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Abstract

Purpose The purpose of this study was to compare the stabil-
ity of two established screw configurations (SC) for subtalar
arthrodesis using a cyclic loading model.

Methods Eight paired human cadaver hindfoot specimens
underwent subtalar arthrodesis with either parallel or
angulated SC. The instrumented specimens were subjected
to a cyclic loading protocol (1000 cycles: +5 Nm rotation
moment, 50 N axial force). The joint range of motion
(ROM) was quantified before and after cyclic loading, in the
three principal motion planes of the subtalar joint using pure
bending moments of £3 Nm.

Results After instrumentation, the angulated SC showed sig-
nificantly less mean ROM compared to the parallel SC in
internal/external rotation (1.4°+£2.2° vs. 3.3°+2.8°, P=
0.006) and in inversion/eversion (0.9°+1.4° vs. 1.5°%1.1°,
P=0.049). After cyclic loading, the angulated SC resulted in
significantly less mean ROM compared to the parallel SC in
internal/external rotation (3.3°+£4.6° vs. 8.8°+£8.0°, P=0.006)
and in inversion/eversion (1.9°+2.3° vs. 3.9°+3.9°, P=
0.017). No significant differences in the mean ROM were
found between the angulated and parallel SC in dorsal
extension/plantar flexion.

Conclusion The angulated SC resulted in decreased ROM in
the subtalar arthrodesis construct after instrumentation and
after cyclic loading compared to the parallel SC. The data
from our study suggest that the clinical use of the angulated
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SC for subtalar arthrodesis might be superior to the parallel
SC.

Keywords Subtalar - Arthrodesis - Screw fixation -
Hindfoot - Biomechanics

Introduction

Subtalar arthrodesis is considered a salvage procedure for pa-
tients with isolated subtalar osteoarthritis when conservative
treatment has failed. The principle is to prevent painful motion
in the affected joint. Achieving stable bony fusion of the
subtalar joint in a physiologically favourable position is cru-
cial for a good functional outcome. Reported post-operative
non-union rates following arthrodesis vary between 2 and
30 % [1-5]. This is influenced by patient-related factors, in-
cluding diabetes, smoking and bone health [2, 5]. Achieving a
secure bony fusion is also crucially dependant on mechanical
factors, particularly compression and stability between the
articular surfaces [6, 7]. Therefore, the primary surgical goal
is to secure early stability of the arthrodesis in order to encour-
age bony fusion in the desired anatomical position [6-9].
During the last few decades internal fixation with screws
has become established as the standard procedure for isolated
subtalar arthrodesis [2, 3, 10]. In a biomechanical study,
Chuckpaiwong et al. [9] showed that a screw configuration
(SC) using two arthrodesis screws instead of one could triple
the initial compressive forces and also significantly increase
rotatory stability of the arthrodesis construct [9]. In clinical
practice, two screws are often placed either parallel to each
other or else angulated [8, 11]. Angular placement of screws is
reported to result in greater resistance to torsional loading [9,
12]. However, only the initial stability of different SCs using
static test protocols has been assessed. During post-operative
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patient mobilisation, cyclic loading is inevitable and may
cause the screws to loosen leading to early loss of compres-
sion. To our knowledge the effect of different SCs on the
stability of subtalar arthrodesis under cyclic loading condi-
tions has not been reported.

Here we describe a biomechanical study comparing two
established techniques for subtalar arthrodesis, both using
two-screw SCs in a cyclic loading model with parallel versus
angulated positioning. We hypothesized that the angulated
configuration would be associated with less joint motion both
initially after instrumentation and following cyclic loading.

