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Background: Although length change patterns of the medial knee structures have been reported, either the weightbearing
state was not considered or quantitative radiographic landmarks that allow the identification of the insertion sites were not
reported.

Purpose: To (1) analyze the length changes of the superficial medial collateral ligament (sMCL) and posterior oblique ligament
(POL) under weightbearing conditions and (2) to identify the femoral sMCL insertion site that demonstrates the smallest length
changes during knee flexion and report quantitative radiographic landmarks.

Study Design: Descriptive laboratory study.

Methods: The authors performed a 3-dimensional (3D) analysis of 10 healthy knees from 0� to 120� of knee flexion using
weightbearing computed tomography (CT) scans. Ligament length changes of the sMCL and POL during knee flexion were
analyzed using an automatic string generation algorithm. The most isometric femoral insertion of the sMCL that demonstrated the
smallest length changes throughout the full range of motion (ROM) was identified. Radiographic landmarks were reported on an
isometric grid defined by a true lateral view of the 3D CT model and transferred to a digitally reconstructed radiograph.

Results: The sMCL demonstrated small ligament length changes, and the POL demonstrated substantial shortening during knee
flexion (P ¼ .005). Shortening of the POL started from 30� of flexion. The most isometric femoral sMCL insertion was located 0.6 ±
1.7 mm posterior and 0.8 ± 1.2 mm inferior to the center of the sMCL insertion and prevented ligament length changes>5% during
knee flexion in all participants. The insertion was located 47.8% ± 2.7% from the anterior femoral cortex and 46.3% ± 1.9% from
the joint line on a true lateral 3D CT view.

Conclusion: The POL demonstrated substantial shortening starting from 30� of knee flexion and requires tightening near full
extension to avoid overconstraint. Femoral sMCL graft placement directly posteroinferior to the center of the anatomical insertion
of the sMCL demonstrated the most isometric behavior during knee flexion.

Clinical Relevance: The described elongation patterns of the sMCL and POL aid in guiding surgical medial knee reconstruction
and preventing graft lengthening and overconstraint of the medial compartment. Repetitive graft lengthening is associated with
graft failure, and overconstraint leads to increased compartment pressure, cartilage degeneration, and restricted ROM.
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The anatomy of the medial collateral ligament (MCL) and
the posteromedial corner has become of interest in the con-
text of medial knee reconstruction techniques.3,22,28,32

Despite the excellent healing potential of the MCL, patients

with residual symptomatic valgus or anteromedial rotatory
instability necessitate surgical reconstruction.19 Further-
more, the role of the MCL as an anteromedial rotatory sta-
bilizer has been recognized in combined anterior cruciate
ligament injury.4,31

Repair or reconstruction of the MCL has proven to be
effective in restoring valgus and rotatory instability, and
various surgical techniques have been developed.9 The
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MCL and posteromedial corner consist of 3 main anatomi-
cal structures: the superficial MCL (sMCL), the deep MCL,
and the posterior oblique ligament (POL).23 While the MCL
primarily resists valgus force,4 the POL has been identified
as an important restraint to tibial internal rotation near
extension.8,13,14,26 Modifications toward a more precise
anatomical reconstruction of the 3 medial knee structures,
compared with a nonanatomical single-bundle reconstruc-
tion,33 intend to restore the anatomy of the sMCL and
POL.7 While restoration of valgus stability has been
reported with the use of both techniques,9 the importance
of an additional POL reconstruction to restore native inter-
nal rotatory stability has been highlighted by LaPrade and
Wijdicks.24

Previous research has mainly focused on the biomechan-
ical behavior of these reconstruction techniques.11,22,29

Although length changes of the native medial ligament
complex and also reconstruction techniques have been
described investigating the full range of motion (ROM),21,32

we are only aware of 1 study investigating ligament elon-
gation under in vivo weightbearing conditions.18 Previous
studies either have not considered the weightbearing
state21,32 or have not reported quantitative radiographic
landmarks that allow the clear identification of the inser-
tion sites that demonstrate the smallest length changes
during flexion.18 However, the axial rotation of the native
knee joint during flexion under weightbearing load might
influence ligament elongation patterns and therefore
should be accounted for.

