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Context: Recommendations on the positioning of the tibio-
femoral joint during a valgus stress test to optimize isolation of the
medial collateral ligament (MCL) from other medial joint structures
vary in the literature. If a specific amount of flexion could be
identified as optimally isolating the MCL, teaching and using the
technique would be more consistent in clinical application.

Objective: To determine the angle of tibiofemoral joint
flexion between 06 and 206 that causes a difference in the
slope of the force-strain line when measuring the resistance to a
valgus force applied to the joint.

Design: Cross-sectional study.
Setting: University research laboratory.
Patients or Other Participants: Twelve healthy volunteers

(6 men, 6 women: age 5 26.4 6 5.6 years, height 5 170.9 6
8.4 cm, mass 5 75.01 6 14.6 kg).

Intervention(s): Using an arthrometer, we applied a valgus
force, over a range of 60 N, to the tibiofemoral joint in 06, 56,
106, 156, and 206 of flexion.

Main Outcome Measure(s): Force-strain measurements
were obtained for 5 positions of tibiofemoral joint flexion.

Results: As knee flexion angle increased, slope values
decreased (F4,44 5 17.6, P , .001). The slope at full extension
was not different from that at 56 of flexion, but it was different
from the slopes at angles greater than 106 of flexion. Similarly,
the slope at 56 of flexion was not different from that at 106 of
flexion, but it was different from the slopes at 156 and 206 of
flexion. Further, the slope at 106 of flexion was not different from
that at 156 or 206 of flexion. Finally, the slope at 156 of flexion
was not different from that at 206 of flexion.

Conclusions: When performing the manual valgus stress
test, the clinician should fully extend the tibiofemoral joint or flex
it to 56 to assess all resisting medial tibiofemoral joint structures
and again at 156 to 206 of joint flexion to further assess the
MCL.
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Key Points

N No difference was noted between the force-strain lines measured in full extension and those measured at 56 and 106 of
flexion, but differences were seen at 156 and 206 of flexion.

N Resistance to force by the medial joint structures decreased linearly with an increase in joint flexion and was significantly
different beyond 156 of flexion.

N To assess a medial tibiofemoral joint sprain, the clinician should test the knee between 06 and 106 of flexion to evaluate
the medial joint tissues and again at 156 to 206 of flexion to evaluate the medial collateral ligament.

I
solated or combined medial collateral ligament (MCL)
ruptures are common tibiofemoral joint injuries in
athletic activities.1 A common site of MCL tears is near

the femoral insertion, or the posterior proximal region of
the joint.2 On examination of a patient with a medial
tibiofemoral joint injury, specifically an injury to the MCL,
palpation reveals medial knee pain, especially at the site of
the injured tissue. The history reveals that the mechanism
of injury was a valgus stress caused by a force applied to
either the distal portion of the upper leg or the proximal
aspect of the lower leg.3–5 This mechanism of injury is
supported by strain gauge measurements,4,6 which show
that a slightly flexed tibiofemoral joint is a particularly
vulnerable position for MCL injury when external rotation
and valgus force are applied.7 The severity of injury is
based on point tenderness in proximity to the injured
tissue, swelling over the anatomical location of the

ligament, and the amount of tibiofemoral joint displace-
ment estimated when performing a manual valgus stress
test (VST). The VST distinguishes injury to the MCL from
injury to the medial meniscus; the latter structure may also
be injured with this mechanism.8–10

After studying 265 MCL injuries, Fetto and Marshall11

offered a comprehensive grading system of MCL sprains
that can be used to make diagnoses and clinical judgments
regarding treatment protocols (Table 1). Others9,12,13 have
generally agreed with this type of grading scale. Kennedy
and Fowler14 went farther by measuring the amount of
displacement between the femur and tibia when a valgus
force was applied. They found that in normal tibiofemoral
joints in full extension, the range of medial laxity was 0.3 to
1.7 mm. When the joint was flexed to 206, the amount of
medial joint displacement was 0.8 to 3.5 mm. We use this
grading system in clinical practice when assessing a medial
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tibiofemoral joint injury and then assigning a grade of
severity. When the femur and tibia displace 5 mm or less
with the VST, the instability is graded as 1+; 6 to 10 mm,
2+13; and more than 10 mm, 3+.12,15,16

