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Background: The interosseous membrane (IOM) and distal radioulnar joint (DRUJ) provide axial sta-
bility to the forearm. Our hypothesis was that injury to these structures alters force transmission through
the elbow.

Methods: A custom-designed apparatus that applies axial loads from the wrist to the elbow was used to
test 10 cadaveric upper limbs under the following simulated conditions (1) intact, (2) DRUIJ injury, (3)
IOM injury, or (4) IOM + DRUIJ injury. IOM injury was simulated by osteotomies of the IOM attach-
ment to the radius, and DRUJ injury was simulated by distal ulnar oblique osteotomy. We applied 160 N
of axial force during cyclic and functional range of forearm rotation (40° pronation/40° supination), and
force, contact pressure, and contact area through the elbow joint were measured simultaneously.
Results: The force across the radiocapitellar joint was significantly higher in the IOM + DRUJ injury and
the IOM injury groups than in the intact and DRUJ injury groups. The mean force across the radiocapitellar
joint was not significantly different between the intact and DRUIJ injury groups or between the IOM + DRUJ
injury and the IOM injury groups. Forces across the ulnohumeral joint showed an inverse pattern to those
in the radiocapitellar joint.

Conclusions: These findings suggest that injury to the IOM contributes more to the disruption of the normal
distribution of axial loads across the elbow than injury to the DRUJ.

Level of evidence: Basic Science Study; Biomechanics
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When a compressive axial load is applied at the hand, the
IOM functions to relieve load acting on the radial head and
also helps to stabilize the forearm against radioulnar bowing
or splaying by pulling the bones toward the interosseous space.
The IOM acts in the transverse direction in the forearm to
pull the bones together, thereby decreasing bending stresses
in the radius and ulna and applying stabilizing compressive
forces across the distal and proximal radioulnar joints.'*'* Un-
treated, the loss of continuity of IOM can result in proximal
migration of the radius, resulting in ulnar-sided wrist pain along
with weakness in the forearm and wrist.*"

Conversely, a distal ulnar oblique metaphyseal fracture just
below a distal oblique bundle of IOM can lead to a partial
disruption of ulnar load transmission. This can be com-
pared to the Sauvé-Kapandji, a procedure that disrupts the
distal ulna while sparing the function of the distal radioul-
nar joint; however, this procedure causes a complete block
of ulnar load sharing, whereas it is partially preserved in a
distal ulnar oblique metaphyseal fracture."” The Sauvé-
Kapandji, procedure, which involves fusion of the distal
radioulnar joint (DRUJ) and resection of a portion of the distal
ulna, potentially affects radioulnar load sharing and loads
across the [OM.*'

To our knowledge, no comparative study has examined
the axial force transmission through the elbow joint in the
setting of forearm instability. Therefore, it is necessary to
study the biomechanics of the axial force transmission through
the elbow joint in an unstable forearm to better understand
the forces contributing to ulnar load sharing. We hypoth-
esized that an injury to the interosseous membrane has a
greater influence on the radioulnar load sharing through the
elbow joint than does a DRUJ injury. This study tested this
hypothesis by examining changes in elbow force transmis-
sion as they relate to contact area and pressure of the joint
surface in the setting of forearm instability caused by the
aforementioned conditions.

Materials and methods

All data are presented as the mean * standard error of the
mean.

Specimen preparation

Ten fresh frozen cadaveric limbs from fingertip to the middle humerus
were prepared. There were 8 men and 2 women, and the average
age was 83 £ 2 years. The specimens were examined to ensure that
none of them had a flexion contracture of more than 10° or a
pronation-supination rotation arc of less than 140°. Radiologic ev-
idence of arthritis was assessed with an examination under
fluoroscopy.

The specimens were thawed at room temperature overnight before
the experiment. The skin and subcutaneous fat were removed from
the arm to 5 cm distal of the elbow joint. The biceps, brachialis, and
triceps muscles were also removed. The humeral origins of the
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Figure 1  The custom-made apparatus that rotates the forearm while
applying extrinsic loading across the cadaveric elbow joint. Low fric-
tion slides were used to direct the application of axial loads by the
piston. For fine tuning of the varus and valgus alignment, the spec-
imen’s ligamentous laxity was stressed with moderate force, and
the range centered about the midline of the testing apparatus in full
extension. Precise alignment along the aforementioned rotational axis
was possible through careful positioning of the (A) circular load cell
base plate and (B) the x-y stage and the metacarpal pot on its ad-
justment rail. Once precise rotation and varus/valgus alignment were
achieved, there were no spontaneous varus/valgus translations of the
forearm during the rotation cycles. The x-y stage was then locked
in position to prevent it from being knocked accidentally out of place
during testing. Used with permission of Mayo Foundation for Medical
Education and Research. All rights reserved.

flexor-pronator and the extensor muscles were preserved. Taking care
not to damage the collateral or annular ligaments, we excised the
anterior capsule to insert the pressure transducer.

