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Abstract

Instability of the forearm is a complex problem that leads to pain and limited motions. Up to this time, no universal con-
sensus has yet been reached as regards the optimal treatment for forearm instability. In some cases, conservative treat-
ments are recommended for forearm instability injuries. However, quantitative studies on the conservative treatment of
forearm instability are lacking. The present study developed a finite element model of the forearm to investigate the con-
tribution of the distal radioulnar joint stabilizer on forearm stability. The stabilizer was designed to provide stability
between the radius and ulna. The forearm model with and without the stabilizer was tested using the pure transverse
separation and radial pull test for the different ligament sectioned models. The percentage contribution of the stabilizer
and ligament structures resisting the load on the forearm was estimated. For the transverse stability of the forearm, the
central band resisted approximately 50% of the total transverse load. In the longitudinal instability, the interosseous
membrane resisted approximately 70% of the axial load. With the stabilizer, models showed that the stabilizer provided
the transverse stability and resisted almost 1/4 of the total transverse load in the ligament sectioned models. The stabili-
zer provided transverse stability and reduced the loading on the ligaments. We suggested that a stabilizer can be applied
in the conservative management of patients who do not have the gross longitudinal instability with the interosseous
membrane and the triangular fibrocartilage complex disruption.

Keywords
Stabilizer, distal radioulnar joint, forearm instability, ligament injury, biomechanics

Date received: 15 December 2019; accepted: 29 March 2021

splaying apart. A traumatic dislocation of the RH is an
example of the transverse instability of the forearm,
which can occur with and without any bone injury.®

Introduction

Instability of the forearm is a complex problem that dis-
rupts the main stabilizer of the radius and ulna, which
leads to pain and limited motion.! The primary contri-
butor to longitudinal forearm stability is the radial head

(RH), and the secondary stabilizers are the triangular
fibrocartilage complex (TFCC) and the interosseous
membrane (IOM).>* Longitudinal forearm instability
occurs when a traumatic axial load is transmitted from
the wrist to the elbow because of falling or an out-
stretched hand that causes an RH fracture, a disruption
of the distal radioulnar joint (DRUJ), and rupture of
the IOM."* With respect to transverse forearm instabil-
ity, the IOM is the main structure providing the stabi-
lity by connecting the radius and ulna with a strong
ligamentous band. The annular ligament also provides
some stability.”’ Pfaeffle et al.” first explored that the
function of the IOM is to keep the radius and ulna from
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Clinical examination and radiographs are obtained
to diagnose forearm injuries related to the instability.
The injury to the IOM can be detected with magnetic
resonance imaging and ultrasound.®*'° In patients with
gross radioulnar instability associated with RH frac-
tures, the “radius pull test” can be used to assess signs
of IOM and TFCC disruption.? Once the diagnosis is
established, various surgical treatments can be used to
treat forearm instability, ranging from a repair of the
IOM or the TFCC, RH replacement, or ligament
reconstructions.'*'" TOM reconstruction with a bone-
patellar tendon-bone graft,'? semitendinosus tendon,'?
palmaris longus tendon or flexer carpi radialis tendon,'*
and mini-TightRope'® are described. Arthroscopic
repair of the TFCC can be performed using polydioxa-
none sutures.'® Chronic injury with RH fracture
requires RH excision and prosthetic replacement.* Up
to this time, no universal consensus has yet been
reached as regards the optimal treatment for forearm
instability injury.® In some cases, conservative treat-
ments are recommended and proposed to stabilize the
wrist and forearm instability injuries using a brace or
orthosis fabrication.'”?* Millard et al.'” showed that
the use of a stabilizer may help in reducing the motion
of the radius and ulna. O’Brien and Thurn'® used an
orthosis to treat patients with wrist instability. The
functional brace was also used for a nonoperative treat-
ment of residual pain following DRUJ surgery.”!
However, quantitative studies on the conservative treat-
ment of forearm instability are lacking.