Ascertaining the amount of displacement between the
femur and tibia on the VST to assign a severity grade is
difficult. It is also challenging for some clinicians to
manually flex the tibiofemoral joint sufficiently while
simultaneously applying a valgus stress to the joint. Small
hands, clinician inexperience, lack of strength, and
controlling hip motion with a flexed knee joint can all
contribute to difficulty in performing this test, especially at
angles greater than 206 of flexion. Recommendations for
tibiofemoral joint positioning during a VST to optimize
isolation of the MCL from other medial joint structures
vary in the literature.15 Most clinicians agree that the joint
should be fully extended and then flexed while applying the
manual valgus force, but the amount of flexion is not
consistent.15 For example, Grood et al17 stated that to
distinguish between the MCL and other structures that
support the medial tibiofemoral joint, flexing the joint only
56 decreased input from the posterior structures, which
became slack, and at 256 of flexion, the medial capsule was
less supportive in resisting valgus stress. However, oth-
ers15,18 believe that to isolate the MCL, 206 of knee flexion
is appropriate. Popular textbooks19–21 used in teaching the
VST indicate a range of 206 to 306 of tibiofemoral joint
flexion. In reviewing cadaver studies,18,22–24 we found no
consensus on one best position in which to perform the
VST.

Evaluation of the severity of MCL sprains depends on
the expertise of the clinician with regard to the ability to
assess the injury given subjective information, such as the
mechanism of injury, location and severity of pain, and
sensations of instability. In addition, the clinician often
needs expertise in performing a more objective special
manual test (ie, the VST). The structures being tested in full
extension are different from those being tested in some
degree of flexion.7,13–15,17,18,25–27 Flexion determines the
amount of tissue aligned to resist the imposed force. If a
specific amount of flexion could be agreed upon to
optimally isolate the medial knee structures, it would make
teaching and using the technique more consistent in clinical
application. If resistance to a valgus force on the MCL is
the same between 56 and 206 of flexion, then the clinician
can perform the VST with the tibiofemoral joint in 56 of

flexion, which is easier than performing it at 206. We have
found that holding the limb and joint in a small amount of
flexion is more manageable than maintaining a larger
amount of flexion while applying a valgus stress. In our
initial study28 on this topic, we found a difference in the
resistance of the medial tibiofemoral joint when measured
in full extension and at 206 of flexion using an arthrometer,
but we did not determine the specific angle between 06 and
206 at which the slope of the force-strain line differed from
extension. The purpose of our current study was to identify
the tibiofemoral joint angle between 06 and 206 of flexion
at which the slope of the force-strain line differs for the
medial knee structures. We did this by applying a valgus
stress to the lateral tibiofemoral joint.

METHODS

We used a 1 3 5 factorial design for this study. The
independent variable was tibiofemoral positioning during
the following measurements: 06, 56, 106, 156, and 206 of
joint flexion. The dependent variable was the slope value
of the force-strain line measured over a range of 0 to 60 N
of force.

Participants

Twelve healthy and physically active individuals (6 men,
6 women; mean age 5 26.4 6 5.6 years, height 5 170.9 6
8.4 cm, mass 5 75.01 6 14.6 kg) volunteered for our study.
We screened them with a medical health questionnaire;
only those (1) without previous knee or hip surgery, (2) free
of knee injury in the past 6 months, and (3) without pain in
the tibiofemoral joint were included. Participants who
exercised regularly were asked not to exercise within 1 hour
of testing. All volunteers wore shorts to the testing session
and were asked to remove the sock and shoe on the limb to
be tested.

Before testing began, the institutional review boards at
our host institutions approved the study protocol, and we
obtained informed consent from all participants.