The joint was inspected to ensure there were no cartilage ero-
sions down to subchondral bone. Minor erosions or fibrillation and
fissuring that did not alter normal joint contact were not a reason
for exclusion. Further, we excluded any specimen with ligament in-
sufficiency detected by gross observation or posterolateral rotatory
drawer test.

The hand distal to the carpometacarpal joint was removed. The
proximal humeral and distal carpal ends of the specimen were potted
into cylindrical metal sleeves in parallel with the long axis using
polyurethane resin (Smooth-Cast 65D; Techno-industrial Prod-
ucts, Inc., Hartland, W1, USA) to fix the specimen and load it onto
the testing machine (Fig. 1). Once the specimen was placed in the
testing machine, a transverse olecranon osteotomy was made at the
apex of the ulnar bare spot to facilitate the placement of a pressure
transducer.
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Each specimen was tested under 4 conditions: (1) intact, (2)
DRUIJ injury, (3) IOM injury, and (4) IOM + DRUJ injury. In a
series of pilot experiments, we were able to develop a reversible
Essex-Lopresti model that simulated disruption of both IOM and
DRUJ using osteotomies that could be rigidly fixed in their origi-
nal anatomic positions. Pilot data demonstrated that contact area,
pressure, and force transmission measurements in the intact native
forearm vs. those with the osteotomies rigidly fixed in their origi-
nal anatomic positions were not statistically different in all outcome
measures except for radiocapitellar (RC) contact area, which ex-
hibited a slight but statistically significant reduction in contact
area of 16% compared with mean contact area in the intact native
forearm. Given the similarity between the native and rigidly fixed
osteotomy conditions, for the purpose of this study, we chose to
consider the latter condition to represent our “intact” control con-
dition to which the injuries were compared. This allowed for the
testing of the 4 experimental conditions in a randomized order in
each specimen.

IOM injury was simulated by performing a longitudinal oste-
otomy of the IOM attachment to the ulnar side of the radius (Fig. 2).
This included only the attachment of the central band of IOM. DRUJ
injury was simulated by performing an oblique distal ulnar oste-
otomy just distal of the distal oblique bundle of the IOM (Fig. 2).
The IOM injury osteotomy was fixed with 3 interosseous lag screws
and spanned with a Synthes 3.5 locking plate (Synthes, West Chester,
PA, USA) to protect the radius from fracture. The DRUJ injury was
repaired with a Synthes 3.5 one-third tubular plate (Synthes). An-
atomic reduction of the osteotomies was possible because the plates
and screws were placed before the osteotomy, removed to perform
the osteotomy, and replaced in their original positions for anatom-
ic fixation. Therefore, in summary, the experimental groups were
prepared as follows: “intact” was IOM and DRUIJ repaired, “IOM
injury” was DRUJ repaired and IOM osteotomy disengaged, “DRUJ
injury” was IOM repaired and DRUJ osteotomy disengaged, and
“IOM and DRUJ injury” were both respective osteotomies
disengaged.

Pressure transducer

A thin-film pressure transducer (5051; Tekscan, South Boston, MA,
USA) with a saturation pressure of 8.3 MPa (84 kgf/cm?) was pre-
pared for insertion into the elbow as previously described.'® The sensor
was then adjusted to cover the entire joint including the RC and
ulnohumeral articulations, excluding the olecranon (Fig. 3). The
Tekscan sensor has been validated for rounded contact areas and
used in previous studies of joint contact pressures for multiple areas
of contact.>>'® Each 5051 sensor has a 56 x 56 matrix (196 mm?)
comprising 1936 sensels (individual detection units of pressure
sensor) located on conductive ink grids. The 5051 sensors were pre-
conditioned and calibrated according to the manufacturer’s
recommendations after they had been wrapped and were recali-
brated just before testing each experimental condition to ensure that
our measurements remained as accurate as possible. Tekscan data
were captured at a frequency of 100 Hz.

