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Background: When surgical intervention is required for a grade 3 superficial medial collateral ligament (sMCL) tear, there is no
consensus on the optimal surgical treatment. Anatomic augmented repairs and anatomic reconstructions for treatment of grade 3
sMCL tears have not been biomechanically validated or compared.

Hypothesis: Anatomic sMCL augmented repairs and anatomic sMCL reconstruction techniques will reproduce equivalent knee
kinematics when compared with the intact state, while creating significant improvements in translational and rotational laxity com-
pared with the sMCL sectioned state.

Study Design: Controlled laboratory study.

Methods: Eighteen match-paired, fresh-frozen cadaveric knees (average age, 52.6 years; range, 40-59 years) were each used to
test laxity of an intact sMCL, a deficient sMCL, and either an anatomic augmented repair or an anatomic reconstruction. Knees
were biomechanically tested in a 6 degrees of freedom robotic system, which included valgus rotation, internal and external rota-
tion, simulated pivot shift, and coupled anterior drawer with external rotation.

Results: Anatomic augmented repairs and anatomic reconstructions had significantly less medial joint gapping than the sec-
tioned state at all tested flexion angles and showed significant reductions in valgus rotation compared with the sectioned state
at all flexion angles. No significant differences between the anatomic augmented repair and anatomic reconstruction were found
for any test performed. Despite the similar behavior between the 2 reconstruction groups, neither technique was able to repro-
duce the intact state.

Conclusion: Anatomic sMCL augmented repairs and anatomic sMCL reconstructions were not significantly different when tested
at time zero. Both the anatomic augmented repair and the anatomic reconstruction were able to improve knee stability and pro-
vided less than 2 mm of medial joint gapping at 0! and 20! of flexion.

Clinical Significance: These results suggest that both an anatomic sMCL augmented repair and an anatomic sMCL reconstruc-
tion improve knee kinematics compared with a deficient sMCL and provide equivalent joint stability.

Keywords: knee ligaments, MCL; superficial medial collateral ligament; augmented repair; anatomic reconstruction; valgus insta-
bility; biomechanics of ligament

The superficial medial collateral ligament (sMCL) has been
reported to be the most commonly injured knee ligament,
accounting for 42% of ligamentous knee injuries.3 Although
sMCL injury prevalence is high and most sMCL injuries are
treated nonoperatively, recommendations for treatment

differ when nonoperative treatment fails or when surgical
treatment is acutely required.4,10,18,32,34,43 Anatomically
imprecise graft placement and suboptimal reconstruction
graft fixation methods can lead to overconstraint, residual
instability, or graft loosening. Studies have attempted to
optimize the surgical technique for the medial knee struc-
tures by providing thorough descriptions of the quantitative
anatomic and biomechanical features.11-13,23,26,37,40 These
findings stress the importance of an anatomic restoration
so that the native relationships within the knee can be fully
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reestablished.28,29 In recent years, a variety of different sur-
gical methods and techniques have been reported to be suc-
cessful for reconstructing the sMCL.16,29,35 In the practices
of the senior authors (M.L., L.E., R.F.L.), we have found it
far more common to solely reconstruct the sMCL rather
than combine its reconstruction with a posterior oblique lig-
ament reconstruction. However, anatomically based aug-
mented repairs or reconstructions of the isolated sMCL
injury have not been biomechanically validated.

The sMCL functionally consists of 2 distinct divisions:
a proximal division, which courses from the femur to the
proximal tibial attachment, and a distal division, which
courses between the 2 tibial attachments distally.11,33

These divisions contribute synergistically to the overall
function of the sMCL, with the proximal division function-
ing as a primary valgus stabilizer at all flexion angles and
the distal division providing resistance to external rotation
at higher flexion angles.11,12 Thus, an anatomically based
sMCL augmented repair or reconstruction would restore
these functional relationships.

The most common complication after MCL-related sur-
gical treatment is postoperative arthrofibrosis.27-29

Because of a lack of anatomically based surgical techni-
ques, discrepancy still remains regarding the optimal post-
operative rehabilitation protocol. Most centers have
followed a program of immobilization in full extension for
up to 3 weeks to allow for healing of tissue, but this has
led to a high risk of arthrofibrosis postoperatively.18,31,32,36

The basis for postoperative immobilization is to prevent
graft elongation after surgical treatment that could poten-
tially lead to recurrent instability.39 The rationale for
immediate knee motion is that since a truly anatomic
repair or reconstruction will minimize plastic deformation,
immediate knee motion can be adapted to decrease the rel-
atively high risk of arthrofibrosis that has been reported
after MCL surgical treatment.27-29 The effect of early post-
operative motion programs on knee laxity at time zero,
when an anatomic augmented repair or anatomic recon-
struction is performed, is unknown. A time-zero study,
with a rigorous postsurgical testing regimen, would pro-
vide baseline information regarding knee laxity and the
feasibility of immediate postoperative motion. Addition-
ally, it would provide insight into whether an anatomic
augmented repair or anatomic reconstruction restores

knee kinematics and which may be best suited to undergo
such immediate stresses.