Computational models have been increasingly used
as a biomechanical tool to quantitatively evaluate joint
behavior, instability, and prosthetic replacements of the
wrist, elbow, and forearm for various scenarios in
advance to clinical and experimental studies.”> ! The
upper extremity models are mainly formulated using
rigid body modeling (RBM), and highly efficient for
kinematic analysis when the material deformations are
not considered.?® 2% Spratley and Wayne®* simulated
injury models to create the varus instability of the fore-
arm. Rahman et al.>® examined the effects of ligament
sectioning on elbow joint characteristics. While finite
element (FE) analysis is necessary when quantifying the
stress/strain in the structures as well as investigating
the interaction between the musculoskeletal models
with deformable bodies.>’ Rahman et al.*® developed
the elbow FE model for predicting the joint compres-
sion and contact area. The strains in the intact and
implanted humerus and ulna bones were also simulated
via FE analysis.”” However, there are a limited number
of studies that have focused on the non-surgical treat-
ment of forearm instability. In addition to understand-
ing the computational modeling, the complex rigid
body modeling with deformable bodies can solve
through the FEA. Therefore, we developed a three-
dimensional (3D) FE model of the forearm to investi-
gate the contribution of the DRUJ stabilizer on fore-
arm stability based on a previously validated model.>
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Figure |I. Forearm model in the: (a) palmar and (b) dorsal
views without and with a DRUJ stabilizer.

We hypothesized that the stabilizer will provide either
transverse or longitudinal stability of the forearm.

Methods

Development of the forearm model

The 3D finite element model of the forearm was devel-
oped based on our previously validated model using
ABAQUS/Standard software (ABAQUS™, ABAQUS
Inc., Providence, RI, USA).32 The model includes a
total of 16 bones (i.e. humerus, radius, ulna, pisiform,
triquetrum, lunate, scaphoid, trapezium, trapezoid,
capitate, hamate, and five metacarpal bones) and 16
ligaments (represented by 38 linear spring elements)
(Figure 1). Bone geometry was reconstructed from
1 mm computed tomography (CT) scans with a pixel
size of 0.822mm of a male (21 years, 1.7m in height,
65 kg in weight) provided by the Digital Korean Project
(http://dk kisti.re.kr). Although both MRI and CT
imaging can be used for model development,*® most of
the studies have been utilized CT images.”* >>2">% An
average element size of 1.5 mm was used for tetrahedral
elements, whereas an average element size of 2 mm was
used for hexahedral elements as similar to the previous
study.3 ' The forearm model had 389,581 elements,
whereas the stabilizer had 9145 elements. Surface-to-
surface contact discretization was applied to the humer-
oulnar joint, humeroradial joint, proximal radioulnar
joint, DRUJ, and radiocarpal joints, where the contact
was considered frictionless.® All bones were considered
a rigid body; the effect of stiffness of the bone and



Khuyagbaatar et al.

Table I. Ligament properties used in the forearm model.>>?8,

Ligament name Abbreviation Stiffness (N/mm)
Long radiolunate LRLL 40.0
Short radiolunate SRLL 40.0
Radiocapitate RCL 50.0
Radioscaphoid RSL 50.0
Ulnocapitate UCL 50.0
Ulnolunate ULL 40.0
Ulnotriquetral UTL 40.0
Dorsal radiocarpal DRCL 75.0
Dorsal radioulnar DRUL 13.2
Palmar radioulnar PRUL 11.0
Medial anterior MAL 723
Medial posterior MPL 522
Lateral radial LRL 15.5
Lateral ulnar LUL 57.0
Annular AL 285
Interosseous membrane

Distal/proximal band DB/PB 18.9

Central band CB 65.0

cartilage had little effect on contact stresses and pre-
dicted contact areas.”® The cartilage was not considered
since the cartilage thickness is small in the wrist.* The
ligaments were modeled as two or more tension-only
spring elements. The origin and insertion points of the
ligaments were described as point-to-point contact and
identified based on previously published studies.**>-*¢
Table 1 presents the details of the ligament and stiffness
coefficients. The TFCC was represented by the dorsal
(DRUL) and palmar radioulnar ligaments (PRUL),
ulnolunate ligament (ULL), and ulnotriquetral liga-
ment (UTL).'"® The IOM was composed of a proximal
band (PB), distal band (DB), and central band (CB)."'