Specimen mounting and testing

The specimen was tested on a custom-designed apparatus that permits
the application of extrinsic axial loads across a cadaveric elbow joint
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Figure 2  Schematic representation of the forearm (medial aspect,
neutral rotation) shows locations of the ulnar and radial osteoto-
mies (dotted lines) and plates used for fixation. Interosseous
membrane (/OM) disruption was simulated by a longitudinal oste-
otomy of its bony origin along the ulnar side of radial shaft. The
osteotomy extended from the proximal margin of the central band
to its distal margin. Before the osteotomy was performed, the radius
was bridged with a 3.5 locking plate to prevent fracture. Repair was
achieved via internal fixation of the osteotomized segment with 3
interfragmentary compression screws and 1 locking screw through
the plate. The distal radioulnar joint disruption and repair were simu-
lated by oblique osteotomy of the distal ulnar metaphysis, just distal
of the distal oblique bundle of the interosseous membrane. This was
fixed with a 3.5 one-third tubular plate. Used with permission of
Mayo Foundation for Medical Education and Research. All rights
reserved.

during cyclic and functional forearm rotation'® (Fig. 1). The custom
axial loading testing apparatus included a pneumatic axial load ap-
plication (Airpel; Airpot, Norwalk, CT, USA) with servomotor
rotational motion (Phigits, Calgary, AB, Canada). Custom LabVIEW
(National Instruments, Austin, TX, USA) software incorporated
closed-loop feedback of an inline 6-axis load cell for force appli-
cation and the encoder for rotational motion position. The
abovementioned force-sensitive transducer was inserted into the elbow
joint of the cadaver. Care was taken to ensure neutral varus/valgus
alignment.'”
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Figure 3  Schematic illustration demonstrating the location of the
Tekscan sensor (Tekscan, South Boston, MA, USA) within the joint.
Although all testing was done in full extension, the sensor was in-
serted while the elbow was flexed. The pressure transducer was
inserted into the elbow in the anterior-to-posterior direction until
the end of the sensor reached the olecranon osteotomy line (dashed
line). The sensor was then adjusted to cover the entire joint, ensur-
ing coverage of both the ulnohumeral and the radiocapitellar
articulations, with exception of the olecranon. The osteotomized olec-
ranon was fixed back to the ulna with an olecranon plate and the
sensor within the osteotomy and was further secured by tying the
4 tethering sutures from the sensor to screw holes within the plate.
The olecranon plate and tethering sutures remained in place through-
out all testing conditions. Used with permission of Mayo Foundation
for Medical Education and Research. All rights reserved.

Testing protocol

As reported in a previous study using this testing system, ' the spec-
imen was mounted in full extension in a neutral starting position.
A previous study® found full extension was the orientation with the
highest RC peak contact pressures and thought to be the most likely
to yield statistically significant differences in this study. Cyclic forearm
rotation was followed, ranging from 40° pronation to 40° supina-
tion and back for 7 to 8 repeated cycles. One cycle was 3 seconds
long. The radial styloid was used as the landmark of rotation of the
forearm. While the specimen was undergoing cyclic motion, 160
N of axial force was applied to the specimen. A compressive load
of 160 N was confirmed for this system'® to approximate 100 N at
the RC articulation, simulating the force of activities of daily living
through the elbow.'*!*!” The contact pressure data was recorded by
the Tekscan, and then the force, contact area, and center of force
through the elbow joint were calculated. The 4 conditions—intact,
DRUI injury, IOM injury, and IOM + DRUJ injury—were pre-
pared and tested in random order.

Data measurements

Data were recorded at 100 Hz using the Tekscan software (I-
Scan). Force, contact pressure, and contact area were calculated and
are presented as the mean =+ standard error of the mean. The data
from the first neutral position and those from the pronation and su-
pination end point positions in the third cycle were used for statistical
analysis. This data collection strategy allowed us to (1) avoid the

variability and difficulty associated with determining the neutral po-
sition while the forearm was in motion during subsequent cycles
and (2) avoid the potential for hysteresis effects associated with dy-
namically gathering data while the forearm moved through the neutral
position instead of statically gathering data at the first neutral po-
sition. The data were modeled using a 2-factor repeated-measures
analysis of variance with least squares post hoc comparisons where
appropriate. A P value of <.05, with a Bonferroni correction applied
to comparisons of 3 or more groups, was considered to be significant.”
Power analysis revealed that a sample size of 10 would give an 80%
chance of detecting a significant difference of 0.9 standard devia-
tions with P <.05. Based on our current data, for example, this gave
us an 80% chance with P < .05 to detect a statistically significant
difference between the intact and IOM + DRUIJ injury groups in the
RC joint (in pronation) of 28 N for force, 125 kPa for contact pres-
sure, and 42 mm? for contact area.