Instrumentation

We applied a valgus force to the medial tibiofemoral
joint while the resistance was calculated and represented by
the slope of the force-strain line generated by the software
(version 1.33) embedded in a LigMaster arthrometer (Sport

Table 1. Medial Collateral Ligament Sprain Grading System, as Suggested by Fetto and Marshall11

Grade Anatomy Pain Stability to Valgus Testing Medial Joint Opening

I Full anatomic integrity with no

resultant functional instability

Mild to moderate pain

at the MCL

Full stability at both 06 and 306

of flexion with a hard endpoint

No medial opening on

stress radiographs

II Partial anatomic discontinuity

with mild functional instability

Moderate to severe

pain localized to the

MCL area

Full stability at 06 but instability

at 306 of flexion with a firm

endpoint (when the injury is

chronic; if the sprain is acute,

then end feel is soft)

Some widening of the joint

on stress radiographs

III Complete anatomic and/or functional

disruption within the MCL (or avulsion

from the femoral or tibial attachment)

with gross functional instability

Less severe pain Unstable at 06 and 306 of flexion

with an absent endpoint

Marked medial opening on

stress radiographs

Abbreviation: MCL, medial collateral ligament.
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Tech Inc, Charlottesville, VA). We28 have reported on
repeatability and reliability of this arthrometer in a
previous paper.

A dual-channel EMG Retrainer (model BF; Chatta-
nooga Group, Hixson, TN) was used to confirm that the
vastus medialis and medial hamstrings muscle bellies
surrounding the joint were electrically quiet. We used a
standard goniometer (model G 800; Whitehall Manufac-
turing, City of Industry, CA) to accurately place the
tibiofemoral joint in 5 different degrees of flexion.

Procedures

Participants were asked which leg they prefer to use to
kick a ball a long distance; this was considered the
dominant limb for measurement with the arthrometer.
We placed superficial sensors from the EMG Retrainer on
the vastus medialis and medial hamstrings muscle bellies to
sense muscle activity of the limb measured. Although the
tendons, fascia, and medial meniscus might have added
passive stiffness to the medial joint, we tried to control for
medial hamstrings and quadriceps activity, thereby reduc-
ing the influence of dynamic stability during data
collection.

The volunteer was then positioned in the arthrometer
and, if the sensor indicated muscle activity, he or she was
encouraged to relax the leg being tested. Data were
collected only when the biofeedback unit was quiet. The
lead author (P.A.A.) positioned and performed all mea-
surements on each volunteer in a single session. Specific
positioning has been previously described28 and is shown in
Figure 1.

We used a Latin square table to counterbalance the
order in which the 5 tibiofemoral joint positions were
tested. A standard goniometer was used to position the
tibiofemoral joint in 5 different degrees of flexion with the
participant supine; the center of the fulcrum placed over
the lateral epicondyle of the femur; the proximal stationary
arm aligned with the lateral midline of the femur, using the
greater trochanter of the femur as the bony reference; and

the distal movable arm aligned with the lateral midline of
the fibula, using the lateral malleolus as the bony
reference.29 Foam rollers of different circumferences were
placed under the thigh to promote relaxation of the
musculature surrounding the joint while maintaining the
desired angle between the femur and tibia; for example, a
10.16-cm foam roller held the joint in 206 of flexion
(Figure 1).

The valgus force routinely applied by clinicians is
unknown, but it is certain to vary. For the purpose of
this study, we initially monitored the real-time applied
force on the computer screen up to 120 N, but for
statistical analysis, data were retrieved for only 60 N. Trials
were repeated, typically 3 to 5 times, until 2 trials of slope
values within 5% of each other were produced; these were
averaged for the statistical analysis. This procedure was
used to test the tibiofemoral joint in 06, 56, 106, 156, and
206 of flexion.

Statistical Analysis

The means and SDs of slope values in our previous
study28 were used to calculate the number of participants
needed when a was set a priori at P # .05; the power
analysis revealed that 11 were needed. We chose to test 12.

We calculated a 1-factor repeated-measures analysis of
variance using SPSS (version 14.0; SPSS Inc, Chicago, IL)
to determine if differences existed in medial tibiofemoral
joint slope values at 5 different degrees of joint flexion.
Sidak post hoc pairwise comparisons were calculated to
identify where differences existed in the range of angles.