Materials and methods
Specimens

Eight fresh frozen human hindfoot pairs were used in our
studies. Four were from females. The mean age (£SD) at sal-
vage was 69.9+10.8 years (range, 5285 years). Bone mineral
density (BMD) was assessed by quantitative computed to-
mography (CT; LightSpeed VCT, GE Healthcare, Milwaukee,
USA) using a calibration phantom. The mean BMDs for the
calcaneus and talus bones were 177.1+59.2 mg/cm?® and
282.7+67.0 mg/cm?, respectively. Specimens were stored at
—20°C and thawed overnight at 4°C before testing. Skin and
muscle were removed by dissection, leaving the isolated
talocalcaneal unit, with most of the subtalar joint capsule in-
tact [7, 9, 12]. Left and right talocalcaneal units were random-
ly allocated to either the parallel or angulated SC groups, in
order to allow a pairwise comparison of the groups.

Surgical technique

All surgical procedures were performed by the same senior
foot surgeon (AB). A drilling frame was used to ensure accu-
rate screw positioning. The talocalcaneal units were temporar-
ily fixed using 1.2-mm K-wires.

Drill holes for the arthrodesis screws were prepared using a
cannulated 3.2-mm drill and tapped to a diameter of 6.5 mm.
The length of screws to be used was determined using a depth
gauge. Two 6.5-mm cannulated screws (Synthes, Oberdorf,
Switzerland) with 17-mm thread lengths were inserted either
parallel or angulated to each other, depending on which group
the unit had been allocated to. The screws were tightened
manually using the standard AO technique until a firm three-
finger grip was felt [5, 9]. This ensured that the screws were
not over-tightened.

For the parallel screw configuration, the first screw was
inserted at the posterolateral calcaneal tuberosity, just posteri-
or to the weight-bearing surface. It was oriented across the
posterior facet of the subtalar joint at a 90° angle, with its tip
located in the lateral talar dome. The second screw was
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inserted 15 mm medial to the entry point of the first screw,
at the posteromedial calcaneal tuberosity, just posterior to the
weight-bearing surface. It was oriented parallel to the first
screw, with its tip located in the medial talar dome [9, 13]
(Fig. 1).

For the angulated screw configuration, the first screw was
also inserted at the posterolateral calcaneal tuberosity in an
identical manner to that described above. The insertion point
of the second screw was the lateral plantar aspect of the ante-
rior calcaneus, 10 mm proximal to the calcaneocuboid joint. It
was directed at an approximate angle of 45° running dorsally
and medially (parallel to the Chopart’s joint line), into the head
or neck of the talus [8, 11] (Fig. 2).

Biomechanical testing

After screw insertion, the posterior third of the calcaneus and
the talar dome were embedded in polymethylmethacrylate
(PMMA, Technovit 3040, Heracus Kulzer, Wehrheim, Ger-
many). Woodscrews were inserted into the medial and lateral
shoulders of the trochlea tali to prevent talar movement within
the PMMA fixation. The talocalcaneal unit was oriented with
an inclination of 40° and a deviation of 20° medial to the long
axis of the foot in the transverse plane. This is considered to be
the physiological axis of subtalar motion [9, 14-16].

Fig. 1 Parallel screw configuration. a Sagittal. b Transverse
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Fig. 2 Delta screw configuration. a Sagittal. b Transverse

Flexibility testing

All flexibility tests were carried out in a test setup, using
pure bending moments of £3 Nm in the three main mo-
tion planes of the subtalar joint, (i.e., internal/external ro-
tation [IER], inversion/eversion [IE] and dorsal extension/
plantar flexion [DEPF], applied by a force couple). Load-
ing was induced by rotation around one axis; the other
five degrees of freedom were unconstrained. A six com-
ponent force/torque load cell was used to control the load-
ing of the specimens. An ultrasound based 3-D motion
analysing system (Winbiomechanics, Zebris, Isny, Germa-
ny) was fixed to the front of the PMMA embedding to
record the relative motion of the talus and calcaneus with
a sampling rate of 60 Hz. The ROM in the three principal
motion planes was determined (Fig. 3a).