The purpose of this study was to compare the kinematics
of an anatomic sMCL augmented repair and anatomic sMCL
reconstruction to the native intact and sectioned sMCL states
by use of a robotic system. We hypothesized that both the
anatomic augmented repair and reconstruction techniques
would reproduce equivalent knee kinematics when compared
with the intact state and would create significant improve-
ments in translational and rotational laxity compared with
the sMCL sectioned state.

METHODS AND MATERIALS

Specimen Preparation

A total of 18 match-paired fresh-frozen cadaveric knees
(average age, 52.6 years; range, 40-59 years) without evi-
dence of prior injury, abnormality, prior surgery, or disease,
were used in this study based on their medical history and
serology. Each specimen was thawed at room temperature
for 24 hours before use. All soft tissue was removed from
the distal end of the tibia and proximal end of the femur
10 cm from the joint line and potted with polymethylmetha-
crylate (Fricke Dental, Streamwood, Illinois). A superficial
incision was made spanning from 6 cm proximal to the joint
line to 8 cm distal to the joint line and coursing 4 cm medial
to the medial aspect of the patella.

Robotic System

Each knee was mounted, in an inverted orientation, in a 6
degrees of freedom (DOF) robotic system (KR 60-3, KUKA
Robotics, Augsburg, Germany) before surgical and biome-
chanical testing procedures.9 A custom fixture attached
the tibia to a universal force-torque sensor (Delta F/T
Transducer, ATI Industrial Automation, Apex, North Car-
olina) at the end effector of the robotic system. Anatomic
landmarks on the knee were selected with a coordinate
measuring machine (MicroScribe MX-GoMeasure3D,
Amherst, Virginia) to define a coordinate system for the
tibia, femur, and knee.14,41
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Biomechanical Testing

Each knee’s passive flexion path was determined from 0!
(full extension) to 90! by selecting zero force locations along
the flexion path in 1! increments. For each flexion angle,
forces and torques in the remaining 5 DOF were minimized
(\5 N and\0.5 N!m, respectively), while an axial force of
10 N was applied to ensure contact between the femur and
tibia. The passive path tibiofemoral positions were
recorded and used as the starting points for subsequent
biomechanical testing.

For biomechanical testing, robotic force and position
control were used to replicate clinical examinations
through a range of flexion angles.9,30 All examinations
were performed at 0!, 20!, 30!, 60!, and 90! of knee flexion.
Valgus rotation was measured during a 10-N!m valgus tor-
que applied to the tibia.11 Medial gapping was determined
by calculating increases in the translation at the center of
the medial compartment of the tibiofemoral joint during
applied valgus torques, compared with the intact state.25

The center of the medial compartment of the tibial plateau
was calculated as equidistant between the center of the tib-
ial plateau and the medial-most palpable point of the tibia
at the joint line, which was based on the position used
clinically to measure valgus stress radiographs.25

Additionally, rotation limits of the knees were measured
with applied 5-N!m internal rotation and 5-N!m external
rotation torques.2,4,12 Rotational laxity in response to com-
bined rotatory motion was tested with a simulated pivot
shift, consisting of a coupled 10-N!m valgus torque followed
by a 5-N!m internal rotation torque, and with a coupled
88-N force anterior drawer and a 5-N!m external rotation
torque.8,22,33,42 Each testing series was repeated on the
intact (Figure 1A), sectioned, and augmented/recon-
structed states (Figure 1, B and C). The flexion angle test-
ing order was randomized between specimens to prevent
incremental testing bias.

Surgical sMCL Sectioning Technique

The anatomic attachment sites of the sMCL on the femur
and tibia were identified through the superficial incision
and marked with a surgical marking pen.38 After intact
state testing, the sMCL was excised between its femoral
and distal tibial attachments, leaving the distal tibial
attachment remnant intact, for the sectioned state, which
simulated a grade 3 sMCL injury before an augmented
repair or reconstruction.39 The posterior oblique ligament
and deep MCL were left intact.