RESULTS

The means and SDs calculated at each of the 5 positions
of tibiofemoral joint flexion tested are given in Table 2.
Overall results indicated differences in slope values as the
degrees of flexion changed (F4,44 5 17.6, P , .001). A
partial g2 value of 0.62 indicates a moderate effect size. As
the tibiofemoral flexion angle increased, slope values
decreased linearly (Figure 2). When Sidak post hoc

Figure 1. Limb positioning of the tibiofemoral joint in the arthrometer. The foot plate was used to reduce femoral or tibial rotation (or

both) during data collection. Force is applied to the femoral condyle, just superior to the lateral joint line. A, The medial right knee in full

extension. B, The same knee is measured in 206 of flexion. A 10.16-cm foam roller was placed under the thigh to promote relaxation of the

muscles at the desired angle of joint flexion when each angle was tested. A superficial electromyographic biofeedback device also

ensured muscle relaxation during data collection.
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comparisons were made, further distinctions were evident
in slope values among the joint positions (Table 2).

DISCUSSION

Strain Calculations and Slope Values

Strain is defined as a change in the dimensions of the test
sample as a result of the applied force; in our case, an
increase in length of the medial structures of the knee as the
result of an applied force. The LigMaster arthrometer
measures the increase in length and calculates the ensuing
strain. The software displays the data as a force-strain
relationship on screen. This relationship is linear over the
range of 0 to 60 N of force.28

When the applied force is plotted against strain, the
slope of the straight line, as observed over the 0-N to 60-N
range, is equivalent to the product of the cross-sectional
area of all the medial structures subjected to this force and
the elastic modulus of these structures. Therefore, when the
number of structures to which the force is applied varies as
a result of flexing the joint, this product and, therefore, the
slope of the line changes accordingly.28 When the medial
tibiofemoral joint is examined, especially in full extension,
the individual soft tissues act as a unit in resisting the
applied force. We noted a decrease in slope values as the

joint angle was increased from full extension to 206 of
flexion. This finding was expected, because when the
tibiofemoral joint is flexed more, fewer tissues are involved
in resisting the applied force.6,18,23,24,30 We28 reported the
specifics of the mathematics used in the calculations of the
slope values in a previous manuscript.

The force-strain relationship according to the arthrom-
eter quantifies and documents the data that we produce
when we manually perform a VST on the tibiofemoral
joint. The actual displacement is measured in millimeters,
similar to and consistent with manually stressing the joint
and relating the displacement of the femur and tibia to the
grade and severity of the injury to the joint structures.
Flexing the joint stretches specific portions of the
surrounding soft tissues, especially the layers of the
MCL, while creating slack in other structures, as discussed
later in this article.

The MCL

The medial tibiofemoral ligaments consist of capsular
and noncapsular fibers or layers.15 The MCL consists of 2
layers: the superficial medial layer and the anterior layer,
the latter of which blends with the deeper middle capsular
fibers.22,31 These fibers form a complex structure that is the
primary stabilizer of the medial aspect of the joint. The

Figure 2. The mean slope values measured in 5 knee flexion positions. As the tibiofemoral joint is flexed, the slope values decrease as

resistive structures are relaxed. The best-fitting straight line in the plot is expressed by Y = 17.59 2 0.207X.

Table 2. Medial Tibiofemoral Joint Slope Values for Flexion Angles (Measured Over a Range of 0 to 60 N of Force) and P Values

for Differences

Flexion Angle, 6 Slope Value (Mean 6 SD)

