2.1 1.7% � 3.1 0.6% � 5.0 �3.5% � 3.1 �5.5% � 3.0

NOTE. All values presented as mean � standard deviation
ACLR, anterior cruciate ligament reconstruction; ER, external rotation.
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indicate that a LM root tear does not increase force on
an ACLR graft; rather, subsequent repair increases
ACLR strain to levels greater than an ACLR with an
intact meniscus, most significantly at higher angles of
flexion.
The findings of this study are similar to Tang et al. as

we both demonstrate an increase in anterior laxity after
sectioning the LM posterior root. The present study
differs from Tang el al. in the additional finding that an
increase in joint laxity corresponds to a similar increase
in ACLR strain. In addition, Tang did not measure
changes in response to rotational loads, although our
post-injury kinematics are similar to the 1� increase in
rotational instability reported by Forkel et al.6 Similar to
Forkel et al, the present study was unable to demon-
strate that root repair significantly restored knee
stability.
Not all injuries to the posterior root complex in the

setting of ACL injury are functionally the same. Several
authors have proposed morphological classifications of
these injuries to determine the best method of treat-
ment differentiating between partial and complete
radial tears and those with obliquity or tear
Table 4. Pivot Shift

0� 15� 30�

Intact
ATT, mm 1.27 � 1.93 4.42 � 3.75 4.10 � 2.78
Strain, % 2.1 � 1.8 4.9 � 2.5 3.7 � 2.6

ACLR
ATT, mm 1.80 � 1.36 4.57 � 1.93 4.16 � 1.87
Strain, % 1.7 � 2.1 3.4 � 2.0 3.9 � 2.7

ACLR with Tear
ATT, mm 1.91 � 1.51 5.09 � 2.23 4.70 � 2.38
Strain, % 1.9 � 2.2 4.9 � 2.2 5.2 � 2.6

ACLR with Repair
ATT, mm 1.61 � 1.47 4.27 � 2.97 4.09 � 2.17
Strain, % 2.3 � 2.9 4.6 � 3.2 4.9 � 3.3

NOTE. All values presented as mean � standard deviation.
ACLR, anterior cruciate ligament reconstruction; ATT, anterior tibial

translation.
extension.22,27 The classification by Forkel et al.3Click
or tap here to enter text. accounted for additional injury
to the meniscofemoral ligaments as their absence has
been noted to alter tibiofemoral contact pressures and
provide additive rotational instability in several
biomechanical studies.6,10,14,28 This is an important
clinical consideration as one would presume that a
complete radial root tear with an injured meniscofe-
moral ligament would behave differently after trans-
tibial root repair than a complete root tear alone. While
the body of literature is vast and difficult to search, very
little is known regarding the comparative laxity that
may be induced by the two injury complexes. Thus,
additional research that identifies the specific role of the
meniscofemoral ligaments in modifying ACLR graft
strain under translational and rotational loading is
needed.
When comparing the present study to the work of

Tang et al.7 and Forkelet al.,6Click or tap here to enter
text., important differences in the testing apparatus
should be noted. Tang and Forkel both used an axially
preloaded robotic testing apparatus which is believed to
better recreate physiologic knee loading and motion. A
robotic testing apparatus also allows for the measure-
ment of the pivot shift loading as a composite rotatory
and translational motion as opposed to a simplified
linear motion as measured in the present study. The
authors acknowledge the inherent limitations of a more
traditional testing apparatus without any measured
axial preloading.

Limitations
As with all biomechanical studies, the data presented

in this study should be viewed considering several
important limitations. First, while there was an
appropriate a priori and post-hoc power analysis, the
relatively large standard deviations and correspond-
ingly small relative increases in strain measurements do
limit the ability to confidently declare the findings as
clinically significant. While care was exercised to ensure
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reliable and stable placement of the strain gauge, there
is a degree of variability when placing DVRT sensors
onto soft tissue.29,30 Some of this reported variability is
due to structural variations along the length of native
ligamentous tissue that are not applicable to the pre-
pared single bundle patellar tendon autografts used in
this study. In addition, this study represents testing
under a time-zero state without the ability to account
for additional effect that may arise with normal bio-
logical healing. Finally, there are several experimental
design limitations. First, no axial load was applied.
Second, the apparatus did not measure the rotational
component of pivot shift motion. Third, the order of
flexion angle tested was intentionally not randomized
to minimize error and motion associated with place-
ment and replacement of the DVRT strain gauge in a
randomized design. This may have contributed to
variations in laxity, although quasi-static testing tech-
niques, physiologic nondestructive loading, and careful
observation for any increase in motion caused by tissue
fatigue likely minimized this effect. Finally, it is
important to that the apparatus used was different that
other studies in that it was not performed on a robotic
testing apparatus.

Conclusions
This cadaveric biomechanical study suggests injury to

the LM posterior root complex increases rotational and
anterior laxity of the knee and places increased strain
across reconstructed ACL grafts. Subsequent root repair
did not result in a statistically significant reduction in
strain.
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