Figure 1. Anteromedial view of left knee. (A) The superficial medial collateral ligament (sMCL) is shown with the location of the femoral
origin and the proximal and distal tibial insertions of the sMCL. Also displayed are the pes anserine tendons (sartorius, gracilis, and
semitendinosus) coursing distally to their insertion on the tibia anterior to the distal sMCL insertion. Further note the sartorius fascia over-
lying the distal sMCL. (B) Anatomic augmented repair of the sMCL in a left knee. Distal tibial fixation of the semitendinosus was per-
formed with 2 double-loaded suture anchors by suturing the semitendinosus to the sMCL remnant 6 cm distal to the joint line. The
semitendinosus tendon was passed deep to the sartorius fascia. Anatomic fixation of the femoral tunnel 3.2 mm proximal and
4.8 mm posterior to the medial epicondyle was performed with 60 N of traction applied to the graft at 20! of knee flexion and neutral
rotation. Proximal tibial fixation was located 12 mm distal to the joint line and directly over the most anterodistal attachment of the ante-
rior arm of the semimembranosus. (C) Anatomic reconstruction of the sMCL. Femoral and distal tibial fixation achieved with an inter-
ference screw. Proximal tibial fixation performed with a suture anchor 12 mm distal to the joint line. Arrowheads in (B) and (C) highlight
differences between the anatomic augmented repair and anatomic reconstruction techniques. VMO, vastus medialis obliquus.
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Anatomic Semitendinosus sMCL Augmented Repair

All sMCL reconstructions and augmented repairs were
performed by a single, experienced, board-certified sports
medicine orthopaedic surgeon (R.F.L.). Right and left
knees were randomized between the anatomic augmented
repair and anatomic reconstruction groups. To reduce test-
ing error introduced from specimen removal, all recon-
structions were performed while the knee remained fixed
in the robot.

The sartorius fascia was left intact. The semitendinosus
tendon was identified at its tibial attachment, and an open-
ended hamstring stripper detached it proximally. The ten-
don was then anchored to the tibia at the sMCL distal tib-
ial attachment, 6 cm distal to the joint line,26 with 2
double-loaded suture anchors (Corkscrew FT, Arthrex
Inc, Naples, Florida) and was further sutured to the under-
lying remnant of the distal aspect of the sMCL (Figure 1B).
The tendon was then passed deep to the sartorius fascia up
to the femoral attachment of the sMCL, which has been
reported to be 3.2 mm proximal and 4.8 mm posterior to
the medial epicondyle.26 The femoral tunnel was reamed
over an eyelet pin, previously drilled anterolaterally across
the femur, with a 7-mm reamer to a depth of 25 mm. The
semitendinosus graft was then measured to fit into this
tunnel; the end was whip-stitched with braided polypropyl-
ene No. 2 sutures (FiberWire, Arthrex Inc), and the excess
length of the graft was amputated before the graft was
passed into the femoral tunnel. While a 60-N traction force
was applied to the graft, a 7 3 25–mm polyether ether
ketone (PEEK) interference screw (BIOSURE PK, Smith
& Nephew, Andover, Massachusetts) was used to secure
the sMCL graft in the femoral tunnel with the knee posi-
tioned at 20! of flexion and neutral rotation in the robot,
while the clinician applied a varus reduction torque of
approximately 10 N!m.25 Finally, a 5 3 15–mm double-
loaded suture anchor (Corkscrew FT) was used to anatom-
ically restore the proximal tibial division of the sMCL 12
mm distal to the joint line and directly over the most ante-
rodistal attachment of the anterior arm of the
semimembranosus.4,26,38,39

Anatomic sMCL Reconstruction

Similar to the repair technique, the anatomic sMCL recon-
struction technique left the sartorius fascia in place. The
femoral and distal tibial attachment sites were identified
and the femoral attachment site tunnel was prepared in
a manner similar to that used for the anatomic augmented
repair technique. A tibial reconstruction tunnel was placed
6 cm distal to the joint line in the center of the distal tibial
sMCL attachment (Figure 1C). A 7-mm-diameter tunnel
was reamed over an eyelet pin passed anterolaterally to
a depth of 25 mm.

