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Abstract

Purpose We hypothesized that the re-fixation of the deep and
superficial fibres of the distal radioulnar ligaments provide
improved stability compared to reconstruction of the deep
fibres alone.

Methods Fourteen fresh-frozen cadaver upper extremities
were used for biomechanical testing. Transosseous re-fixation
of the deep fibres of the distal radioulnar ligaments alone
(single mattress suture group; n=7) was compared to the
transosseous re-attachment of the deep and superficial fibres
(double mattress suture group; n=7). Cyclic load application
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provoked palmar translation of the radius with respect to the
rigidly affixed ulna. Creep, stiffness, and hysteresis were ob-
tained from the load-deformation curves, respectively. Testing
was done in neutral forearm rotation, 60° pronation, and 60°
supination.

Results The re-fixation techniques did not differ significantly
regarding the viscoelastic parameters creep, hysteresis, and
stiffness. Several significant differences of one cycle to the
consecutive one within each re-fixation group could be detect-
ed especially for creep and hysteresis. No significant differ-
ences between the different forearm positions could be detect-
ed for each viscoelastic parameter.

Conclusions The re-fixation techniques did not differ signifi-
cantly regarding creep, hysteresis, and stiffness. This means
that the additional re-attachment of the superficial fibres may
not provide greater stability to the DRUIJ. Bearing in mind that
the study was a cadaver examination with a limited number of
specimens we may suppose that the re-attachment of the su-
perficial fibres seem to be unnecessary. A gradual decline of
creep and hysteresis from first to last loading-unloading cycle
is to be expected and typical of ligaments which are
viscoelastic.

Keywords Biomechanics - DRUIJ instability - Radioulnar
ligament re-fixation - Transosseous re-fixation technique

Introduction

Injuries of the triangular fibrocartilage complex (TFCC) may
be detrimental to forearm function since these structures
among others are crucial for unrestricted pronation and supi-
nation of the forearm and weight-bearing [1-3]. The TFCC is
postulated to be in conjunction with the interosseous
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membrane the most important stabilizer of the distal
radioulnar joint (DRUJ) [1, 2, 4-6]. The articular disc of the
TFCC is framed by the radioulnar ligaments which attach with
their superficial fibres to the base of the ulnar styloid process
and with their deep fibres to the ulnar fovea [2, 5, 7, §]. Both
deep and superficial fibres contribute distinctly to DRUJ sta-
bility [1, 5, 9, 10]. The centric insertions of the deep fibres at
the ulnar fovea and the epicentric insertions of the superficial
fibres at the base of the ulnar styloid process enable smooth
tension transition between these structures during
pronosupination [11]. These kinematic properties guarantee
unrestricted forearm rotation while DRUJ stability is pre-
served [2, 6, 11, 12].

Ulnar-sided triangular fibrocartilage (TFC) tears may cause
DRUJ instability with disabling consequences such as persis-
tent pain, limitation of forearm rotation and loss of grip
strength [4, 5, 11-13].

To treat these injuries anatomical TFCC re-fixation are in-
creasingly of interest nowadays [7, 14-21].

However, none of these contributions has addressed the
centric and epicentric insertions of the radioulnar ligaments
specifically even though deep and superficial fibres both con-
tribute to the DRUJ function biomechanically and kinemati-
cally [1, 5, 6, 9-11].

This is why we have examined an anatomical transosseous
re-fixation technique including both superficial and deep fi-
bres of the radioulnar ligaments in comparison to an
established transosseous reconstruction of the deep fibres ex-
clusively [17, 22].

We have tested whether the re-fixation of both deep and
superficial fibres of the distal radioulnar ligaments provides
greater stability than reconstruction of the deep fibres alone.

Materials and methods

The study design was approved by the institutional ethics
committee.