Understanding graft elongation patterns and accurate
identification of the insertion sites is of clinical relevance,
as an isometric graft placement may lead to overconstraint
or slackening of the graft and can promote graft failure. A
detailed understanding of the elongation patterns of the
sMCL and POL throughout a full ROM and the femoral
insertions that demonstrate the smallest length changes
would be helpful to guide surgical reconstruction of the
medial knee.

The primary aim of this study was to analyze the elon-
gation patterns of the sMCL and POL during knee flexion
in a weightbearing 3-dimensional (3D) computed tomogra-
phy (CT) model. The secondary aim was to identify the
femoral sMCL insertion that demonstrated the smallest
length changes during knee flexion and to report its loca-
tion with respect to quantitative radiographic landmarks.
We hypothesized that (1) the sMCL would demonstrate
decreased length changes compared with the POL during
knee flexion and (2) a femoral sMCL insertion point could
be identified that demonstrates isometric behavior
throughout the full ROM.

METHODS

Weightbearing CT scans of 10 healthy volunteers, acquired
for a previous study,6 were analyzed in a 3D simulation.
The mean age of the participants was 35 years (range, 25-
42 years), the mean weight was 83 kg (range, 62-85 kg), and
the mean height was 180 cm (range, 169-190 cm). No vol-
unteer stated having had previous knee symptoms or sur-
gery. High-resolution CT images were acquired in a
standing position with increasing knee flexion (0�, 30�,
60�, and 120�) using an open extremity CT scanner (Verity,
Planmed; slice thickness, 0.4 mm). The study protocol was
approved by the local ethics committee, and written
informed consent was obtained from all patients.

The 3D triangular surface models were generated with
global threshold segmentation and region growing using
Mimics software (Materialise). The models were imported
into the in-house planning software CASPA (Balgrist
Zurich). The femur remained static as a reference, and the
tibial motion was described relative to the femur through-
out flexion. The femoral model of each participant was
superimposed using an iterative closest point (ICP) surface
registration algorithm.5 Five defined knee flexion angles
(0�, 30�, 60�, 90�, and 120�) were interpolated to reduce the
effect of variable degrees of flexion among the participants
during CT scan. As the models were obtained for a previous
study, the proximal tibia models did not include a minimum
length of 7 cm in all cases. Therefore, a mean 3D model of a
right tibia was superimposed onto the original tibial pla-
teau of each candidate with the same ICP algorithm.5 The
model was generated from the CT data of 21 healthy parti-
cipants using a statistical shape modeling (SSM) approach
according to Albrecht et al1 and was used for a previous
study.17 The mean absolute registration error of the SSM
onto the original participants’ tibial plateau was 1.1 mm
(range, 0.9-1.6 mm).

A coordinate system was adjusted according to Grood
and Suntay15 with the proximal directing vector (z~) being
the normal vector of the tibial joint plane, the anterior
directing vector (y~) in the direction of the medial border of
the tibial tuberosity, and (x~) toward lateral. The tibial joint
plane was defined by standardized surface registration
spheres at the medial and lateral tibial plateau as previ-
ously described.16

First, an analysis of the ligament length changes of the
sMCL and POL was performed. Second, the most isometric
femoral insertion point of the sMCL was defined and quan-
titative radiographic landmarks were reported. As the POL
demonstrated significant lengthening during extension in
previous studies18,32 and its main role is to provide rota-
tional and valgus stability near extension after anatomical
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reconstruction,24 we did not attempt to compute an isomet-
ric point for this graft strand because of its limited clinical
relevance.

Definition of the Anatomical Insertion Points, sMCL,
and POL

Anatomical Insertion Points. The femoral and tibial
insertion sites were defined as the center of insertion
according to quantitative anatomical measurements as
described by Saigo et al.28 The quantitative anatomical
insertion points of the sMCL and POL were computed
according to a femoral and tibial grid in a true lateral view
of the 3D CT model. The borders of the femoral grid were
defined by the posterior medial condyle, the distal medial
condyle, and the anterior femoral cortex. The femoral grid
was defined as a square, and its proximodistal and antero-
posterior length was defined by the distance from the pos-
terior medial condyle to the anterior femoral cortex (Figure
1A). The borders of the tibial grid were defined by the pos-
terior and anterior tibial cortex and the proximal medial
tibial plateau. The tibial grid was defined as a square, and
its proximodistal and anteroposterior length was defined by
the distance from the posterior tibial cortex to the anterior
tibial cortex (Figure 1B). The y axes of the femoral and
tibial grids were identical to the plane normal of the tibial
plateau (z~) of the previously described coordinate system.
This allowed the simulation of the insertion points indepen-
dent of height.