Cyclic loading

The talar side of the embedded specimens were attached to
the actuator of a servohydraulic material testing machine
(MTS Mini-Bionix 858; MTS, Eden Prairie, Minnesota).
On the calcaneal side the specimens were mounted on an
x-y bearing table with two translational degrees of freedom
during testing. On the talar side a universal joint was used
to allow two rotational degrees of freedom (Fig. 3b).

Specimens were loaded statically in the axial direction with
50 N and cyclically with an internal-external rotation mo-
ment of +5 Nm with an angular rate of 4°/s for 1000
cycles. The initial three cycles and every hundredth of the
following cycles were recorded.

Specimens were tested as follows: (i) first flexibility
testing, after instrumentation—three motion planes (%3
Nm); (ii) cyclic loading (axial load: 50 N, rotation mo-
ment: £5 Nm, 4°/s, 1000 cycles); and (iii) second flex-
ibility testing, after 1000 cycles—three motion planes
(£3 Nm)

Statistical analysis

Data are presented as means+SD. Normal distribution was
tested and confirmed with the Kolmogorov—Smirnov test. Dif-
ferences between the two groups were compared using a
paired t-test. The significance level was set at P<0.05.

Results

Immediately after instrumentation the mean ROM was signif-
icantly less for both IER and IE for specimens instrumented
with the angulated SC compared to the parallel SC (1.4°£2.2°
vs. 3.3°£2.0°, P=0.007; and 0.9°+1.4° vs. 1.5°+1.1°, P=
0.049, respectively; Fig. 4a, b). There was no significant dif-
ference in the mean ROM for DEPF between the specimens
instrumented with the angulated SC compared to the parallel
SC (2.1°+1.9° vs. 2.2°+2.3°, P=0.816; Fig. 4c).

After 1,000 cycles of loading, the mean ROM was signif-
icantly less for both IER and IE for specimens instrumented
with the angulated SC compared to the parallel SC (3.3°+£4.6°
vs. 8.8°£8.0°, P=0.006; and 1.9°+£2.3° vs. 3.9°+£3.9°, P=
0.017 respectively; Fig. 4a, b). There was no significant dif-
ference in the mean ROM for DEPF between the specimens
instrumented with the angulated SC compared to the parallel
SC (3.2°+2.8° vs. 6.8°+7.7°, P=0.086; Fig. 4c).

Discussion

The results of this study confirm the hypothesis that the
angulated SC in subtalar arthrodesis is more resistant to cyclic
loading than the parallel SC. It leads to less joint motion dur-
ing flexibility testing immediately after instrumentation and in
response to cyclic torsional loading.

The higher mean ROM for the parallel SC immedi-
ately after instrumentation confirms the findings of pre-
viously published non-cyclic biomechanical investiga-
tions [9, 12].

Hungerer et al. reported higher mean ROMs immediately
after instrumentation with the parallel SC compared to the

@ Springer



2278

International Orthopaedics (SICOT) (2015) 39:2275-2280

Fig. 3 a Test setup for flexibility
testing. Tester with six degrees of
freedom, six component load cell
and 3D motion analysis system.
The curved arrows indicate the
applied pure bending moments
(£3 Nm, Mx, My, Mz) and
rotational axes. The double-
headed arrows indicate the three
translations permitted by the
setup. b Test setup for cyclic
loading. Specimens were
connected to the material testing
machine (MTS) using an xy-table
(double-headed arrows) and a
universal joint. The three single
arrows indicate the applied forces
for axial loading (50 N) and
internal-external rotation (5 Nm)

|

six component *
load cell %

angulated SC (IER 3.7° and IE 10.5° vs. 2.3° and 1.7° respec-
tively) [12]. Chuckpaiwong et al. reported higher mean ROMs
when the parallel SC was compared to a diverging SC (IER
14.0° vs. 10.0°) [9].