Fresh-frozen bovine digital extensor graft (IMDS Discov-
ery Research, Logan, Utah) of 16 cm in total length and
sized to a diameter of 7 mm was whip-stitched with braided
polypropylene sutures 25 mm from both ends. The prepared
graft was passed into the tibial tunnel and secured in place
with a 7 3 25–mm PEEK screw. Bovine digital extensor

tendons were used because they have been reported to
have viscoelastic, structural, and material properties simi-
lar to those of human semitendinosus tendons.6 Further-
more, bovine digital extensor tendons were used as
a surrogate in several previous human knee ligament bio-
mechanics studies because of their uniform size and diame-
ter compared with human hamstring tendons.1,5,7,15,24

Once the sMCL graft was fixed in the distal tibial recon-
struction tunnel, the knee was positioned at 20! of flexion
and neutral rotation in the robot, and a varus reduction
force was manually applied. The graft was then passed
into the femoral tunnel and fixed with a 7 3 25–mm
PEEK screw while 60 N of traction was applied with a graft
tensioning device. The 60-N traction force was chosen and
standardized based on the clinical practice of the senior
authors. After fixation of both the distal tibial and femoral
attachments, a double-loaded suture anchor was used to fix
the proximal tibial attachment site in a manner similar to
that used for the anatomic augmented repair technique
outlined above.

Pilot Testing

During initial pilot testing, 2 different anatomic augmented
femoral fixation repair techniques were used. Two suture
anchors were used proximally to attach the augmented
graft to the femoral sMCL origin and were compared with
an interference screw femoral reconstruction tunnel. Pilot
robotic testing of 4 match-paired knees resulted in a failure
of the knees with suture anchor femoral fixation; knees with
a proximal suture anchor fixation were similar to the sec-
tioned state. An anatomic technique that could withstand
the rigors of early postoperative motion was desired, which
was theoretically replicated by our rigorous testing protocol
in the robot. Therefore, we thought an anatomic augmented
repair technique that used suture anchors as the femoral
fixation was not valid and we compared the femoral tunnel
anatomic augmented repair with a complete sMCL ana-
tomic reconstruction instead.

Statistical Analysis

Twice during the testing phase, statistical power calcula-
tions were made to estimate the necessary sample size to
detect differences between the sectioned and repaired or
reconstructed states. All statistical comparisons of interest
were preplanned and pairwise, and it was not assumed
that group standard deviations could be pooled. Thus, Stu-
dent t tests were chosen over analysis of variance
(ANOVA) models. One-sample t tests were performed to
compare the sectioned, anatomic sMCL augmented repair,
and anatomic sMCL reconstruction groups individually to
the intact state. Two-sample independent t tests were
used for comparison between the anatomic augmented
repair and anatomic reconstruction. In all cases, the Lev-
ene test was used to check for equality of variance, and
the Welch t test was used when groups had significantly
different variances. Differences were considered signifi-
cant when P\ .05, and no adjustments were made for mul-
tiple comparisons.
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Equivalence tests performed with the confidence interval
method were used to determine whether medial gapping dur-
ing an applied valgus torque at clinically relevant flexion
angles could be considered clinically equivalent for anatomic
sMCL augmented repair and anatomic sMCL reconstruc-
tions. As described by Harris et al,17 90% confidence intervals
were constructed for each difference between augmented
repair and reconstruction to achieve a type I error rate of a
= .05. This calculated confidence interval (CI) was compared
with a minimal level of clinically distinguishable differences.
If the CI fell completely below the threshold for the minimal
level of clinically important difference, then the two recon-
structions were considered equivalent. The clinical cutoff
for equivalence was set at the upper limit of variation
between normal knees, or 2.0 mm, according to the Interna-
tional Knee Documentation Committee (IKDC) 2000 Knee
Examination.19 Difference testing was performed with
SPSS (IBM SPSS Statistics for Windows, version 21.0, IBM
Corp, Armonk, New York), while equivalence calculations
were performed with the statistical computing software R
(R version 2.15.2, R Foundation for Statistical Computing,
Vienna, Austria) using the equivalence package (R package
version 0.5.6, Andrew Robinson, 2010).

RESULTS

A comprehensive, quantitative list of all testing results is
located in Tables 1 and 2 and includes the intact values
and results of the sectioned, anatomic augmented repair,

and anatomic reconstruction states relative to intact.
Results are reported as significantly different from intact,
from sectioned, and between repair and reconstruction
states. The sectioned state was significantly different from
the intact state at all flexion angles for all conditions tested
(P\ .05). The anatomic augmented repair and reconstruc-
tion were not significantly different from each other at
any flexion angle for all conditions tested. The most clini-
cally pertinent findings are listed below, and the average
differences between groups are used for comparison.