Results

The mean force, contact pressure, and contact area at the RC
and ulnotrochlear (UT) joints in the pronated position are re-
ported in Table I and shown in Fig. 4. The 4 testing conditions
had a significant effect on the mean force, contact pressure,
and contact area (P < .05).The mean force across the RC joint
in a pronated position in the IOM + DRUJ injury and the IOM
injury group was significantly higher than in the intact and
DRUYJ injury groups (P < .02). The mean force across the RC
joint in a pronated position in the intact group was not sig-
nificantly different than in the DRUJ injury group. The mean
force across the RC joint in a pronated position in the
IOM + DRUI injury group was not significantly different than
in the IOM injury group. The mean force transmitted across
the UT joint showed an inverse pattern to what was mea-
sured in the radiocapitellar joint, with a greater force
transmission measured in the INTACT and DRUJ injury
groups than in those of the IOM injury and IOM + DRUJ
injury groups (P =.0006). Again, the force transmission in
the intact and DRUIJ injury groups was not significantly dif-
ferent nor was the force measurements in the IOM injury or
IOM + DRUIJ injury groups (P > .05).

The contact pressure across the RC and UT joints dem-
onstrated a similar pattern to the differences in force (Fig. 4).
Contact area measured across the RC joint was not signifi-
cantly different in any of the testing conditions. Across the
UT joint, the contact area in the intact and DRUJ injury
were not significantly different but were both significantly
greater than the contact area of the IOM injury and
IOM + DRUIJ injury (P <.0108). The contact area of IOM
injury was greater than that of IOM + DRUI injury (P =.001;
Figs. 3, 4, and 5).

Force transmission data in neutral and supination were
generally similar to those seen in pronation. Forearm rota-
tion had a significant effect on contact pressure in the RC
joint and on force transmission through the UT joint. However,
the UT force only differed significantly in the DRUJ injury
group compared with the other groups (Table I). Analysis
of covariance on the repeated measures testing revealed a
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Table I  Mean force, contact pressure, and contact area at the elbow joint in neutral, pronation,and supination positions under the 4
testing conditions

Variable Neutral
Joint Intact DRUJ injury IOM injury IOM + DRUJ injury
Force, N* RC 84 t7 939 112 £5 125 £ 5
ut 69 =7 52t 6 36 £ 4 23t 4
Ratio of force, % RC:UT 55:45 64:36 76:24 84:16
Contact pressure, kPa* RC 569 * 51 591 + 63 635 + 57 647 + 47
ut 287 t 22 262 £ 19 212 £ 24 181 + 30
Contact area, mm?* RC 157 £ 17 168 £ 21 190 £ 18 204 = 16
ut 248 + 23 210 + 24 181 £ 23 131+ 17
Pronation
Force, N* RC 86 = 10 85+ 12 122 £ 5 132t 6
uT 797 70+ 6 39+3 24+ 4
Ratio of force, % RC:UT 52:48 55:45 76:24 85:15
Contact pressure, kPa* RC 510 + 36 519 + 39 610 £ 36 696 + 52
uTt 353 £33 324 + 31 236 £ 25 195 + 33
Contact area, mm?* RC 174 £+ 23 170 £ 26 206 *+ 15 198 + 17
ut 234+ 19 225+ 21 180 £+ 21 124 + 12
Supination
Force, N* RC 89+ 8 112 £ 9 108 £ 7 1307
ut 69 +8 43+7 46 £ 6 26+ 5
Ratio of force, % RC:UT 56:44 72:28 70:30 83:17
Contact pressure, kPa* RC 704 £ 70 746 + 88 723 £ 67 765 £ 76
uT 293 + 33 241 + 37 261+ 36 199 + 34
Contact area, mm?* RC 135+ 15 170 + 24 159 + 14 182 + 16
ut 245 + 26 183 + 26 190 £ 25 129 + 18

DRUJ, distal radioulnar joint; IOM, interosseous membrane; RC, radiocapitellar, UT, ulnotrochlear.
* These data are presented as mean = standard error of the mean. Ratio of force is ratio of radiocapitellar force to ulnotrochlear force within each joint
space for each testing condition.