Superficial Medial Collateral Ligament. The sMCL was
computed from the femoral insertion, located at 46.9% (x
axis) and 47.5% (y axis) (Figure 1A), to the tibial insertion,
located at 43.1% (x axis) and (92.9% y axis) (Figure 1B), as
described by Saigo et al.28

Posterior Oblique Ligament. The POL was computed
from the femoral insertion, located at 61.6% (x axis)
and 51.2% (y axis) (Figure 1A), to the tibial insertion,
located at 95.5% (x axis) and 7.0% (y axis) (Figure 1B), as
described by Saigo et al.28

Definition of Ligament Length Changes and the
Most Isometric Insertion of the sMCL on the Medial
Femoral Surface

Ligament lengthchangewasdefinedasthemaximumlength-
ening or shortening, compared with the initial length of the
simulated ligament in extension, throughout the full ROM.
Positive values indicated a ligament lengthening, and nega-
tive values a relative ligament shortening during knee
flexion.

An automatic string generation algorithm according to
Graf et al12 computed the isometric score for the sMCL and
POL graft strandthroughout the fullROM(0�-120�).The sum
of the relative mean square errors of all generated string
lengths defined the isometric score (0¼ perfect isometry; the
higher the score, the more anisometric).12 The isometric score
(Is) was calculated as the relative mean square error of a
string (s) over all flexion positions as described by Graf et al12

Is¼
1

jPj
Xc

pEP

lp;s � �ls

�ls

� �
2

where P is the set of all flexion positions, lp,s is the length of
string s in flexion position p, ls is the average length of the
string over all flexion positions, and |P| is the number of
measured flexion positions.

We aimed to find the femoral insertion point close to the
anatomical sMCL insertion that demonstrated the most iso-
metric score throughout a full ROM while avoiding overcon-
straint or slackening in knee flexion. The most isometric
femoral insertion point for the sMCL was calculated on the
medial femoral surface and was limited within a sphere
(10-mm radius) centered at the anatomical sMCL insertion.
Additionally, the location of the most isometric point was
reported within the femoral grid that was computed accord-
ing to Saigo et al28 (Figure 1). To allow the identification of
the reported quantitative measurements in intraoperative
fluoroscopy, we identified the anatomical landmarks that
defined the femoral borders of the grid (ie, posterior medial
condyle, inferior medial condyle, and anterior cortex) in the

Figure 1. Definition of the superficial medial collateral ligament (sMCL) insertion (red) and posterior oblique ligament (POL) insertion
(blue) at the (A) femur and (B) tibia. (C) The automatic string generation algorithm computed the graft strands of the sMCL (red) and
POL (blue) from the defined femoral to the tibial insertion points.

The Orthopaedic Journal of Sports Medicine Elongation Patterns of the Medial Knee Structure 3



3D CT model using manual annotation and created a digi-
tally reconstructed radiograph as described by Esfandiari
et al.10 The quantitative radiographic landmarks were ana-
lyzed in a true lateral view confirmed by a congruent overlap
of the posterior condyles.

Statistical Analysis

Normal distribution was assessed using the Shapiro-Wilk
and Kolmogorov-Smirnov tests. Data were reported as
means ± SDs and ranges. Differences between sMCL and
POL ligament length changes and the isometric scores were
assessed using the Wilcoxon test. Data were analyzed with
SPSS Version 26 (IBM Corp).

RESULTS

Ligament Length Changes of the sMCL and POL

The sMCL demonstrated a mean ligament lengthening of
1.2 ± 5.1 mm (range, 5.0 to–10.3 mm) during knee flexion
compared with a shortening of the POL of–13.8 ± 2.8 mm
(range,–9.3 to–19.8 mm) in all participants (P ¼ .005)
(Table 1, Figure 2).

Lengthening of the sMCL occurred from 30� to 90� of knee
flexion. Shortening of the POL occurred from 30� to 120� of
knee flexion. The sMCL was longest in 60� to 90� of flexion,
and the POL was longest in full extension (Figure 2).