Valgus Rotation

The anatomic augmented repair had significant reductions in
valgus rotation compared with the sectioned state at all flex-
ion angles tested (P \ .05). Similarly, the anatomic recon-
struction had significantly less valgus rotation than the
sectioned state at all flexion angles tested. Decreases in val-
gus rotation compared with the sectioned state averaged 2.2!
and 2.8! (P \ .05) at 0! and 20! of flexion for the anatomic
augmented repair and 2.5! and 2.9! (P \ .05) for the ana-
tomic reconstruction groups. The significant differences
from intact were 1.9! and 2.5! (P\ .05) at 0! and 20! of flex-
ion for the anatomic augmented repair and 1.5! and 2.4! (P\
.05) for the anatomic reconstruction groups (Table 1).

Medial Joint Gapping

Both the anatomic augmented repair and anatomic recon-
struction had significantly less medial joint gapping than

TABLE 1
Valgus Rotation, Medial Joint Gapping, External Rotation, and Internal Rotation Values for Intact States

and Differences From Intact: sMCL-Sectioned, Anatomic Reconstruction, and Anatomic Augmented Repair Statesa

Applied 10-N!m Valgus Rotation Torque Applied 10-N!m Valgus Rotation Torque

Valgus Rotation, deg Difference From Intact, deg Medial Joint Gapping, mm Difference From Intact, mm

Flexion
Angle

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

0! 3.8 6 0.9 4.1 6 2.5I 1.5 6 1.6I,S 1.9 6 1.6I,S 2.4 6 0.6 3.3 6 1.8I 1.2 6 1.3I,S 1.6 6 1.4I,S

20! 5.4 6 2.0 5.3 6 3.0I 2.4 6 2.2I,S 2.5 6 1.4I,S 3.0 6 0.9 4.6 6 2.3I 1.8 6 1.9I,S 1.9 6 1.3I,S

30! 6.2 6 2.7 5.4 6 2.8I 2.7 6 2.3I,S 2.6 6 1.4I,S 3.1 6 1.1 5.0 6 2.1I 2.2 6 2.1I,S 2.2 6 1.5I,S

60! 7.7 6 3.9 6.5 6 3.1I 1.3 6 1.9S 1.5 6 2.1S 3.5 6 1.5 5.1 6 2.0I 1.0 6 1.7S 1.6 6 1.8I,S

90! 9.0 6 4.2 5.2 6 3.3I 1.6 6 2.2S 1.8 6 2.1I,S 3.9 6 1.8 4.1 6 1.7I 1.1 6 1.9S 1.4 6 1.7I,S

Applied 5-N!m External Rotation Torque Applied 5-N!m Internal Rotation Torque

External Rotation, deg Difference From Intact, deg Internal Rotation, deg Difference From Intact, deg

Flexion
Angle

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

0! 14.9 6 5.0 4.3 6 1.7I 2.2 6 1.2I,S 1.3 6 2.2S 13.2 6 3.2 4.8 6 3.3I 3.1 6 2.2I 3.8 6 1.6I

20! 18.7 6 6.8 5.8 6 2.5I 3.1 6 1.8I,S 1.8 6 2.5S 19.6 6 5.5 6.3 6 4.0I 3.9 6 2.7I 4.6 6 1.5I

30! 19.8 6 8.3 7.1 6 2.7I 4.3 6 2.5I,S 2.6 6 2.9I,S 21.6 6 6.3 6.6 6 3.8I 4.9 6 4.3I 4.5 6 1.9I

60! 19.9 6 9.2 10.5 6 3.5I 4.8 6 3.7I,S 3.1 6 4.0I,S 21.5 6 7.4 4.1 6 2.1I 1.1 6 3.2S 2.2 6 2.0I,S

90! 20.9 6 8.4 10.0 6 2.9I 4.0 6 3.4I,S 2.2 6 3.5S 20.6 6 7.7 2.7 6 2.0I 0.4 6 3.6S 1.1 6 1.7

aValues are expressed as mean 6 standard deviation. sMCL, superficial medial collateral ligament.
ISignificant difference when compared with intact state (P\ .05).
SSignificant difference when compared with the sMCL-sectioned state (P\ .05).
RSignificant difference between the anatomic augmentation repair and anatomic reconstruction states (P\ .05).
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the sectioned state at all tested flexion angles. Compared
with the sectioned state, the decrease in medial joint gap-
ping at 20! and 30! of flexion averaged 2.7 mm and 2.8 mm
(P \ .01) for the anatomic augmented repair and 2.8 mm
and 2.8 mm (P \ .01) for the anatomic reconstruction.
The significant differences from intact were 1.9 mm and

2.2 mm (P\ .05) at 20! and 30! of flexion for the anatomic
augmented repair and 1.8 mm and 2.2 mm (P\ .05) for the
anatomic reconstruction groups (Figure 2 and Table 1).

