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Background: The medial ulnar collateral ligament (MUCL) is an important passive stabilizer to the valgus
stresses that athletes experience during overhead throwing motion. However, the role of the flexor-pronator
muscles as active stabilizers to valgus stress is not well defined in the literature. The objectives of this study
were to quantify the relative contribution of the individual flexor-pronator muscles to valgus stability of the
elbow and how this relationship was affected by ligament status.
Methods: A custom elbow testing system and Microscribe 3DLX were used for biomechanical testing.
Flexor-pronator muscles were loaded to simulate contraction, and the valgus angle of the elbow was
measured in eight cadaveric specimens at 30!, 60!, and 90! of elbow flexion with 3 different valgus torques
applied to the forearm. Loads based on muscle cross-sectional area were applied to the flexor carpi ulnaris
(FCU), flexor digitorum superficialis (FDS), and pronator teres (PT). The effect of each muscle was eval-
uated by unloading the individual muscle while the other 2 remained loaded, resulting in 5 loading condi-
tions: no muscles loaded, all muscles loaded, unloaded FCU, unloaded FDS, and unloaded PT. Valgus
angle was measured for 3 MUCL ligament conditions: intact, stretched, and cut.
Results: The effect of muscle loading on valgus angle was similar for each ligament condition. Loading
the flexor-pronator muscles significantly decreased valgus angle of the elbow in all testing conditions
(P < .01). Unloading the FDS significantly increased valgus angle compared to all muscles loaded in
all testing conditions (P < .016). Unloading the FCU and PT significantly increased valgus angle in
less than half of the testing conditions.
Conclusion: The FDS, PT, and FCU are all active stabilizers of the elbow to valgus stress. The FDS is the
biggest contributor amongst the flexor-pronator muscles.
Level of evidence: Basic science biomechanical laboratory study.
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The medial ulnar collateral ligament (MUCL) is the
primary stabilizer to valgus stresses in the elbow.13,22 In
overhead throwing athletes, a tremendous valgus force is
produced at the elbow. Professional pitchers generate up to
120 Nm of valgus torque about the elbow.9 In cadaveric
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studies, the ultimate failure of the MUCL averages 34
Nm.1 The difference between the valgus forces generated
at the elbow and the ultimate strength of the MUCL must
then be resisted by other stabilizers. These stabilizers
include the passive constraints of the joint capsule, radio-
capitellar and ulnohumeral articulations, and the active
constraints of the flexor-pronator muscles.14 A number of
studies have demonstrated that the flexor-pronator muscles
are the primary active stabilizers to valgus stress at the
elbow.3,6

Controversy still remains in the literature as to which
muscle of the flexor-pronator mass contributes most
significantly to the elbow’s active stability. Davidson et al6

provided evidence that the flexor carpi ulnaris (FCU) and
flexor digitorum superficialis (FDS) were likely the main
contributors to active stability of the elbow. These authors
hypothesized that the FCU and FDS were the biggest active
constraints to valgus stress due to the FCU’s optimal
position overlying the MUCL, and the relatively large size
of the FDS. A cadaveric study by Park et al16 showed that
the FCU was the greatest contributor to valgus stability of
the flexor-pronator muscles. An et al3 investigated the
potential torques of muscles across the elbow by multi-
plying the moment arm of each muscle by its physiological
cross-sectional area. These authors calculated that for most
elbow positions of flexion, extension, and forearm rotation,
the FDS provided the greatest varus moment arm of the
flexor-pronator muscles.

Elbow instability has been extensively studied using
cadaver models4,14,17,21,22; however, these studies have
sectioned the MUCL to simulate injury. Often injuries to
the MUCL are due to chronic overload, leading to
progressive and partial failure of the ligament.23,24

Sectioning studies produce large increases in valgus insta-
bility of the elbow that are not clinically seen in patients
with MUCL injuries. In biomechanical studies of the
shoulder, a number of authors have noted the limitations of
sectioning studies as a means of simulating injuries of the
capsuloligamentous structures about the shoulder.8,10,18 In
this study, we introduce a novel method of simulating
valgus instability of the elbow.

In our study, we have 2 hypotheses. The first is that the
FDS produces the largest active correction to valgus insta-
bility in MUCL deficient elbows. The second hypothesis is
that a stretchingmodel can produce valgus laxity in the elbow
that may more closely simulate the injury pattern seen in the
throwing athlete.