Isometric Score and Most Isometric Femoral sMCL
Insertion Point

The isometric score of the sMCL was 1.2 ± 1.8 (�10–3) com-
pared with 35.5 ± 15.2 (�10–3) for the POL (P ¼ .005). The
femoral sMCL insertion with the most isometric score
throughout the full ROM was located at 47.8% ± 2.7%
(44.1%-52.1%) of the x axis and at 46.3% ± 1.9% (43.4%-
49.3%) of the y axis (Figure 3A). The most isometric femoral
sMCL insertion was located 0.6 ± 1.7 mm posterior and 0.8 ±
1.2 mminferior to the center of the sMCLinsertion. This point
prevented ligament length changes >5% in all participants
with a mean lengthening of 2.6% ± 1.1% (1.5%-5.0%) during
knee flexion. In a true lateral view of the digitally recon-
structed radiograph, the point could be identified directly
anterosuperior of a crosshair defined by a line between the
posterior femoral cortex and the most distal point of the
medial condyle (in line with the posterior femoral cortex), and
a perpendicular line through the most posterior point of the
medial condyle (Figure 3B).

TABLE 1
Relative Ligament Length Changes of the sMCL and POL Throughout Knee Flexion for Each Participanta

Ligament Length Change Throughout Full ROM

<2% 2%-5% 5%-10% >10% Ligament Length Change During Flexion, mmb

sMCL 0 7 2 1 1.2 ± 5.1 (5.0 to–10.3)c

POL 0 0 0 10 –13.8 ± 2.8 (–9.3 to–19.8)c

aValues are presented as number or mean ± SD (range). POL, posterior oblique ligament; ROM, range of motion maximum;
sMCL, superficial medial collateral ligament.

bLength changes are reported as maximum length change during knee flexion in relation to the original ligament length in extension.
Positive values indicate relative lengthening, and negative values indicate relative shortening.

cSignificant shortening of POL compared with sMCL during knee flexion (P ¼ .005).

Figure 2. Ligament length changes of the superficial medial collateral ligament (sMCL) and posterior oblique ligament (POL)
during knee flexion. (A) Average ligament length of the sMCL and POL throughout the full range of motion. (B) Average maximum
length change during knee flexion in relation to the original ligament length in extension (positive values indicate relative
lengthening, and negative values indicate relative shortening). *Significant shortening of the POL compared with the sMCL
during knee flexion (P ¼ .005).
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DISCUSSION

The most important finding of this study was that the
sMCL, defined by the anatomical center of insertions,
demonstrates only limited length changes throughout the
full ROM compared with a significant shortening of the
POL during knee flexion under weightbearing conditions.
We were able to define the most isometric femoral sMCL
insertion, which prevented ligament length changes >5%
throughout the full ROM in each individual. The most iso-
metric femoral insertion of the sMCL was identified in a
true lateral view in direct proximity anterosuperior to the
center of a crosshair, which was defined by a line connect-
ing the posterior femoral cortex and the most inferior point
of the medial condyle and a perpendicular line passing
through the most posterior point of the medial condyle.
These findings aid in guiding medial knee reconstruction
to prevent repetitive stretching or slackening of the graft
and eventual graft failure or overconstraint of the medial
compartment.

We were able to confirm both our hypotheses. First, the
sMCL demonstrated superior isometric characteristics and
significantly smaller length changes during flexion com-
pared with the POL. Second, we identified the most isomet-
ric sMCL insertion that demonstrated only limited length
changes during knee flexion, with an average of less than
3% of the initial ligament length in extension. Because of
the nearly isometric behavior of the native sMCL center,
the computed most isometric point is located in direct prox-
imity posteroinferior to the described anatomical insertion
in accordance with previous studies.21,32 While the elonga-
tion patterns of the center of the sMCL are in line with
previous studies, it is important to consider the reciprocal

behavior of tensioning of anterior fibers and slackening of
posterior fibers of the MCL during flexion because of the
fan-shaped wide anatomical structure.2,21,30 However,
most commonly performed MCL reconstruction techniques
use a single graft strand for the sMCL,24,25,33 and therefore
guidance to reconstruct the sMCL and preventing length-
ening or slackening of the graft strand is of high clinical
relevance. The relatively small length changes of the sMCL
during flexion support the role as a primary valgus stabi-
lizer throughout the full ROM, whereas the slackening of
the POL during flexion suggests that its primary role is to
provide additional stability near full extension, as previ-
ously described.28,31

The reported quantitative radiographic landmarks aid in
guiding surgical reconstruction using fluoroscopy. In the
presence of chronic instability and scarring, the native ana-
tomical insertions may not be identifiable and radiographic
landmarks can be reproduced when using intraoperative
fluoroscopy. As described by Saigo et al,28 we could not
reliably identify the medial epicondyle (ME) as a robust
anatomical landmark and therefore purposely did not
report the location with respect to the ME. Moreover, the
relationship of the sMCL and the ME varies among previ-
ous studies,23,27 which makes the ME a questionable ana-
tomical landmark to guide medial knee reconstruction.