After subtalar arthrodesis early weight-bearing is desirable
[8]. Therefore, static testing does not fully reproduce the load-
ing conditions which are likely to occur during postoperative
mobilisation. By using a cyclic loading protocol, we simulated
forces and movements likely to occur during postoperative
mobilisation. To our knowledge, this is the first such study.
After 1,000 cycles of rotational loading the angulated SC
showed significantly less ROM in the IER and IE motion
planes in comparison to the parallel SC. Indeed the results
for the angulated SC after cyclic loading were comparable to
the results of the parallel SC immediately after instrumenta-
tion. The superiority of the angulated SC may be a result of the
bigger distance between the screws that is created by the an-
gulation. This will lead to increased resistance to rotational
forces [8, 9, 12]. The complex geometry of the articular sur-
faces of the subtalar joint is important in limiting the rotation
of the subtalar arthrodesis [9, 12]. The angulated SC may
achieve superior distribution of compression [9, 12]. We ob-
served a similar trend for DEPF as we did for IER and IE. That
it did not reach statistical significance may have been a con-
sequence of the fact that this is generally the most constrained
plane of motion of the subtalar joint [16, 17].

The two screw configurations investigated by us were cho-
sen because they represent two of the most widely used tech-
niques in clinical practice [2, 8, 9, 11, 12, 18]. The angulated
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position has become the standard procedure for isolated
subtalar arthrodesis at our institution. In comparison with
two diverging screws inserted from behind, it allows more
relative angulation of the screws to each other and a longer
distance between the screws. This is likely to increase the
positive effects on rotatory, and consequently, overall stability
[8, 11, 12]. Other clinical advantages include the increased
raw bone contact area with only one screw penetrating the
posterior joint facet. Additionally this avoids a second screw
head on the plantar calcaneus which can become prominent
with weight-bearing. Boffeli and Reinking [11] reported high
fusion rates and favourable clinical results using the angulated
SC. Biirgi and Hintermann [8] reported that it achieved better
initial stability, thereby allowing earlier mobilisation with
weight-bearing.

We chose to study an inferior to superior screw trajectory
with the thread positioned in the talar bone because most re-
cent clinical reports have adopted this approach. Advantages
of it are said to be an easier initial approach, availability of the
denser talar bone and a reduced risk of damage to the
neurovascular bundle [2, 6, 10].

We consider the particular cyclic testing model we used,
with rotational/torsional loading, to have been particularly
well-suited to test our hypothesis, since published data indi-
cates that all combined motions of the subtalar joint involve IE
rotational motion [3, 9, 12, 16, 17]. We approximated the ideal
axis of the rotational force to the normal axis of subtalar mo-
tion and use of the x-y table and a universal joint enabled us to
reproduce physiologic subtalar joint rotation [9, 14-16]. Our
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Fig. 4 Range of motion (degrees) in the subtalar joint measured in the
flexibility test of the instrumented specimens and after 1,000 load cycles,
presented as box plots with medians and interquartile ranges (25-75%)).

flexibility testing system allowed assessment of six degrees of
freedom. This meant that the impact of cyclic loading on the
subtalar arthrodesis construct could be assessed in all three of
the principal planes of motion of the subtalar joint.

Notwithstanding the above, it is important to recognise that
the complexity of the motions at the subtalar joint are difficult
to reproduce and our model can only be an approximation.
Studies on cadaveric specimens can never entirely reproduce
in vivo conditions. Randomized controlled trials will be nec-
essary to evaluate if the angulated SC improves union rates
after subtalar arthrodesis in clinical practice. Until these are
available, our study suggests the angulated SC may help to
optimize early stability of subtalar arthrodeses, allowing for
earlier post-operative mobilisation [8].

In conclusion, the angulated screw configuration resulted
in decreased joint motion in the subtalar arthrodesis construct
immediately after instrumentation and following cyclic load-
ing when compared to the parallel screw configuration. This
suggests that for isolated subtalar arthrodesis, two screws in an
angulated configuration should be preferred over a parallel
configuration.
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The circles indicate outliers. *Statistically significant difference between
the groups (P<0.05). a Internal/external rotation. b Inversion/eversion. ¢
Dorsal extension/plantar flexion
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