The equivalence test using the confidence interval for dif-
ferences between anatomic augmented repair and anatomic
reconstruction demonstrated that the two techniques can be
considered clinically equivalent at 0! and 20! (Figure 3).
Additionally, differences between the groups (mean 6 SD;
0.4 6 1.7 mm for 0! and 0.1 6 2.3 mm for 20!) can be com-
pared with the intraspecimen variability for changes in
medial gapping, which was found to be 0.8 mm averaged
over all specimen pairs at 0! and 20! of flexion.

External Rotation

The anatomic augmented repair and anatomic reconstruc-
tion displayed significantly less external rotation than the
sectioned state at all flexion angles tested. The average
decrease in external rotation, compared with the sectioned
state average at 30! and 90! of flexion (dial test), was 4.4!
and 7.9! (P\ .01) for the anatomic augmented repair and
2.8! and 6.1! (P\ .01) for the anatomic reconstruction. The
significant differences from intact were 2.6! (P\ .05) at 30!
of flexion for the anatomic augmented repair and 4.3! and
4.0! (P \ .05) at 30! and 90! of flexion for the anatomic
reconstruction groups (Figure 4 and Table 1).

Internal Rotation

The anatomic augmented repair had a significant reduc-
tion of 1.9! (P \ .05) of internal rotation when compared

TABLE 2
Anteromedial Drawer and Simulated Pivot Shift Values for Intact States Differences From Intact:

sMCL-Sectioned, Anatomic Reconstruction, and Anatomic Augmented Repair Statesa

Coupled 100-N Anterior Load and 5-N!m External Rotation Torque Coupled 100-N Anterior Load and 5-N!m External Rotation Torque

Axial Plane Translation, mm Difference From Intact, mm External Rotation, deg Difference From Intact, deg

Flexion
Angle

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

0! 6.3 6 1.9 0.8 6 0.8I 0.4 6 0.5 0.3 6 0.7 14.5 6 5.0 4.4 6 1.7I 2.0 6 1.6I,S 1.4 6 2.4S

20! 7.7 6 2.6 1.2 6 1.3I 0.8 6 1.2 0.4 6 0.9 18.4 6 6.7 6.0 6 2.6I 3.4 6 2.4I,S 1.5 6 2.7S

30! 8.0 6 3.0 1.6 6 1.7I 0.9 6 2.0 0.9 6 1.0I 19.6 6 8.2 7.4 6 2.7I 4.4 6 2.7I,S 2.5 6 2.8I,S

60! 6.2 6 3.6 3.5 6 2.5I 2.4 6 2.7I 1.5 6 1.9I,S 18.9 6 9.0 12.0 6 4.4I 5.4 6 5.2I,S 3.3 6 5.1S

90! 5.2 6 3.7 3.7 6 1.9I 1.7 6 2.5S 1.7 6 1.8I,S 19.3 6 8.0 11.9 6 3.2I 3.5 6 4.7S 2.8 6 4.7S

Simulated Pivot Shift Simulated Pivot Shift

Internal Rotation Difference From Intact Anterior Translation Difference From Intact

Flexion
Angle

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

Intact
(n = 18)

Sectioned
(n = 18)

Reconstruction
(n = 9)

Repair
(n = 9)

0! 13.9 6 3.3 7.0 6 4.6I 3.6 6 2.5I 5.0 6 1.9I 0.4 6 1.1 –1.5 6 1.2I –0.6 6 0.8S –1.2 6 0.6I

20! 20.8 6 5.8 7.3 6 4.0I 4.8 6 2.3I 5.1 6 1.9I 1.4 6 1.8 –2.0 6 2.0I –1.5 6 0.8I –1.3 6 0.5I

30! 22.8 6 6.6 6.7 6 4.6I 5.3 6 4.0I 4.1 6 2.6I 1.4 6 1.8 –2.2 6 1.2I –1.8 6 1.2I –1.4 6 0.7I

aValues are expressed as mean 6 standard deviation. sMCL, superficial medial collateral ligament.
ISignificant difference when compared with intact state (P\ .05).
SSignificant difference when compared with the sMCL-sectioned state (P\ .05).
RSignificant difference between the anatomic augmentation repair and anatomic reconstruction states (P\ .05).