The first objective of this study was to determine which
of the flexor-pronator muscles contributed most signifi-
cantly to valgus stability, taking into consideration the
muscles’ differing force-producing potentials, as well as
their unique anatomic positions about the elbow and fore-
arm. The second objective was to compare quantitatively
the effects of the flexor-pronator muscles on valgus stability
under 3 conditions of the MUCL ligament: intact, stretched,
and cut.

Methods

Specimen preparation and testing set-up

Eight cadaveric elbows were used in the study: 4 left and 4 right.
The age at death of the specimens ranged from 61 to 89 years with
an average age of 74.5 years. The specimens consisted of the distal
one third of the humerus and the entire forearm, wrist, and hand.
The specimens were stored at -70!C and thawed overnight at room
temperature. The skin and subcutaneous tissues were removed,
leaving the muscles, joint capsule, and MUCL intact. All speci-
mens were kept moist throughout preparation and testing with
normal saline. The humerus was potted rigidly in PVC pipe with
plaster-of-Paris and screws. Dacron line was sutured to the
tendons of the PT, FDS, and FCU in a running, locked suture just
distal to the musculotendinous junction. The line was then passed
through an eyelet at the medial epicondyle. The eyelet simulated
the origin of the flexor-pronator muscles. A pulley system was
developed to allow application of various loads to each of the
muscles for testing. The elbow was mounted with the epicondylar
axis perpendicular to the ground, with the medial epicondyle
pointing up and the lateral epicondyle pointing down. A custom
jig was mounted to the distal radius that controlled forearm
rotation but allowed varus-valgus movement. A metal plate was
secured to the distal radius and second metacarpal, thus spanning
the wrist and preventing wrist flexion when the muscle tendons
were loaded. The phalanges were also secured to prevent move-
ment of the fingers with tendon loading (Figure 1).

Biomechanical testing

The relative loads of the muscles were based on the cross-
sectional areas of the muscles.3 The FDS, FCU, and PT were
loaded with 14.4 N, 7.6 N, and 8.0 N, respectively, totaling 30 N.

Figure 1 Photograph of the custom elbow testing system used
to measure valgus angle of the elbow under varying degrees of
elbow flexion and valgus loading of the elbow with or without
pronator muscle loading.
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To evaluate the effect of each muscle on valgus laxity, the elbow
was loaded with all of the muscles together and then sequentially
with 2 of the 3 muscles loaded at a time. The order of muscle
loading and unloading was randomized between specimens to
eliminate bias of testing sequence. This method enabled us to look
at the relative increase in valgus angle for each muscle as it was
unloaded. The specimen was tested at 30!, 60!, and 90! of elbow
flexion in neutral forearm rotation.20 Before testing, the elbow was
pre-conditioned by loading it cyclically with 3 Nm at each flexion
angle. Prior to each individual testing condition, the elbow was
preconditioned again to minimize creep.

The elbows were tested sequentially with an intact, stretched,
and cut MUCL. For each of these ligament conditions and muscle
load combinations, the valgus angle was measured after loading
the elbow with each of the 3 following torques: the torque
generated by the forearm and jig, the torque generated by the
forearm and jig plus an additional 0.75 Nm, and the torque
generated by the forearm and jig plus an additional 1.5 Nm.

After the elbow was tested with the intact MUCL for each of the
muscle loading combinations and each of the applied loads at
the various angles of elbow flexion, the MUCL was then stretched.
The stretched ligament conditionwas achieved by applying a valgus
torque until the valgus angle was 50% greater than the initial varus-
valgus angle. The initial varus-valgus angle was defined by
measuring the angle produced by a 3-Nm varus load and a 3-Nm
valgus load applied to the elbow. Studies have shown that the
anterior band of theMUCL’s anterior bundle is stretched with elbow
extension, whereas the posterior band is stretched with elbow
flexion5; therefore, the stretching process was performed at 30! and
90! of elbow flexion. To reach the desired valgus angle for
stretching, the torque was gradually increased until this angle was
reach as verified by the Microscribe. This position was then main-
tained for 45 minutes in 30! of elbow flexion. This process was then
repeated for 90! of elbow flexion for a total of 90 minutes of
stretching time. This increase in valgus angle required an average
torque of 5.5 Nm (range, 3.8-7.5Nm). This torque is lower than load
to failure values of the MUCL which have been reported to be
between 14 and 34 Nm.1, 15 After the MUCL was stretched, testing
was then performed for each of the conditions as outlined above.

After the testing had been performed with the intact and
stretched ligament, the MUCL was transected mid-ligament. The
elbow was tested in the cut condition as it had been in the intact
and stretched conditions. In this manner, we were able to look at
changes in valgus angle of the elbow with respect to muscle
loading in the intact, stretched, and cut MUCL conditions.