Specimens

Fourteen fresh-frozen cadaver upper extremities amputated at
the midportion of the humerus were used for this study
(Table 1). The voluntary body donors were 83 years old on
average (range: 64-95) at the time of death. Medical records
indicated no musculoskeletal injuries or congenital, post-
traumatic, and rheumatoid disorders of the upper extremity
for any cadaver used. Posteroanterior and lateral radiographs
of the wrists and elbow joints were done in order to exclude
osseous abnormalities. Inclusion and exclusion criteria are
stated in Table 2. The specimens were stored at —20 ° C and
thawed completely at room temperature before testing. The
skin, muscles, and capsuloligamentous structures below and
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around the elbow were completely preserved except for the
necessary preparation to perform the re-fixation of the TFCC
at the wrist. All specimens were moistened continually with
saline solution at room temperature during testing.

Surgical technique

In two experimental groups the cut radioulnar ligaments were
refixated with either single mattress suture (n=7 arms) or dou-
ble mattress suture (=7 arms) under direct visualisation using
3.5x loupe magnification.

In order to standardize the ulnar-sided desinsertion and
afterwards the re-fixation of the radioulnar ligaments the open
approach of Garcia-Elias et al. was used [23].

The deep and superficial fibres of the radioulnar ligaments
were divided using a number 11 scalpel blade. With a sweep-
ing "radial to ulnar" motion parallel to the distal surface of the
ulnar head the foveal insertion of the deep fibres was
completely cut. Then the ulnar styloid process was exposed
half-circumferentially in order to section the superficial fibres
sufficiently [10]. Prior to disengagement of the ligaments the
specimens were tested by using the ballottement test for DRUJ
instability [9, 24]. After complete ulnar-sided release of the
radioulnar ligaments the TFC was retracted distally using pin-
cers to verify adequate disengagement and the ballottement
test was performed to confirm DRUJ instability.

A modified transosseous re-fixation technique described
by Iwasaki et al. for anchoring the deep fibres of the radioulnar
ligaments by mattress suture served as the single mattress
suture group (Fig. 1, left illustration) [17].

The anatomical transosseous re-fixation of the deep and
superficial fibres of the radioulnar ligaments served as the
double mattress suture group (Fig. 1, right illustration).

The allocation of specimens to both re-fixation techniques
is displayed in Table 1.

The technique described by Iwasaki et al. was modified in
order to provide secure osseous fixation of the suture. A 2 mm
Kirschner wire mounted on a drill created the first oblique
osseous tunnel starting from the ulnar neck to the ulnar fovea
(Fig. 2). A lasso loop was transferred through the tunnel and
the deep fibres of the radioulnar ligaments under direct visu-
alization by using a 20-gauge venipuncture needle. After se-
curing the lasso loop in situ a second parallel osseous tunnel
was drilled 5 mm palmar to the first one. A 2—0 nonabsorbable
suture (Prolene™ 2-0, Ethicon) was transferred likewise by
using a 20-gauge needle through the second tunnel and the
deep fibres of the radioulnar ligaments accordingly. The suture
was retrieved by the lasso loop from the ulnocarpal compart-
ment into the first osseous tunnel in order to create a horizontal
mattress suture for the deep fibres of the radioulnar ligaments
(Fig. 1, leftillustration). For re-fixation of the superficial fibres
of the radioulnar ligaments a third osseous tunnel at the base
of the ulnar styloid process was drilled which was oriented
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Table 1 Demographics of the
specimens donor sex age extremity reconstruction technique matched
specimens
1 female 93 left double mattress suture group yes
1 female 93 right single mattress suture group yes
2 male 88 left single mattress suture group yes
2 male 88 right double mattress suture group yes
3 male 68 left double mattress suture group yes
3 male 68 right single mattress suture group yes
4 male 64 left single mattress suture group yes
4 male 64 right double mattress suture group yes
5 female 89 left double mattress suture group yes
5 female 89 right single mattress suture group yes
6 female 95 left double mattress suture group no
6 female 95 right double mattress suture group no
7 male 91 left single mattress suture group no
8 female 77 right single mattress suture group no

almost perpendicular to the long axis of the ulnar shaft. The
lasso loop was transferred as described previously and the
suture (Prolene™ 2-0, Ethicon) was transferred by using a
20-gauge needle palmar to the styloid process through the soft
tissue. The ulnar fibres which corresponded to the styloid base
were addressed by the suture to create the second horizontal
mattress suture re-fixation by using the lasso loop (Fig. 1, right
illustration). The sutures were tightened in neutral forearm
rotation after reduction of radius and ulna was achieved
[22]. After re-attachment of the ligaments the skin was sutured
to protect the underlying tissue from dehydration.