Joint Contact Results
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Figure 4 Mean force, contact pressure, and contact area at the elbow joint in pronation under the 4 testing conditions (the range bars
indicate the standard error of the mean). RC, radiocapitellar; UT, ulnotrochlear. The lowercase letters (a, b, c, d, e) represent the result of
least squares post hoc comparisons within the radiocapitellar or ulnotrochlear regions (P < .05). Columns with a letter in common are not
statistically different from one another (P > .05). Where statistically significant differences were detected between the intact and interosse-
ous membrane (/OM) + distal radioulnar joint (DRUJ) injury groups, relative percent increases (%T) and decreases (%) are indicated.
Used with permission of Mayo Foundation for Medical Education and Research. All rights reserved.
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Figure 5 Schematic representation of contact pressure and contact area during forearm rotation. In general, the contact area of the radiocapitellar
joint in pronation was larger than that in supination. The contact pressure of the radiocapitellar joint in supination was higher than that in
pronation. The contact area and contact pressure of the ulnotrochlear joint did not significantly change with pronation and supination. DRUJ,
distal radioulnar joint; /OM, interosseous membrane. Used with permission of Mayo Foundation for Medical Education and Research. All

rights reserved.

significant interaction effect between injury state and forearm
rotation for force transmission and contact area in both the
RC and UT joints as well as for contact pressure in the UT
joint. Contact pressure in the RC joint was independent of
forearm rotation.

Discussion

This study showed that disruption of the IOM had a greater
effect than disruption of the DRUJ on load sharing across the
elbow joint and that the resulting changes in force, contact
pressure, and contact area across the radiocapitellar articu-
lation are accompanied by inverse changes across the
ulnohumeral articulation. The highest mean force across the
RC joint occurred when the forearm was in a pronated po-
sition in the IOM + DRUJ injury and IOM injury groups. The
force across the RC joint was inversely proportional to the
ability of the UT joint to share the load across the elbow. These
results suggest that the IOM has a greater effect on UT axial
load-sharing than the DRUIJ does. Rotation demonstrated a
significant effect under certain conditions; however, further
investigation would be required to elucidate whether these
changes are clinically meaningful. The results of the present
study and a previous cadaveric study examining RC joint bio-
mechanics in the intact forearm'® suggest that a pronated
position may be helpful in cases of radial head and neck frac-
tures in unloading the radial head.

Several studies have investigated the role of IOM in load
transfer and stabilization of the radius and ulna in the forearm
and elbow. Pfaeffle et al'” showed in a cadaveric study that
when the IOM is cut and a load is applied to the hand, the
unloading of the proximal radius and the transversely di-
rected force that normally compresses the proximal and distal
radioulnar joint are lost and that the subsequent reconstruc-
tion of the IOM can restore the normal load transfer
characteristics. Wegmann et al* reported in their biome-
chanical study that an axial high-energy impulse led to a
transverse rupture of the IOM, with a proximal migration and
fracture of the radius. Another cadaveric biomechanical study
by Anderson et al* demonstrated that under pure transverse
displacement, the annular ligament and the central and distal
bands of the IOM contributed equally to stabilizing the radius;
however, during forearm rotation, the central band contrib-
uted more to radial head stability than the annular ligament
or proximal band.

There are, however, few articles about the effect of DRUJ
injury on load transmission and stabilization of radius and
ulna in forearm and elbow. It is reasonable to think that a
DRUIJ injury could compromise the load transmission of the
ulna because a DRUJ injury is similar to the Sauvé-Kapand;i
procedure.”> A DRUJ injury could eventually result in the
increased contact pressure on RC joint due to the partially
compromised ulnar load transmission.

The results of the present study indicate that injury to the
IOM has a greater effect than injury to the DRUJ on axial
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load transfer at the elbow. Axial migration of the radius due
to IOM and TFCC injuries in the setting of radial head frac-
tures is well documented in the literature.'>'*'**"** The
optimum management of chronic Essex-Lopresti lesions clin-
ically is not well established. In some cases, radial head
replacement may not be possible due to radiocapitellar
malalignment or compromise of the capitellum itself. In such
cases, reconstruction of the IOM might improve UT loading
with an injured radial head.” In acute or chronic cases in which
axial stability of the radius is accomplished by radial head
replacement, elevated radiocapitellar contact pressures could
lead to early arthritis. This risk might be reduced by IOM
reconstruction.

Although the focus of this study is the Essex-Lopresti
lesion, the findings are relevant to the Sauvé-Kapandji pro-
cedure as well. We did not find increased RC loads with the
distal ulnar osteotomy, suggesting that the Sauvé-Kapandji
procedure might cause increased load on the IOM. However,
no clinical treatment algorithm can be applied directly to pa-
tients from these ex vivo findings.