Regarding the POL graft strand, significant shortening
occurred during knee flexion from 30� to 120�. As the main
function is the constraint of tibial internal rotation near full
extension24 and ligament lengthening of the POL has been
described toward knee extension in previous studies,21,24

tightening of the POL graft strand in extension has been
proposed.24 This is supported by our results.

Figure 3. Quantitative radiographic landmarks to identify the most isometric superficial medial collateral ligament (sMCL) insertion
point. (A) A close relationship was seen between the most isometric sMCL insertion point (green dot) and the anatomical insertion
point (red dot). (B) In a true lateral fluoroscopy view, the most isometric point (green dot) can be identified in direct proximity
anterosuperior to the center of a crosshair (yellow lines) that is defined by a line connecting the posterior femoral cortex and most
inferior point of the medial condyle (white circle) and a perpendicular line passing through the most posterior point of the medial
condyle (white circle). The red dot indicates the anatomical insertion point.
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According to the described shortening in knee flexion
(beyond 30�), the POL graft should be tensioned and fixed
in less than 30� of knee flexion to reproduce its anatomical
length and prevent overtightening in extension. Lind et al25

have suggested tensioning the POL graft at 60� of knee
flexion while using the same femoral insertion as for the
sMCL graft strand.20 This would result in restricted knee
extension when respecting the anatomical femoral POL
insertion and should be avoided.

Despite the inclusion of in vivo tibiofemoral kinematics
by analyzing CT under weightbearing load, our findings are
similar to those of previous studies that have not consid-
ered the weightbearing state.21,32 This is most likely
because the main anteroposterior translation as a result
of weightbearing occurs at the lateral knee compartment
and has only a limited effect on graft lengths at the medial
side of the knee.

Limitations

Several limitations must be considered when interpreting
our findings. The sample size of 10 participants is relatively
small. Anatomical landmarks of the ligament insertion
sites were computed on the 3D models according to
described quantitative measurements,28 and interindivid-
ual morphometric variances may not have been reproduced
precisely. The use of a mean tibial model might have influ-
enced our findings and potentially neglects interindividual
differences. The decision to define the most isometric points
at the femoral site is arbitrary and could also be analyzed
on the tibial side. Changing the insertion site of the tibia
will also affect the most isometric point on the femur. How-
ever, as we could confirm our hypothesis by computing the
insertion point on the femoral side, we did not extend the
analysis to the tibial side. Additionally, the femoral inser-
tion site seems to have a bigger effect on the change of MCL
elongation patterns.18,21 The use of a single point of inser-
tion for the sMCL and POL does not simulate the native
behavior of the broad insertions of the sMCL and POL com-
pletely. Finally, the use of the described string generation
algorithm simplifies the exact course of the ligaments,
ignoring soft tissue (eg, the joint capsule), as well as biome-
chanical properties, including fiber orientation and stiff-
ness of the graft.

CONCLUSION

The sMCL demonstrated small length changes during knee
flexion. The POL demonstrated substantial shortening dur-
ing knee flexion, starting from 30� of knee flexion, and
requires tightening near full extension to avoid overcon-
straint. Femoral sMCL graft placement directly posteroin-
ferior to the center of the anatomical insertion of the sMCL
(0.6 ± 1.7 mm posterior and 0.8 ± 1.2 mm inferior) demon-
strated the most isometric behavior during knee flexion
and can be identified at 47.8% ± 2.7% from the anterior
femoral cortex and at 46.3% ± 1.9% from the joint line in
a true lateral view.

The described elongation patterns of the sMCL and POL
aid in guiding surgical medial knee reconstruction and
preventing graft lengthening and overconstraint of the
medial compartment. Repetitive graft lengthening is asso-
ciated with graft failure, and overconstraint leads to
increased compartment pressure, cartilage degeneration,
and restricted ROM.
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