Model validation

Two different tests were performed to validate the
model. The first validation was to replicate the “pure
transverse separation test” described in a study by
Anderson et al.® They applied a transverse force of
150N to displace the radius in a radial direction away
from the ulna and approximately 3mm of translation
was recorded. The experiments were conducted with
sequential sectioning of the ligaments, where the annu-
lar ligaments (AL) were first sectioned, followed by PB
and CB of the IOM. In this study, a transverse displa-
cement of 3 mm was applied to the radius for the intact
and ligament sectioned models according to the cada-
ver study (Figure 2(a)).® The ulna was fixed, and the
radius was able to move only in the transverse direc-
tion. The resistance forces were measured for different
models and compared with the cadaver experimental
study.®

A second validation was performed to reproduce the
“radius pull test” designed to indicate the longitudinal
instability of the forearm by measuring the radial
migration after sectioning the TFCC and the IOM.?

Load
1. AL cut

2. Proximal
band cut

3. Central band
cut

f
="
Fixed Fixed
(a) .
1. Radial head .
excis[pn Fixed

2. TFCC cut 3. IOM cut

Load

Fixed
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Figure 2. Model descriptions for the: (a) pure transverse
separation and (b) radius pull tests.

The RH was excised, and the ulna and humerus were
fixed with the elbow in 90° flexion. An 89.2 N load was
applied to the proximal part of the radius to displace
the radius away from the radiocarpal joints represent-
ing a 9.1 kg weight loaded in the cadaver study (Figure
2(b)).”> The simulation was performed after RH resec-
tioning, after each sectioning of the TFCC and I0OM,
and after sectioning of both of TFCC and IOM. The
measured radial migrations were compared to those
obtained in the cadaver study.’

Stabilizer placement

The stabilizer was designed to provide stability between
the radius and ulna and placed around the DRUIJ
(Figure 1(b)).>* Stabilizer geometry was simplified as a
wrist band with width and thickness of 20 and 4 mm,
respectively. The stabilizer was a thermoplastic elasto-
mer material with an elastic modulus of 168 MPa and a
Poisson’s ratio of 0.4.* The space between the stabili-
zer and the bones were filled with a soft material repre-
senting the skin tissue, where the tied contact was
generated. The elastic modulus of the skin tissue was
0.21 MPa based on a previous study.**

Pure transverse separation test

The forearm model with and without the stabilizer was
tested using the pure transverse separation test for the
intact and ligament sectioned models described earlier
in the first validation (Figure 2(a)). In the previous
experiment study, a force of 150N was used in the
transverse separation test.® Therefore, loads of 75, 150,
and 225N were applied to the radius in a radial direc-
tion away from the ulna. The transverse displacements
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Figure 3. Measured transverse forces in our model and in the
experimental study.

of the radius were measured for each case. The liga-
ments were sectioned as follows: AL was sectioned
first, followed by PB and CB.

The percentage contribution of the AL, PB, CB, and
remaining structure resisting the transverse separation
test with and without the stabilizer was simultancously
analyzed. A 6 mm displacement was applied to the
radius, and the total reaction force was recorded. Stuart
et al.®> described a displacement control method to
evaluate the percentage contribution of each ligament
in resisting transverse separation of the radius and ulna,
where they used a maximum displacement of 6 mm in
the testing. The resultant decrease in the reaction force
reflects the relative contribution of the ligament struc-
ture to the total reaction force as each ligament was sec-
tioned.® The strains in the DRUL and the DB were
then measured.

Radius pull test

Similarly, the forearm model with and without the sta-
bilizer was tested using the radius pull test for the intact
and ligament sectioned models described earlier in the
second validation (Figure 2(b)). Loads of 44, 89, and
133N were applied to the proximal part of the radius.
The radial migrations were measured after an RH resec-
tion and then after TFCC and IOM sectioning.
Accordingly, 6 mm of the proximal radial migration
was reproduced based on the cadaver study to calculate
the percentage contribution of the TFCC, IOM, and
the remaining structures resisting the longitudinal
force.> A forearm instability higher than 6mm indi-
cated the gross longitudinal instability with a disrup-
tion of all of the ligamentous structures of the forearm.

Results

Model validation

The predicted forces resisting the transverse separation
test for the intact and injured models were compared
with those of the previous cadaver study (Figure 3).°

Figure 4. Radial migration in our model and in the
experimental study.

The predicted forces were 100, 94, 86, and 53 N for the
intact models after AL sectioning, PB (AL + PB)
resectioning, and CB (AL + PB + CB) resectioning,
respectively. The results showed a similar trend to the
experimental results, although slightly higher values
were obtained in the injured models.