The present study has several limitations. First, the inju-
ries to the IOM and DRUIJ were simulated by osteotomies
of the radial attachment and the distal ulna, respectively. Al-
though they disrupt the functioning of those 2 structures, they
are not exactly the same as the injuries seen clinically. Ex-
periments with all of the DRUJ soft tissues injured (dorsal
radioulnar ligaments, palmar radioulnar ligaments, TFCC disc,
etc) would be valuable. However, we could not test this and
maintain the randomized testing order of the experimental
injury conditions in our biomechanical model. Joint contact
pressures and areas with all the DRUJ soft tissues disrupted
would be interesting to examine in a future study.

Second, the intact state was simulated by rigid internal
fixation of the osteotomies. We defined the term “‘intact” to
mean that the osteotomies mimicking injury to the IOM
and DRUIJ had been rigidly fixed. This was done to account
for any effect of the surgical model itself and to permit
randomized testing of the 4 testing conditions. The force
transmission and contact pressures in our “intact” speci-
mens were not statistically significantly different from
previously published data in which intact specimens were
used under identical testing conditions.'"”

Limitations with the model also exist. First, the Tekscan
sensor has inherent limitations, and the absolute values of
contact pressure should be considered with caution. Fortu-
nately, we feel we were able to mitigate this somewhat because
the design of our biomechanical testing system permitted us
to calibrate the sensors while they were in the joint using the
in-line load cell (Fig. 1). We believe this in situ calibration
method is the best possible approach for calibrating this type
of sensor.

Second, the olecranon was osteotomized to insert our pres-
sure transducer. In this study, the UT joint refers specifically
to the coronoid-trochlear joint; measurements on the olec-
ranon were not taken. However, in the setting of axial loading
in full extension, most of the load is concentrated on the coro-

noid; therefore, it is fair to consider the coronoid-trochlear
joint as representative of ulnotrochlear joint.

Third, the load applied to the elbow by the tendons cross-
ing the joint was not considered. However, because the elbow
was undergoing axial loading, it is unlikely that they played
a significant role in addition to the applied force.

Fourth, the axial load was applied in our model without
simulating the forces of muscles that cross the elbow, such
as the biceps. However, doing so would have greatly in-
creased the complexity of our model. Future studies will be
necessary to examine the effects of loading these muscles
because they are likely to be important clinically.

The fifth limitation was the advanced age of our speci-
mens. This is difficult to avoid given the nature of cadaveric
donations. We tried to maintain generalizability by exclud-
ing specimens showing deep focal erosion with exposure of
the subchondral bone. This was also done to ensure we were
getting true pressure readings from our sensors.

Finally, this experiment was performed with the valgus-
varus position locked in neutral. We do not know whether
allowing the tested elbows to have free valgus/varus posi-
tioning during rotation would have changed/improved their
ability to balance the RC to UT loading. This may be worth
investigating in future studies.

Conclusion

Injury to the IOM or to the IOM + DRUI significantly alters
force transmission across the elbow under axial forearm
loading conditions. Mean force was significantly in-
creased across the RC joint and significantly decreased
across the ulnohumeral joint by simulated disruption of
the IOM or the IOM + DRUJ. However, simulated dis-
ruption of the DRUIJ alone did not significantly alter force
transmission across the RC or ulnohumeral joints. Also,
force transmission did not differ significantly in the IOM
and IOM + DRUIJ injury groups. From these data we can
conclude that the IOM plays a greater role than the TFCC
in load sharing between the radius and ulna and force trans-
mission across the elbow.

Disclaimer

This study was funded by the Mayo Foundation for Medical
Education and Research. Resource support was provid-
ed by the Mayo Clinic Materials and Structural Testing
Core Facility under the direction of Timothy E. Hewett,
PhD. Statistical analysis guidance was provided by the
Mayo Clinic Center for Clinical and Translational Science,
supported by grant number UL1-TR-000135 from the Na-
tional Center for Advancing Translational Sciences. Its
contents are solely the responsibility of the authors and
do not necessarily represent the official views of the Na-
tional Institutes of Health.



Force transmission in the unstable forearm

177

Shawn W. O’Driscoll and the research foundation
with which he is affiliated receives royalties from Acumed,
LLC, Wright Medical Inc., and Aircast Inc. All of the
other authors, their immediate families, and any re-
search foundations with which they are affiliated have
not received any financial payments or other benefits
from any commercial entity related to the subject of this
article.