P Values for Differences

From 56 From 106 From 156 From 206

0 17.62 6 0.86 .052 .05a .001a .006a

5 16.73 6 0.63 .08 ,.001a .004a

10 15.59 6 0.75 .33 .13

15 14.57 6 0.79 .35

20 13.52 6 1.02

a Indicates significant value.
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relative positions of the different fibers of the MCL
increase the ligament’s ability to resist valgus and external
rotation stresses, but this depends upon the amount of knee
flexion. Portions of the ligament become slack and taut
during motion and, therefore, stabilize the tibiofemoral
joint at different angles and joint positions.6,17,18,22,24 In
full extension, the MCL moves forward, and both the
anterior and posterior portions are taut, preventing valgus
joint movement.17,23,24 In fact, the anterior fibers are taut
in all degrees of flexion as the MCL moves forward, and
they resist valgus motion more than the posterior fibers
and capsule, which are slack during flexion.17,22,24 A plot of
the slope values against flexion (Figure 2) shows a straight
line, exactly as we would expect when the ribbon-like MCL
is flexed: the anterior portion is stretched, whereas the
posterior portion becomes more slack as the knee flexes.
Therefore, to test the entire width of the MCL, the
examiner only needs to flex the knee enough to ‘‘unlock’’
the joint (ie, to slacken the posterior knee structures), no
more than 56. By increasing joint flexion to 106 or 206, one
can selectively test the anterior portion of the MCL.
Therefore, by testing first at 56 and then at 206, whether the
anterior or posterior part (or both) of the MCL is involved
in the injury can be determined. A bilateral assessment at
the same degree of flexion validates the left-right compar-
ison for both diagnostic and recovery purposes.28

Cadaver Studies on Strain and the MCL

Researchers18,22–24 have studied the strain properties of
the MCL in cadaver limbs. Warren et al22 cut the superficial
fibers of the MCL but left intact the deep ligaments,
posterior capsule, anterior cruciate ligament (ACL), and
posterior cruciate ligament (PCL). They noted increased
medial joint opening. Haimes et al23 found that the
superficial MCL alone was a restraint against abduction at
all flexion angles except 06. Robinson et al18 showed that the
superficial fibers of the MCL loaded evenly when the
specimen was oriented at about 206 of knee flexion, whereas
the deep fibers were most loaded at 06 of extension. Further,
although the posterior fibers had different lengths and
orientations, most fibers were tensed when the joint was
fully extended.18 In the ACL-deficient knee, the greatest
strains to the MCL were observed in 06 to 206 of knee
flexion, especially in the central and posterior portions of the
MCL.31 Similarly, Arms et al24 found that the posterior long
fibers of the MCL demonstrated the greatest increases in
strain of all MCL fibers between 156 and 356 of joint flexion.
We did not measure the tibiofemoral joint in ACL-deficient
participants, and we could not study flexion positions
greater than 206 because it was difficult to align the pressure
actuator with the lateral joint space when the knee was
flexed past 206. However, our results appear, on the whole,
to support these findings: resistance to valgus force
decreases at 156 and 206 of knee flexion when fewer
structures are involved in resisting the induced strain. Given
the information gleaned from cadaveric studies and the
limitation of the LigMaster arthrometer, we chose to
measure the resistance to valgus force at 5 different angles
within the 06 to 206 range. Furthermore, we conclude that at
156 to 206 of knee flexion, the superficial MCL is more
isolated from these other supportive structures than it is at
lesser degrees of flexion.

Medial Knee Restraint and the VST

Clinicians have routinely examined the medial tibiofem-
oral joint and MCL via the VST. Early on, in describing
the tibiofemoral joint abduction stress test, Hughston13,25

and Hughston et al15 suggested positioning the knee in 306
of flexion to isolate the MCL from the other static medial
compartment ligaments and structures. Further, they
believed that the test should be repeated in full extension
to assess other structures but that it was a mistake to assess
the MCL with a valgus force in full extension. Hughston et
al15 insisted that in full extension the MCL and ACL could
be torn and that the test would still be negative, because the
PCL and posterior oblique ligament (not the posterior
capsule) were taut, which would resist opening of the joint
space.

Kennedy and Fowler14 found that when the tibiofemoral
joint was flexed to as little as 206 to 306, these posterior
structures relaxed, and they added that the posterior
capsule was integral to stabilization against valgus forces
in full extension. We concur with this finding, as we
observed a change in slope values on flexing the joint.