Figure 2. Changes in medial compartment gapping after
sectioning, anatomic superficial medial collateral ligament
(sMCL) augmented repair, and anatomic sMCL reconstruc-
tion. Data are reported as an average increase in medial
compartment gapping compared with the intact knee in
response to a 10-N!m valgus torque.
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with the sectioned state at 60! of flexion. The anatomic
reconstruction had significantly reduced internal rotation
compared with the sectioned state at 60! and 90! of flexion.
At 0! of flexion, the significant differences from intact were
3.8! and 3.1! (P\ .01) for the anatomic augmented repair
and anatomic reconstruction, respectively (Table 1).

Anteromedial Drawer
(Anterior Drawer With External Rotation)

The anatomic augmented repairs and anatomic reconstruc-
tions significantly reduced knee translation on average by
2.1 mm and 2.0 mm (P\ .05), respectively, compared with
the average sectioned state at 90! of flexion, where the
anteromedial drawer test is performed clinically. Addition-
ally, the anatomic augmented repairs and anatomic recon-
structions significantly reduced knee rotation at all tested
flexion angles compared with the sectioned state. At 90! of
flexion, external rotation was on average reduced by 9.2!
(P \ .05) for the anatomic augmented repair and 8.5!
(P \ .05) for the anatomic reconstruction compared with
the sectioned sMCL. With regard to translation, the ana-
tomic augmentation repair resulted in a significant differ-
ence from intact of 1.7 6 1.8 mm (P\ .05) at 90! (Table 2).
At 90!, external rotation resulted in differences from intact
of 2.8! and 3.5! for the anatomic augmentation repair and
anatomic reconstruction, respectively; however, these were
not significant.

Simulated Pivot Shift (Internal and Valgus Rotations)

The anatomic reconstruction significantly reduced anterior
translation by 0.9 mm (P \ .05) during applied internal
rotation and valgus rotation torques at 0! of knee flexion
compared with the sectioned state. For all tested flexion
angles, the anatomic augmented repair and anatomic

reconstruction both had significant differences from the
intact state in anterior translation and internal rotation
during an applied simulated pivot shift, except for the ana-
tomic reconstruction at 0!, which was not significantly dif-
ferent from intact (Table 2).

DISCUSSION

We found that both an anatomic sMCL augmented repair
and an anatomic sMCL reconstruction improved knee sta-
bility when compared with a sectioned sMCL. Medial joint
gapping, valgus rotation, and external rotation were signif-
icantly reduced from the sectioned state. Further, these
results were recorded after a rigorous testing protocol
with the robot manipulating the knee in a much more
aggressive fashion than would be seen in a typical physical
therapy regimen. Therefore, the ability to significantly
improve from the sectioned state may substantiate the
ability to initiate joint motion immediately postoperatively.
Early joint motion is crucial to maintaining the mechanical
properties and prevents disorganization of collagen
fibrils.21 The ability to initiate postoperative mobilization
allows for return of knee function while minimizing the
development of arthrofibrosis.27-29

The pilot study demonstrated that an aggressive early
knee motion program, as evaluated by the rigorous robotic
knee testing cycles, did not significantly stretch out the
anatomic augmented repair. However, the proximal
sMCL augmented repair with suture anchors, which
lacked a reconstruction tunnel and which the senior author
often used clinically, had failed at time zero. These findings
have led to an immediate change in the senior author’s
clinical practice.

Figure 3. Equivalence test of medial joint gapping in ana-
tomic superficial medial collateral ligament (sMCL) aug-
mented repair and anatomic sMCL reconstruction at 0! and
20! of knee flexion. The clinical cutoff for equivalence was
set at 2 mm, which is the upper limit of difference from the
contralateral knee in the International Knee Documentation
Committee 2000 Knee Examination. Figure 4. Changes in external rotation after sectioning, ana-

tomic superficial medial collateral ligament (sMCL) augmented
repair, and anatomic sMCL reconstruction. Data are reported
as average increase in external rotation compared with the
intact knee in response to a 5-N!m valgus torque.
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We found that the anatomic augmented sMCL repair and
the reconstruction techniques both restored normal laxity of
the knee for the majority of the tested conditions. We do not
believe that the residual laxity found after either of these two
reconstruction techniques will be of clinical importance. It is
our opinion that further improvements in medial knee stabil-
ity after injury should still be sought in the future with addi-
tional refinements in anatomic reconstruction principles.