In total, for each elbow tested, there were 5 different combina-
tions of muscle loading representing muscle contraction (unloaded,
loaded with 30 N, and unloading of the FCU, PT, and FDS); 3
different valgus loads applied to the elbow (weight of the forearm,
weight of the forearm plus 0.75 Nm, and weight of the forearm plus
1.5 Nm); 3 different ligament conditions (intact, stretched, and cut),
and 3 different flexion angles of the elbow (30!, 60!, and 90! of
elbow flexion). Therefore, there were a total of 27 conditions for
each of the 5 muscle loading combinations as described above
(Figure 2). A Microscribe 3DLX (Immersion Corp, San Jose, CA)
was used to measure the valgus angle of the elbow for each of the
testing conditions.2 The accuracy and repeatability of the valgus
angle measurement was determined to be 0.2! and 0.1!, respec-
tively. A 4-factor repeated measures analysis of variance for the
factors of ligament condition, elbow flexion, valgus torque, and
muscle loading was performed with a significance level of 0.05
using Statistica software (StatSoft, Tulsa, OK). If significant
differences were determined a Tukey post hoc test was performed to
compare across the different levels of the repeated measures.

Results

The average valgus angles for all conditions and positions
are shown in Table I. There was no significant difference in
the valgus angle with flexion angle of the elbow for any
ligament condition or torque applied (P > .06). The valgus
angle significantly increased with an increase in applied
torque (P < .05). Stretching the MUCL significantly
increased the valgus angle an average of 1.4 " 0.4! com-
pared to the intact MUCL across all conditions (P ¼ .01).
Cutting the MUCL also significantly increased the valgus
angle an average across all conditions of 7.6 " 1.8! from
the stretched condition (P ¼ .004).

The effect of muscle loading on the valgus angle was
similar for each torque applied and for all MUCL condi-
tions (intact, stretched, or cut). Loading the flexor-pronator
muscles significantly decreased the valgus angle for all 27
conditions (P < .005) an average of 1.8 " 0.4! for the cut
MUCL condition across all flexion angles and torques
applied. Unloading the FDS compared to the condition in
which all muscles were loaded significantly increased the

Figure 2 Diagram of the testing conditions listing all independent variables.
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valgus angle in all 27 conditions (P < .016). For the cut
MUCL, there was an average increase in the valgus angle
when unloading the FDS of 1.3 " 0.2!. When unloading the
FCU, there was a smaller increase in the valgus angle, an
average of 0.9 " 0.2! for the cut MUCL, and was only
significant for 12 of the 27 conditions. When unloading the
PT, a similar increase in the valgus angle was seen as when
unloading the FCU, which was a significant increase in
only 10 of the 27 conditions. There was no significant
difference between the valgus angle when comparing
the FCU unloaded condition to the PT unloaded condition
(P > .6). A representative graph of the effect of muscle
loading on the valgus angle is shown for the forearm weight
condition and 60! of elbow flexion (Figure 3).

Discussion

The literature is unclear as to which flexor-pronator muscle
plays the greatest role as an active stabilizer to valgus
stresses at the elbow. The findings of this study support our
hypothesis that the FDS is the greatest contributor to valgus
stability of the elbow. Although the arm and forearm
musculature are not large contributors to force generation
during throwing motion, they play important roles in the
accuracy and control in overhead throwing athletes.12 The
flexor-pronator muscles also play a role in the stability of
the elbow joint to valgus stress, but this role is not as well
defined and more controversial, particularly in the elbow
with a MUCL injury. Some fibers of the flexors are inti-
mately attached to the MUCL; therefore, injury to the
MUCL could potentially cause concomitant damage to the
overlying musculature.6 Many injuries to the MUCL are
secondary to improper throwing mechanics, training, and

muscle fatigue. As the muscles about the forearm fatigue,
the ligamentous and bony structures undergo a greater load,
which can ultimately cause ligamentous failure of the
MUCL and bony changes in the posteromedial olecranon
and radiocapitellar joint.