In the radius pull test, radial migration was com-
pared well with the previous experimental results
(Figure 4).> The radial migrations were 1.5, 1.7, 5.9,
and 9.0 mm after RH resectioning, after sectioning each
of the TFCC (RH + TFCC) and IOM (RH + IOM),
and after sectioning both TFCC and IOM (RH + TF
CC + IOM). In the experimental study, the radial
migrations were 0.5-2, 0.5-2.5, 3.04.0, and 7.5-
10.5mm for the RH, RH + TFCC, RH + IOM, and
RH + TFCC + IOM, respectively.

Pure transverse separation test

The transverse displacement of the radius was measured
for the intact and ligament sectioned models with and
without the stabilizer under 75, 150, and 225N loads
(Figure 5(a)). AL and PB sectioning had a small effect
on the transverse displacement of the radius (3.7%—
10.4% increases of the transverse instability), and CB
sectioning resulted in greater increases in the transverse
displacement (56.4%—61.4% increases of the transverse
instability). After stabilizer placement, the transverse
displacements were lower than those in the results from
the intact model, regardless of the loads and sectioning
of the ligaments.

The percentage contributions of AL, PB, CB, and
the remaining structure resisting the transverse separa-
tion of the ulna and radius were 4.8%, 12.7%, 55.7%,
and 26.8%, respectively (Figure 6(a)). The load on the
CB was reduced by 16.1% after the stabilizer was worn.
In another way, the stabilizer resisted 23.7% of the
total transverse load alone. The model at a maximum
load of 225N showed that the stabilizer supported the
stability in a transverse direction even in the case of
AL + PB + CB. Meanwhile, the strains in the DRUL
and the DB were reduced by 15%-20% (Figure 7(a)).
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Figure 5. (a) Transverse displacement of the radius in the pure transverse separation test and (b) radial migration in the radius pull

test for the intact and injured models with and without a stabilizer.

Radius pull test

Figure 5(b) shows the radial migration with and
without the stabilizer for different injured models under
44-133 N loads. RH resectioning and TFCC sectioning
resulted in a 2mm radial migration at the maximum
loads. The radial migrations were greatly increased
by 3-5 times after IOM sectioning (RH + IOM)
with TFCC (RH + TFCC + IOM). With the stabilizer,
the radial migrations were slightly reduced for the
RH + IOM and RH + TFCC + IOM cases, although
the longitudinal instability was 2-3 times higher than
that of the RH resection-only model.

The percentage contributions of the TFCC, 10M,
and remaining structure resisting the longitudinal trans-
lation were 12.5%, 76.1%, and 11.4%, respectively
(Figure 6(b)). The loads on the TFCC and the IOM
were reduced by only 6% with the stabilizer. The actual
contribution of the stabilizer on the longitudinal stabi-
lity was 5.4%. The model deformation at a maximum
force of 133 N showed that the stabilizer failed to sup-
port the longitudinal stability after IOM sectioning
with the TFCC (Figure 7(b)). Also, the strains in the

remained ligaments were not reduced after stabilizer
placement.

Discussion

We developed herein a forearm model to investigate the
contribution of the stabilizer on the transverse and longi-
tudinal stabilities of the forearm. The model was vali-
dated against two cadaver studies.>® Consequently, the
model was able to predict the force resisting the separa-
tion of the radius and ulna following the incremental sec-
tioning of the ligament structures (i.e. AL, PB, and CB)
and showed a similar trend with the experimental results.®
Although the model results showed very similar for the
intact case, the ligament sectioned models showed an
increase in force. The difference most likely arose from
the ligaments modeling, where we used linear tension-
only elements since the precise data of the tensile beha-
vior of the elbow ligaments are lacking.®* In the second
validation, the radial migration was accurately measured
after RH resectioning and TFCC and IOM sectioning.
The predicted radial migrations were within the range of
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Figure 7. Model deformation in the: (a) pure transverse separation test and (b) radius pull test for injured models with and without

a stabilizer.

the results from the experimental study.? In addition, the
anatomical difference may be a reason behind the devia-
tions observed between the studies.