Others3 have concurred with Hughston13,25 and Hugh-
ston et al15 that the functional integrity of the MCL is best
tested in 306 of flexion. Some have preferred to flex the
knee to 20610 or 2568 for testing collateral stability. From
this research, it seems that performing the VST anywhere
in a range of 206 to 306 of knee flexion is appropriate. Our
findings indicate that when increasing the flexion of the
tibiofemoral joint, fewer structures are subjected to the
valgus force, but we cannot determine the exact amount of
flexion at which the superficial portion of the MCL is
optimally isolated. Although we could not study flexion
positions greater than 206, extrapolation of the linear
relationship in Figure 2 indicates that at 256 and 306 of
tibiofemoral joint flexion, the number of medial structures
involved in a valgus stress is even fewer than the number
involved at 156 and 206 of joint flexion, representing
additional differences in force-restraining abilities. Fur-
ther research is necessary to confirm or refute this
suggestion.

Still other clinicians11,32,33 believed there were good
reasons to perform the VST with the tibiofemoral joint in
full extension to assess the injured MCL. A small increase
in joint displacement at 06 of flexion would indicate
complete MCL compromise, whereas gross instability
would indicate complete MCL rupture with capsular or
ACL rupture,32 and extreme valgus opening would indicate
a possible PCL rupture.11 Our study supports the notion
that, for diagnostic purposes, it is beneficial to test the
medial tibiofemoral joint both in full extension and at up to
106 of flexion manually. Using an arthrometer such as the
LigMaster allows the clinician to reliably examine the
medial structures up to 206 of flexion.

We tested the tibiofemoral joint of healthy volunteers in
this study to best represent MCL integrity. Effusion,
spasm, or locking, often present with acute tibiofemoral
joint sprains, can prevent full extension and compromise
the accuracy and reliability of the VST.11 Our study has
demonstrated decreasing force-strain slopes with increased
flexion, which is consistent with cadaveric studies that have
shown these positional differences and support clinical
testing at 56 and 206 of flexion. It is likely that at full
extension and 56 and 106 of flexion, essentially the same
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medial structures are involved, but beyond 106, the more
posterior elements become slack, including the posterior
fibers of the MCL itself. It is not possible to determine the
degree of flexion at which to best isolate the entire
superficial portion of the MCL. The sensitivity and
specificity of the VST must be evaluated at different
positions in knee-injured patients, with and without
independently verified MCL injuries, if one is to make
more informed clinical recommendations.

CONCLUSIONS

As the tibiofemoral joint is increasingly flexed, progres-
sively fewer medial structures participate in resisting
valgus stress. The observed linear decrease in the number
of participating structures is likely to continue beyond 206

of flexion, the upper limit allowed by our equipment.
Based on findings by other authors, it appears that the
posterior structures are most likely to become slack with
increasing flexion. No specific degree of flexion could be
determined at which the entire superficial MCL is
optimally isolated. However, studies that use computed
tomography or magnetic resonance imaging may provide
such an answer. We found no statistical difference
between the force-strain slopes measured in full extension
and at 56 and 106 of flexion; a difference was observed at
156 and 206 of joint flexion. This result is clinically
relevant for 2 reasons. First, when a clinician is manually
applying a valgus force to assess injury to the medial knee
joint structures, complete extension is not required. This
fact is relevant because an acute injury to the medial knee
may generate joint effusion or tenderness (or both) that
could result in the patient’s inability to withstand a full-
extension position. Second, we demonstrated that resis-
tance to force by the medial joint structures decreases
linearly with degree of joint flexion and changes statisti-
cally beyond 156 of flexion. Thus, 156 to 206 of flexion
may come closer to optimally isolating the superficial
portion of the MCL. To assess a medial tibiofemoral joint
sprain, the knee should be tested at between 06 and 106 of
knee flexion to assess all the medial joint tissues and again
at 156 to 206 of flexion to further assess the MCL. By
testing first at 56 and then at 206, the clinician can
determine whether the anterior or posterior part or both
parts of the MCL are involved in the injury. Identifying
the structures that resist valgus stress and testing MCL
integrity in the 206 to 306 range of tibiofemoral joint
flexion are areas for future research.
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