Park et al16 showed that the FCU is the biggest contributor
to valgus stability in MUCL deficient elbow. In their study,
the FCU, FDS, and PT were all loaded equally with 15 N.
With these equal loads, the FCU gave the greatest correction
to valgus angulation compared to either the FDS or PT. They
hypothesized that the FCU has a more advantageous position
to provide stability to valgus stress. Davidson et al6 also
showed that the FCUwas overlying theMUCLmore than the
other flexor-pronatormuscles. It was shown that the FCUwas
consistently overlying the MUCL at 30!, 90!, and 120!,
whereas the PTand FCR were never overlying the MUCL at
these positions of elbow flexion. The FDS was overlying the
MUCL at 30! of elbow flexion, and less so at 90! and 120!.
Although the FDS did not have as optimal a position as the
FCU, it had a relatively greater bulk and, therefore, greater
force-producing potential than the other flexor-pronator
muscles. They reasoned that the FCU because of its optimal
position and the FDS because of its relative bulk were the
biggest active stabilizers of the elbow to valgus stress. In our
cadaveric model, the angular difference in the line of pull of
the FDS versus the FCU was not very large. The insertion of
the FCU on the pisiform is only a few centimeters from the
tendons of the FDS, which travel through the carpal tunnel
radial to the FCU. Therefore, the relative line of pull of the
FCU and FDS are very similar, even though the FCU is more
consistently positioned over the MUCL.

An et al3 calculated the various moment arms of the
flexor-pronator muscles in different positions of flexion and
extension, and with different positions of forearm rotation.

Table I Average valgus angle in degrees for each testing condition, standard error ranged from 0.9! to 2.6!

INTACT MUCL STRETCHED MUCL CUT MUCL

FOREARM WEIGHT VALGUS TORQUE
ELBOW
FLEXION

UN LD UN
FCU

UN
FDS

UN
PT

UN LD UN
FCU

UN
FDS

UN
PT

UN LD UN
FCU

UN
FDS

UN
PT

30! 8.4 6.9 7.6 7.9 7.5 10.1 8.1 8.8 9.3 8.9 14.5 11.7 12.9 13.5 13.1
60! 7.9 6.7 7.0 7.3 7.1 9.5 8.0 8.3 8.6 8.2 15.4 13.4 14.4 14.6 14.3
90! 6.7 5.5 5.8 6.1 5.8 8.7 6.8 7.1 7.4 7.0 14.5 12.6 13.5 13.9 13.3
FOREARM WEIGHT PLUS 0.75 Nm VALGUS TORQUE
ELBOW
FLEXION

UN LD UN
FCU

UN
FDS

UN
PT

UN LD UN
FCU

UN
FDS

UN
PT

UN LD UN
FCU

UN
FDS

UN
PT

30! 8.7 7.6 8.1 8.3 8.0 10.2 9.0 9.3 9.7 9.4 16.7 14.8 15.9 16.5 16.1
60! 8.3 7.2 7.5 7.7 7.5 9.8 8.5 8.7 9.1 8.7 18.2 16.4 17.2 17.5 17.2
90! 7.1 6.1 6.3 6.5 6.2 8.9 7.3 7.5 7.8 7.5 16.9 15.1 16.0 16.4 15.9
FOREARM WEIGHT PLUS1.5 Nm VALGUS TORQUE
ELBOW
FLEXION

UN LD UN
FCU

UN
FDS

UN
PT

UN LD UN
FCU

UN
FDS

UN
PT

UN LD UN
FCU

UN
FDS

UN
PT

30! 9.1 8.1 8.5 8.8 8.5 10.6 9.4 9.7 10.1 9.8 18.8 17.9 18.7 19.0 18.6
60! 8.6 7.7 7.9 8.2 7.9 10.2 8.9 9.1 9.4 9.2 20.4 19.2 20.0 20.3 20.0
90! 7.5 6.4 6.7 6.9 6.6 9.2 7.7 8.0 8.3 8.0 19.1 17.6 18.4 18.7 18.2

UN, unloaded; LD, loaded, UN FCU, unloaded flexor carpi ulnaris; UN FDS, unloaded flexor digitorum superficialis; UN PT, unloaded pronator teres.
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They calculated that the moment arm of the FDS was
slightly greater than that of the FCU in extension (2.095 cm
vs 1.419 cm, respectively) as well as in flexion (1.887 cm
vs 1.611 cm). They also calculated the potential moment
contribution of each of the muscles crossing the elbow
joint by multiplying their cross-sectional area, representing
the force-producing potential, by their lever arm across the
elbow joint. These investigators calculated that when the
elbow was in the extended position with neutral forearm
rotation, the potential moment contribution to flexion-
extension and varus-valgus rotation of the FDS, FCU, and
PT were 12.9, 7.1, and 5.7 cm x cm2, respectively. In the
flexed elbow with neutral forearm rotation, these investi-
gators calculated the potential moment contribution to
flexion-extension and varus-valgus rotation of the FDS,
FCU, and PT to be 11.6, 6.6, and 7.6 cm x cm2, respec-
tively.3 In both positions of elbow flexion and extension
with the forearm in neutral rotation, the FDS provides more
potential varus moment contribution than the PT or the
FCU, which also contribute to flexion and extension
moments, respectively. The findings from their study
suggest that the FDS provides greater stability to valgus
stress than either the FCU or PT. While the findings from
our study agree with Davidson et al,6 that the FCU’s fibers
are situated over the MUCL more so than those of the FDS,
this advantage may be offset by the greater force-producing
potential of the FDS and to a lesser degree by the slightly
larger lever arm the FDS has compared to the FCU.