The results of medial knee gapping and valgus rotation
with an applied valgus stress to the sMCL sectioned knee
are similar to results reported previously.11,25,28,43 Griffith
et al11 reported increases in valgus rotations after complete
sMCL sectioning of 3!, 7!, 6.5!, 8.5!, and 5! when compared
with intact at 0!, 20!, 30!, 60!, and 90! of knee flexion
respectively, which compares well with valgus rotational
differences observed here (4.07!-6.47!). LaPrade et al25

reported an average of 3.8 mm and 6.0 mm of side-to-side
difference in medial knee gapping when comparing the
intact knee to the sMCL-deficient knee; these differences
were determined by valgus stress radiographs at 0! and
20! of knee flexion, respectively, in cadaveric specimens
with an applied 10-N!m valgus torque. A clinical outcomes
study reported an increase in medial joint gapping of 6.2
mm on valgus stress radiographs at 20! of knee flexion in
patients presenting with instability during activities of daily
living.28 The current study observed an increase in medial
gapping after complete sectioning of 3.3 mm and 4.6 mm
when compared with the intact state, which was less than
the previous studies but may be accounted for by the addi-
tional removal of the meniscotibial ligament in the cadav-
eric study25 and the need for reconstruction of the
posterior oblique ligament in the patients presenting with
instability.28 Yoshiya et al43 reported medial knee gapping
of 3 to 6 mmwhen compared with the uninjured knee, deter-
mined by valgus stress radiographs at 20! of knee flexion, in
patients presenting for surgery because of chronic medial
knee instability or gross medial instability on clinical valgus
stress examination. This compares well with our results for
medial knee gapping at 0! and 20! of knee flexion, where we
found 3.3 mm and 4.6 mm more medial gapping for the sec-
tioned state compared with the intact state. The Yoshiya
et al43 study reported an increase of 1.7 mm and 1.8 mm
when compared with the intact state after sectioning of
the proximal sMCL and distal sMCL, respectively, at 0! of
knee flexion and 2.8 mm and 2.7 mm when examined at
20! of knee flexion with a 10-N!m applied valgus load. The
combined contributions of laxity from these two structures
are similar to our observed results for the sectioned state.

Compared with results previously reported in the liter-
ature, we found more external rotation at 0! and 20! of
knee flexion and less internal rotation at 30!, 60!, and
90!.11 These differences in internal and external rotation
may be a result of the experimental setup. Use of a
6-DOF robot allows for determination of a passive path
in which the forces throughout the knee are minimized
at each testing position. These positions may differ from
other studies in which the knee was manually manipulated
to determine neutral rotation positions.

The strengths of this study include the use of a highly
accurate and repeatable robotic testing system, matched-

pair specimens, and surgeries performed by the same sports
medicine orthopaedic surgeon with experience in these surgi-
cal techniques. The robotic testing system generated highly
repeatable movements by applying the same forces for clini-
cal examination maneuvers each time. Use of matched-pair
specimens helps to eliminate bias between specimens
because differences are minimized within paired knees.20

Surgical repair or reconstruction performed by the same
experienced orthopaedic surgeon for all specimens helps limit
any variability between surgeon skill and technique.

The limitations of this study include the fact that it is
a time-zero cadaveric biomechanics study, and the strenu-
ous robotic testing protocol was performed immediately
after the surgical procedures. Inherent to any in vitro bio-
mechanics study is the fact that no biologic repair or remod-
eling occurs. While the grafts used were bovine extensor
tendons, they have previously been reported to have similar
properties as human semitendinosus tendons.6

In conclusion, the anatomic sMCL augmented repair
and anatomic sMCL reconstruction were not significantly
different from each other when tested in an in vitro setting.
Both anatomically based sMCL surgical treatment techni-
ques were also biomechanically validated to reduce knee
laxity. Further, the ability to withstand a rigorous robotic
testing protocol and maintain improvements in stability
suggests the ability to withstand immediate postoperative
motion in rehabilitation. An improved understanding of
biomechanical stability after anatomic sMCL reconstruc-
tion or repair techniques can serve as the foundation for
future biomechanical and clinical studies. Despite the sim-
ilar behavior between the 2 reconstruction groups, neither
technique was able to reproduce the intact state. While
anatomic augmented repairs and reconstructions are sim-
ilar at time zero, an evidence level 1 clinical trial is recom-
mended to determine whether there are differences in
short- or long-term clinical outcomes both objectively
with valgus stress radiographs and through the use of
patient-reported outcome scores.
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