Biomechanical setting

A multidirectional fixation frame has been designed and de-
veloped specifically for this study. The ulna and humerus were
affixed rigidly with threaded pins to the custom mount, which
allowed at least a reliable 120° of forearm rotation without
restriction while the elbow was in 90° flexion.

Table 2  Inclusion and exclusion criteria

inclusion criteria exclusion criteria

intact distal radioulnar ligaments osseous lesions of elbow joint,

forearm, carpus

degenerative disc lesions with intact
ligaments

congenital abnormality of the
upper extremity

rheumatoid arthritis
connective tissue disease

post-traumatic alterations of
elbow joint, forearm, carpus

The hand was secured to a wooden plate using screws with
washers. The pisiform bone and the proximal pole of scaphoid
bone were placed at the rim of the wooden plate in order to
guarantee unrestricted DRUJ motion and a rigid fixation of the
carpus.

Biomechanical testing was done by using a servo con-
trolled electromechanical testing machine (ZwickRoell
7010; Zwick GmbH & Co. KG, Ulm, Germany) which
recorded the force-deformation curves continuously (sam-
pling rate: 10 Hz). Load was applied with a custom-made
jig attached to a 5000 N load cell (Zwick GmbH & Co.
KG, Ulm, Germany; series K; relative zero point devia-
tion: 0.04 %; relative measurement uncertainty: 0.21 % at
50 N) which allowed precise placement at the Lister tu-
bercle. Prior to load application, the Lister tubercle was
prepared surgically. A 3 mm deep hole was drilled on top
of the Lister tubercle using a 2 mm Kirschner wire
mounted on a drill. Therefore, the jig could engage easily
and reliably with the drilled hole upon the radius while
the ulna remained attached rigidly.

After preloading at 1 N at a loading rate of 5 mm/
minute the specimens were loaded with a crosshead speed
of 5 mm/minute so that the distal radius was translated
perpendicular to the coronal plane of the radius in palmar
direction with respect to the fixed ulna. The specimens
were subjected to seven cycles of loading and unloading
up to 40 N to determine the viscoelastic properties. The
load limit of 40 N was considered to be well within the
elastic region of the soft tissue being examined. This limit
is in accordance to previous biomechanical studies and
was tested experimentally by a pilot study [10, 13].

These cyclic loading-unloading tests were performed in
neutral forearm rotation, 60° supination, and 60°
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Fig. 1 Illustration of the 2
transosseous refixation
techniques: refixation exclusively
of the deep fibres by single
mattress suture (left illustration);
refixation of both deep and
superficial fibres of the radioulnar
ligaments by double mattress
suture (right illustration)

pronation, respectively. A recovery time of 30 minutes
was respected between each forearm position after testing
[13, 20].

Outcome measures

The viscoelastic parameters creep (mm), hysteresis (%),
and stiffness (N/mm) were used for evaluation. They are
key properties of viscoelastic materials to which connec-
tive tissue like ligaments belong to. A material is

Fig.2 After exposing the TFCC the K-wire is aiming at the ulnar fovea:
* extensor digiti minimi tendon; — detached TFC
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viscoelastic when its mechanical behaviour varies over
time during application of a constant force or
deformation.

Hysteresis means energy dissipation during loading
and unloading (the unloading curve will not follow the
loading curve). This is due to the energy absorbed by the
tissue at each loading cycle and dissipated as heat or the
drag of fluid being extruded and imbibed during loading
and unloading. It is typical for viscoelastic materials
(time dependent mechanical behaviour) and is important
for normal function and performance of biological
tissues.