The transverse and longitudinal instabilities of the
forearm model were reproduced by ligament structure
sectioning. The percentage contributions of each struc-
ture resisting the force through the transverse and long-
itudinal axes of the forearm were estimated. For the

transverse stability of the forearm, the CB resisted
approximately 50% of the total transverse load to the
radius. This result was similar to the experimental find-
ings, where the percentage contribution of the CB was
up to 40.3%.° In addition, the sectioning of the AL and
IOM greatly increased the strains in the DRUL/PRUL
as well as increased the transverse dislocation of the
radius. This could be explained by an experimental
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study by Werner et al.,'' where they reported that
increased gapping at the DRUJ when the IOM was cut,
placed greater loads on the DRUL/PRUL. In the longi-
tudinal instability, the IOM and the TFCC resisted
approximately 70% and 10% of the axial load, respec-
tively, through the hand to the elbow. Marcotte and
Osterman® found that the IOM bears 71% of longitudi-
nal stiffness, and the TFCC is responsible for 8% of the
stiffness in the absence of the RH. Loeffler et al.!
reported that the TFCC is responsible for 8% of the
mechanical stiffness of the forearm. Moreover, the
IOM was shown as an important structure in maintain-
ing both the transverse and longitudinal stabilities of
the forearm.” Furthermore, the radial migrations of
4.8-7.0mm and 6.7-10.8 mm were observed when the
IOM and IOM with TFCC ligamentous structures were
cut in this study. Smith et al.” revealed that the radial
migration =3 mm indicates an injury of IOM, while
= 6mm is a sign of grossly unstable with an injury of
IOM and TFCC.

The results showed that the stabilizer provided the
transverse stability and resisted almost 1/4 of the total
transverse load on the forearm. The stabilizer was mod-
eled as an elastic band spanning the DRUJ based on a
clinically available product originally developed to pro-
vide stability for the ulna and radius during sports
activities. Previous studies reported that forearm or
wrist braces improved the functionality of the forearm
motion following injuries.'”'*! O’Brien and Thurn'
successfully used a forearm orthosis in patients with
wrist joint instability. Barlow®” described the use of a
novel brace as a non-surgical intervention for TFCC
tears and showed a functional status improvement after
the brace was worn. However, the stabilizer failed to
provide the longitudinal stability of the forearm
because the radial migration was higher than 4 mm in
the cases with TFCC and IOM sectioning. The cadaver
study reported that 3 mm or more of the proximal dis-
placement of the radial head indicated ligamentous
injuries in the forearm.? Also, untreated IOM damage
could allow additional injury instability to the radioul-
nar ligaments."" However, no optimal treatment is
available for the forearm longitudinal instability.’?
Therefore, this study suggested that a stabilizer can be
applied in the conservative management of patients
who do not have the gross longitudinal instability with
TFCC and IOM disruption.

This study has several limitations. All bone bodies
were assumed to be rigid based on previous modeling
studies for computational efficiency.>>*>° The liga-
ments were modeled using tension-only spring elements
with stiffness coefficients adopted from previous stud-
ies.”*?73% The TFCC was represented by the spring ele-
ments of PRUL, DRUL, ULL, and UTL, and the
articular fibrocartilage disc and the meniscal homolo-
gue was not included in the model because they are dif-
ficult to capture by CT.* Due to this simplification, the
model over-predicted the contact between the ulnar

head, triquetrum and lunate during the radius pull test.
Future studies should include the TFCC structures as a
soft tissue structure since it plays a major stabilizing
role on the ulnar aspect of the wrist.*>The stabilizer was
modeled using the linear elastic property and placed
around the DRUJ. Although the stabilizer geometry
was simplified, the original band size was not changed
in this study. The space between the bones and the sta-
bilizer was filled with a soft material representing the
skin tissue. Moreover, the transverse and longitudinal
forearm instability models were simulated based on the
cadaver studies.*®

Conclusion

The validated forearm model was used to simulate the
transverse and longitudinal instabilities of the forearm.
The biomechanical effects of the stabilizer on the fore-
arm instabilities were then investigated. The model
demonstrated the ability to predict the contribution of
each ligamentous structure and the stabilizer resisting
the force on the radius. The stabilizer provided stability
during the transverse separation test and reduced the
loading on the ligaments. It also particularly resisted 1/
4 of the total transverse load on the forearm. However,
the stabilizer failed to support the forearm during the
radius pull test. Therefore, it can be used in non-
surgical conservative management of patients who do
not have the gross longitudinal instability of the
forearm.
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