References

1. Adams JE, Culp RW, Osterman AL. Interosseous membrane
reconstruction for the Essex-Lopresti injury. J Hand Surg Am
2010;35A:129-36. http://dx.doi.org/10.1016/j.jhsa.2009.10.007

2. Anderson A, Werner FW, Tucci ER, Harley BJ. Role of the interosseous
membrane and annular ligament in stabilizing the proximal radial head.
J Shoulder Elbow Surg 2015;24:1926-33. http://dx.doi.org/10.1016/
j-jse.2015.05.030

3. Brimacombe JM, Wilson DR, Hodgson AJ, Ho KC, Anglin C. Effect
of calibration method on Tekscan sensor accuracy. J] Biomech Eng
2009;131:034503. http://dx.doi.org/10.1115/1.3005165

4. Dodds SD, Yeh PC, Slade JF 3rd. Essex-Lopresti injuries. Hand Clin
2008;24:125-37. http://dx.doi.org/10.1016/j.hcl.2007.11.009

5. Drewniak EI, Crisco JJ, Spenciner DB, Fleming BC. Accuracy of circular
contact area measurements with thin-film pressure sensors. Biomech
2007;40:2569-72. http://dx.doi.org/10.1016/j.jbiomech.2006.12.002

6. Dy CJ, Jang E, Taylor SA, Meyers KN, Wolfe SW. The impact of coronal
alignment on distal radioulnar joint stability following distal radius
fracture. J Hand Surg Am 2014;39:1264-72. http://dx.doi.org/10.1016/
j-jhsa.2014.03.041

7. Gaspar MP, Kearns KA, Culp RW, Osterman AL, Kane PM. Single-
versus double-bundle suture button reconstruction of the forearm
interosseous membrane for the chronic Essex-Lopresti lesion. Eur J
Orthop Surg Traumatol 2018;28:409-13. http://dx.doi.org/10.1007/
s00590-017-2051-4

8. Gofton WT, Gordon KD, Dunning CE, Johnson JA, King GJ. Soft-tissue
stabilizers of the distal radioulnar joint: an in vitro kinematic study. J
Hand Surg Am 2004;29:423-31. http://dx.doi.org/10.1016/
j-jhsa.2004.01.020

9. Hernandez-Cortes P, Gomez-Sanchez R, Pajares-Lopez M,
O’ Valle-Ravassa F. Sauve-Kapandji and reverse Sauve-Kapandji
procedures for treating chronic longitudinal radioulnar dissociation with
capitellum fracture. Acta Orthop Traumatol Turc 2014;48:593-7.
http://dx.doi.org/10.3944/A0TT.2014.3121

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hwang JT, Kim Y, Bachman DR, Shields MN, Berglund LJ,
Fitzsimmons AT, et al. Axial load transmission through the elbow during
forearm rotation. J Shoulder Elbow Surg 2018;27:530-7. http://
dx.doi.org/10.1016/j.jse.2017.10.003

Kachooei AR, Rivlin M, Shojaie B, van Dijk CN, Mudgal C.
Intraoperative technique for evaluation of the interosseous ligament of
the forearm. J Hand Surg Am 2015;40:2372-6, el. http://dx.doi.org/
10.1016/j.jhsa.2015.08.030

Kaufmann RA, Kozin SH, Barnes A, Kalluri P. Changes in strain
distribution along the radius and ulna with loading and interosseous
membrane section. J Hand Surg Am 2002;27:93-7.

Kincaid BL, An KN. Elbow joint biomechanics for preclinical evaluation
of total elbow prostheses. ] Biomech 2013;46:2331-41. http://dx.doi.org/
10.1016/j.jbiomech.2013.07.027

Lanting BA, Ferreira LM, Johnson JA, King GJ, Athwal GS. The effect
of radial head implant length on radiocapitellar articular properties and
load transfer within the forearm. J Orthop Trauma 2014;28:348-53.
http://dx.doi.org/10.1097/BOT.0000000000000009

Lluch A. The Sauve-Kapandji procedure. J Wrist Surg 2013;2:33-40.
http://dx.doi.org/10.1055/s-0032-1333465

Miyamura S, Shigi A, Kraisarin J, Omokawa S, Murase T, Yoshikawa
H, et al. Impact of distal ulnar fracture malunion on distal radioulnar
joint instability: a biomechanical study of the distal interosseous
membrane using a cadaver model. ] Hand Surg Am 2017;42:e185-91.
http://dx.doi.org/10.1016/j.jhsa.2017.01.008

Morrey BF, An KN, Stormont TJ. Force transmission through the radial
head. J Bone Joint Surg Am 1988;70:250-6.