The results from the current study likely differ from
other studies due to different methods of testing. Other
studies have used equal loads in testing the FDS, FCU, and
PT to determine which had the greatest contribution.16 In
our study, the FDS was loaded with more weight than the
FCU and PT based on its physiological cross-sectional area.

Another difference may be due to the line of pull of the
respective muscles tested. In this study, a Dacron line was
sutured directly into the muscle tendon to recreate the
muscle insertion versus estimating the insertion site on
a PVC pipe. Other studies have loaded the brachialis and
triceps, which have a compressive effect at the elbow.
These muscles were not simulated with loads in our test
because, despite the fact that they do have a stabilizing
effect on the elbow joint, and therefore on valgus stability,
they should not affect the relationship between the valgus
stabilizing muscles of the flexor-pronator mass.

Multiple cadaveric studies have simulated MUCL
insufficiency by sectioning either part or all of the liga-
ment.4,7,14,17,21,22 Within the anterior bundle of the MUCL,
the main stabilizer against valgus stress, there are anterior
and posterior bands. Due to the cam effect of the elbow, the
anterior band tightens in extension while the posterior band
tightens with increasing degrees of flexion.5 Sectioning
studies in the past have targeted either the anterior or
posterior bands to simulate partial tears, or the entire
ligament to simulate full tears. Sectioning studies create
large increases in valgus angulation of the forearm and are,
therefore, inherently unable to accurately reproduce the
injury patterns seen in clinical situations. Injury to the
MUCL causes small changes in valgus angle of the elbow
and opening of the ulnohumeral joint.19

Previous biomechanical stretchingmodels of the shoulder
have been developed tomore closely simulate injury patterns
seen in athletes.8,10,18 We believe that a stretching model of
the elbow more accurately reproduces MUCL injury then
sectioning studies. The difference in valgus angle of the
elbow in our stretching and intact models was relatively
small. This type of change is more representative of the
changes seen in a clinical scenario. In our preliminary study,

Figure 3 Effect of flexor-pronator muscle loading on valgus angle measured at 60! of elbow flexion for the forearm weight torque
condition and each ligament status of intact, stretched, and cut.
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there were differences in the pattern of radiocapitellar pres-
sures between the cut and stretched models of the elbow.
Further testing will need to be done to delineate the differ-
ences between the stretch and cut models of the MUCL.

One of the limitations of this study is the age of the
cadaveric specimens that were used. These cadaveric speci-
mens can have very different properties than the elbow of
a young muscular overhead athlete. During our testing, an
eyelet ripped out of one of our elbows with muscle loading,
while in another specimen the MUCL tore from its insertion
during the stretching process. We were thus limited in the
amount of weight that could be used to load the elbow and the
amount of stretching that the MUCL could tolerate prior to
failure. The overall valgus laxity of an older cadaver may be
larger than that of a younger cadaver; however, the change in
the valgus angle with muscle loading and different ligament
conditions would be similar.

The mechanism of injury and the valgus stresses to the
MUCL are difficult to reproduce in a cadaveric setting. It is
also unclear how much the flexor-pronators contribute to
valgus stability in the injured elbow. One might expect the
valgus stabilizing muscles to compensate in an elbow with
MUCL insufficiency, but electromyographic studies have
shown that the flexor-pronator muscles may actually fire
less in pitchers with an MUCL injury.11 Whether this is one
of the causes or one of the effects of MUCL deficiency is
unclear. Therefore, rehabilitation of the flexor-pronator
muscles may have a variable effect on valgus stability of
elbows with pre-existing injury to the MUCL. It is
reasonable to infer that in the MUCL intact elbow,
strengthening of the flexor-pronators, particularly the FDS,
may have a beneficial role in preventing MUCL injury.

Although difficulties arise in extrapolating how the
flexor-pronator muscles contribute to valgus stability in the
MUCL deficient elbow, the findings from this study suggest
that the flexor digitorum superficialis is the major muscular
contributor to valgus stability of the elbow.

Disclaimer

This study was supported in part by VA Rehab R&D, VA
Medical Research, and the John C. Griswold Foundation.
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