Creep is defined as the increase of deformation under
constant force. In every loading-unloading cycle, there was
a shift of the curves to the right. The distance between the
start point and the end point of the loading-unloading
curves showed an increase of deformation under constant
load (40 N) and represented the creep behaviour of the
re-fixated ligaments (Fig. 3).

Stiffness was determined for each loading cycle as the
slope of the load-deformation curve between 30-35 N and is
a measure of elasticity of the material.

Increased creep, increased hysteresis and decreased stiff-
ness are considered to be predictors for instability [25].

Statistical analysis

A two-way (cycle and treatment) analysis of variance
(ANOVA) with repeated measurements was used to detect
significant differences between the groups (single mattress
suture group; double mattress suture group) within the dif-
ferent positions (neutral rotation, 60° supination, and 60°
pronation). Duncan’s multiple comparisons test was ap-
plied for post hoc analysis. The level of significance was
set at a value of p<0.05. Results are presented as diagrams
with standard deviation.
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Fig. 3 Representative loading-unloading curve from a cyclic test of the
double mattress suture: male, 64 years of age; x-axis: deformation in mm;
y-axis: load in N. The shift of the 7 loading-unloading curves to the right
is typical of viscoelastic tissues. This shift to the right is described as

Results
Creep, hysteresis, and stiffness in neutral rotation

While several significant differences were detected between
one cycle of loading and unloading to the consecutive one
within each group, no significant differences were observed
between the single mattress suture group and the double mat-
tress suture group regarding the examined viscoelastic param-
eters creep, hysteresis, and stiffness (Fig. 4a—c ESM).

Creep, hysteresis, and stiffness in 60° pronation

While stiffness did not decrease significantly from the first to
the last cycle of loading and unloading within each group, a
few significant differences were observed between one cycle
to the consecutive one concerning creep and hysteresis. No
significant differences were detected between the single mat-
tress suture group and the double mattress suture group re-
garding the examined viscoelastic parameters (Fig. Sa—c
ESM).

Creep, hysteresis, and stiffness in 60° supination

The viscoelastic parameters creep, hysteresis, and stiffness
demonstrated similar results to the aforementioned examina-
tion in 60° pronation. No significant differences were detected
between the single mattress suture group and the double mat-
tress suture group regarding the examined viscoelastic param-
eters Fig. 6a—c ESM.

Comparison of forearm positions regarding creep,
hysteresis, and stiffness after single mattress suture

There were no significant differences between the different
forearm positions for the corresponding cycles of each visco-
elastic parameter (Fig. 7a—c ESM).

8 10

creep. Loading maximum is 40 N for each loading curve followed by
unloading. The area between loading and unloading within each cycle is
defined as hysteresis

Comparison of forearm positions regarding creep,
hysteresis, and stiffness after double mattress suture

Similar results were observed with no significant differences
between the different forearm positions for the corresponding
cycles of each viscoelastic parameter (Fig. 8a—c ESM).

Discussion

The study was undertaken in order to examine a re-fixation
technique which may enable immediate mobilisation after sur-
gical reconstruction. The importance of both deep and super-
ficial fibres of the radioulnar ligaments were demonstrated
clearly by Xu and Tang [5]. They observed length changes
of all four ligaments (dorsal and palmar deep radioulnar liga-
ments; dorsal and palmar superficial radioulnar ligaments)
during in vivo pronosupination. During pronation, the dorsal
superficial radioulnar ligament and palmar deep radioulnar
ligament tighten. They serve as complementary restraints for
the DRUJ instability in pronation. During supination, the pal-
mar superficial radioulnar ligament and dorsal deep radioulnar
ligament tighten. These ligaments provide stability while
functioning as a three point buttress to the DRUJ in supina-
tion. Xu and Tang even pointed out that the superficial fibres
might be more sensitive restraints for the DRUJ instability
since greater length changes of the former ligaments were
observed in comparison to the deep fibres [5]. The anatomical
configuration of the radioulnar ligaments enables a smooth
tension shift within different parts of the fibres in order to
guarantee unrestricted forearm rotation while stability is pre-
served [2, 11, 12, 26].