Niosi CA, Wilson DC, Zhu Q, Keynan O, Wilson DR, Oxland TR. The
effect of dynamic posterior stabilization on facet joint contact forces:
an in vitro investigation. Spine 2008;33:19-26. http://dx.doi.org/10.1097/
BRS.0b013e31815e7f76

Pfaeffle HJ, Stabile KJ, Li ZM, Tomaino MM. Reconstruction of the
interosseous ligament restores normal forearm compressive load transfer
in cadavers. J Hand Surg Am 2005;30:319-25. http://dx.doi.org/10.1016/
j-jhsa.2004.10.005

Sahu D, Holmes DM, Fitzsimmons JS, Thoreson AR, Berglund LJ, An
KN, et al. Influence of radial head prosthetic design on radiocapitellar
joint contact mechanics. J Shoulder Elbow Surg 2014;23:456-62.
http://dx.doi.org/10.1016/j.jse.2013.11.028

Shepard MF, Markolf KL, Dunbar AM. The effects of partial and total
interosseous membrane transection on load sharing in the cadaver
forearm. J Orthop Res 2001;19:587-92.

Skahen JR, Palmer AK, Werner FW, Fortino MD. Reconstruction of
the interosseous membrane of the forearm in cadavers. ] Hand Surg Am
1997;22A:986-94.

Wegmann K, Engel K, Burkhart KJ, Ebinger M, Holz R, Briiggemann
GP, et al. Sequence of the Essex-Lopresti lesion—a high-speed video
documentation and kinematic analysis. Acta Orthop 2014;85:177-80.
http://dx.doi.org/10.3109/17453674.2014.887952


http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0010
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0010
http://dx.doi.org/10.1016/j.jhsa.2009.10.007
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0015
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0015
http://dx.doi.org/10.1016/j.jse.2015.05.030
http://dx.doi.org/10.1016/j.jse.2015.05.030
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0020
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0020
http://dx.doi.org/10.1115/1.3005165
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0025
http://dx.doi.org/10.1016/j.hcl.2007.11.009
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0030
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0030
http://dx.doi.org/10.1016/j.jbiomech.2006.12.002
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0035
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0035
http://dx.doi.org/10.1016/j.jhsa.2014.03.041
http://dx.doi.org/10.1016/j.jhsa.2014.03.041
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0040
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0040
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0040
http://dx.doi.org/10.1007/s00590-017-2051-4
http://dx.doi.org/10.1007/s00590-017-2051-4
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0045
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0045
http://dx.doi.org/10.1016/j.jhsa.2004.01.020
http://dx.doi.org/10.1016/j.jhsa.2004.01.020
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0050
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0050
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0050
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0050
http://dx.doi.org/10.3944/AOTT.2014.3121
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0055
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0055
http://dx.doi.org/10.1016/j.jse.2017.10.003
http://dx.doi.org/10.1016/j.jse.2017.10.003
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0060
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0060
http://dx.doi.org/10.1016/j.jhsa.2015.08.030
http://dx.doi.org/10.1016/j.jhsa.2015.08.030
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0065
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0065
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0065
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0070
http://dx.doi.org/10.1016/j.jbiomech.2013.07.027
http://dx.doi.org/10.1016/j.jbiomech.2013.07.027
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0075
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0075
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0075
http://dx.doi.org/10.1097/BOT.0000000000000009
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0080
http://dx.doi.org/10.1055/s-0032-1333465
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0085
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0085
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0085
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0085
http://dx.doi.org/10.1016/j.jhsa.2017.01.008
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0090
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0090
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0095
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0095
http://dx.doi.org/10.1097/BRS.0b013e31815e7f76
http://dx.doi.org/10.1097/BRS.0b013e31815e7f76
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0100
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0100
http://dx.doi.org/10.1016/j.jhsa.2004.10.005
http://dx.doi.org/10.1016/j.jhsa.2004.10.005
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0105
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0105
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0105
http://dx.doi.org/10.1016/j.jse.2013.11.028
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0110
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0110
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0110
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0115
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0115
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0115
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0120
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0120
http://refhub.elsevier.com/S1058-2746(18)30543-3/sr0120
http://dx.doi.org/10.3109/17453674.2014.887952

	 Effects of axial forearm instability on force transmission across the elbow
	 Materials and methods
	 Specimen preparation
	 Pressure transducer
	 Specimen mounting and testing
	 Testing protocol
	 Data measurements

	 Results
	 Discussion
	 Conclusion
	 Disclaimer
	 References