These in vivo observations and cadaver studies performed
by Haugstvedt et al. and Moriya et al. demonstrated that both
deep and superficial fibres are important contributors to DRUJ
stability. Based on these conclusions the re-fixation of both
fibre structures was evaluated in comparison to the re-
attachment of the deep fibres alone [5, 9, 10].
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Our results do not show significant differences between
both re-fixation techniques regarding the measured biome-
chanical parameters. The additional re-attachment of the
superficial fibres may not provide greater stability to the
DRUIJ than suture of the deep fibres on its own. Bearing in
mind that the study was a cadaver examination with a limited
number of specimens we may suppose that the re-attachment
of the superficial fibres seem to be unnecessary. A gradual
decline of creep and hysteresis from first to last loading-
unloading cycle is to be expected and typical of ligaments
which are viscoelastic because the tissue gradually stabilizes
(steady-state) with continued cyclic loading. Therefore, signif-
icant differences between cycles were to be expected. No
significant differences were detected between the different
forearm positions for each viscoelastic parameter. This may
support the fact that the radioulnar ligaments were attached
adequately and that they stabilised the DRUJ sufficiently.

Biomechanical testing of intact radioulnar ligaments exhibit-
ed a fivefold higher stiffness throughout pronosupination than
the re-fixation techniques evaluated [6, 27]. Therefore, immo-
bilization after surgical repair is advisable. Early active
mobilisation might compromise the re-fixation. Since an
established re-fixation technique served as control we did not
examine the intact radioulnar ligaments additionally [16, 17].

The biomechanical testing was performed using a highly
standardised setup. We examined the structures within an arc
of 120° from pronation to supination. Soft tissue around fore-
arm and hand was deliberately preserved to avoid lesions
which might have interfered with data collection. The open
approach that was utilized is established and does not com-
promise crucial stabilising structures of the DRUIJ since the
dorsal capsule was incised at the fifth extensor compartment
only [12, 23]. Furthermore, it was chosen deliberately to eval-
uate the integrity of the radioulnar ligaments and to guarantee
safe and reliable desinsertion of the former structures before
re-fixation. Load application provoked translation between
radius and ulna which is the defining clinical entity in order
to diagnose DRUJ instability [28]. Hysteresis, energy dissipa-
tion or internal dampening of ligaments, creep and stiffness
were measured since they characterise the ligaments' visco-
elasticity accurately.

Even though drilling an osseous tunnel at the base of the
styloid process might cause fracture of the latter, the risk was
deliberately reduced using direct visualisation and proper se-
lection of Kirschner wires.

Our cadaver study used seven specimens per group and
was based on specific loading rates and loading maximums.
It entails all limitations inherent in a design trying to simulate
living tissue. Furthermore, the experimental setup allowed
palmar translation of the radius with respect to the fixed ulna
only. This deliberate design is owed to the observation that
palmar instability of the radius with respect to the ulna is much
more common than dorsal instability [29].
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Another drawback is the decrease in biomechanical perfor-
mance due to aging, but in our work this is consistent across
all tissues, so that relative mechanical behaviour is constant
regardless of age. The age-related or simply inter-individual
heterogeneity among the specimens was mostly addressed by
creating matched pairs of the two different re-fixation tech-
niques separating both arms of the same cadaver for the two
experimental groups. The values presented in this study were
likely influenced by changes in soft tissue elasticity and lack
of muscle tone and may therefore not reflect values in vivo.

The arc of 120° from pronation to supination does not
resemble full range of motion and therefore may not simulate
sufficient forearm mobility which is necessary to tackle cer-
tain activities of daily living.

Further studies should focus particularly on the kinematic
properties of the superficial fibres to assess their function.
Moreover, an experimental setup which evaluates the anatom-
ical transosseous re-fixation of the deep and superficial fibres
in comparison to re-attachment of the superficial fibres alone
might provide additional information regarding the relevance
of the latter structure.

In summary, further studies are required to answer the rel-
evance of additional re-attachment of the superficial fibres.
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