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Abstract

Background: Open reduction and internal fixation with a plate is deemed to represent the gold standard of surgical
treatment for displaced intra-articular calcaneal fractures. Standard plate fixation is usually placed through an extended
lateral approach with high risk for wound complications. Minimally invasive techniques might avoid wound complications
but provide limited construct stability. Therefore, 2 different types of locking nails were developed to allow for minimally
invasive technique with sufficient stability. The aim of this study was to quantify primary stability of minimally invasive
calcaneal interlocking nail systems in comparison to a variable-angle interlocking plate.

Material and Methods: After quantitative CT analysis, a standardized Sanders type |IB fracture model was created in
2| fresh-frozen cadavers. For osteosynthesis, 2 different interlocking nail systems (C-Nail; Medin, Nov. Mésto n. Morave,
Czech Republic; Calcanail; FH Orthopedics SAS; Heimsbrunn, France) as well as a polyaxial interlocking plate (Rimbus;
Intercus GmbH; Rudolstadt, Germany) were used. Biomechanical testing consisted of a dynamic load sequence (preload
20 N, 1000 N up to 2500 N, stepwise increase of 100 N every 100 cycles, 0.5 mm/s) and a load to failure sequence (max.
load 5000 N, 0.5 mm/s). Interfragmentary movement was detected via a 3-D optical measurement system. Boehler angle
was measured after osteosynthesis and after failure occurred.

Results: No significant difference regarding load to failure, stiffness, Boehler angle, or interfragmentary motion was found
between the different fixation systems. A significant difference was found with the dynamic failure testing sequence where
87.5% of the Calcanail implants failed in contrast to 14% of the C-Nail group (P < .01) and 66% of the Rimbus plate. The
highest load to failure was observed for the C-Nail. Boehler angle showed physiologic range with all implants before and
after the biomechanical tests.

Conclusion: Both minimally invasive interlocking nail systems displayed a high primary stability that was not inferior to
an interlocking plate.

Clinical relevance: Based on our results, both interlocking nails appear to represent a viable option for treating displaced
intra-articular calcaneal fractures.
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patients start early active exercises and partial weight-bear-
ing following reconstruction.™*"!

In this experimental study, the aim was to investigate the
primary stability of current minimally invasive nail systems
compared with a conventional variable-angle interlocking cal-
caneal plate. The null hypothesis was that the different inter-
locking nail systems and the interlocking plate would not differ

Introduction

Currently, open reduction and internal fixation is deemed to
represent the gold standard for the surgical treatment of dis-
placed intra-articular calcaneal fractures.>'® Because of the
complex anatomy and delicate soft-tissue envelope, the oper-
ative treatment is challenging.'’ Furthermore, the frequently
used extended lateral approach is associated with the risk for

skin necrosis, infection, and delayed wound healing.*'* Thus,
minimally invasive techniques have been developed to mini-
mize soft-tissue complications.”'® Until now, most minimally
invasive repair constructs have limited primary stability com-
pared with the use of interlocking plates, which might repre-
sent a risk for secondary displacement, in particular, if the

in primary stability during the biomechanical test sequences.

Materials and Methods

Twenty-one fresh-frozen hindfoot cadavers (Medcure,
Portland, OR) were used. The distribution of the calcaneal
specimens was blinded and equal regarding gender (10
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Table |I. Distribution of Calcaneal Specimens.

Specimen Number Implant Group Age (y) Gender Side Ethnic Group BMD (mg/cm®)
I Rimbus 62 Male Right Caucasian 238.8
6 Rimbus 6l Female Left Caucasian 173
9 Rimbus 59 Female Left Caucasian 187.4
I Rimbus 63 Female Right Caucasian 164.9
12 Rimbus 53 Male Left Caucasian 65.43
18 Rimbus 6l Male Left Caucasian 81.8
3 Calcanail 6l Female Right Caucasian 171.9
4 Calcanail 63 Male Left Caucasian 157.9
5 Calcanail 55 Female Right Caucasian 67.1
13 Calcanail 63 Male Right Caucasian 209.3
I5 Calcanail 6l Male Right Caucasian 195.5
16 Calcanail 57 Female Right Caucasian 188.8
17 Calcanail 56 Male Left Caucasian 200.1
21 Calcanail 55 Female Left Caucasian 110
2 C-Nail 64 Female Left Caucasian 90.5
7 C-Nail 59 Female Right Caucasian 203.9
8 C-Nail 62 Male Left Caucasian I151.1
10 C-Nail 59 Male Right Caucasian 121.2
14 C-Nail 6l Male Left Caucasian 177
19 C-Nail 55 Male Right Caucasian 170.7
20 C-Nail 42 Female Left Caucasian 185.6

female, 11 male specimens) and side (10 right-sided, 11
left-sided specimens; see Table 1).2' All specimens were
kept frozen within 2 plastic bags at a temperature of
—20°C." Overnight, the specimens were thawed to room
temperature. 12

Prior to preparation, all specimens were scanned using
CT-based densitometry (Aquilion 64; Toshiba Medical
Systems Europe B.V., Zoetermeer, Netherlands), which
additionally ensured that all specimens were free of bony
pathology. After complete skin and soft-tissue removal, a
Sanders IIb fracture model was created with the help of an
oscillating saw.® Therefore, in the sagittal plane the poste-
rior facet was separated from the sustentaculum.® It was fol-
lowed by an osteotomy at the angle of Gissane to the first
fracture line in the coronal plane.® Afterwards, the posterior
tuberosity was osteotomized in the coronal plane.® Both
osteotomies were performed at an angle of 45 degrees to the
vertical plane to attain a subtalar wedge fragment. The last

fracture line was created horizontally in the transversal
plane and separated the subtalar fragment from the central
fragment. After reduction, the fragments were temporarily
fixed with K-wires before definitive fixation.

For internal fixation, the following implants were used:
(1) the interlocking C-Nail (Medin, Nové Mésto n. Morave,
Czech Republic), (2) the interlocking Calcanail (FH
Orthopedics SAS, Heimsbrunn, France), and (3) the poly-
axial interlocking Rimbus plate (Intercus GmbH Rudolstadt,
Germany; Figures 1-3). The original plan to allocate an
identical number of cadaver specimens and implants to
each of the 3 experimental groups had to be changed
because a single specimen randomized for the plate group
was too small for fitting the plate. Therefore, for this size-
reduced calcaneus, another fixation mode had to be chosen
(Table 1). Reduction and fixation of the implants was evalu-
ated with an image intensifier. In a previous study, the
Rimbus plate was biomechanically superior in comparison
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Figure |. The C-Nail implant.

Figure 2. The Calcanail implant.

Figure 3. The Rimbus plate.
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Figure 4. Fracture model and holding device mounted within
the servohydraulic machine.

to other current interlocking plate designs."® The placement
of the screws in both interlocking nails with a differential
thread allowed for angular stability when the screw head
engages into the calcaneal cortex. All implants were inserted
according to the manufacturer’s recommendations. The
plate was fixed with 6 screws in defined positions (anterior
process, subtalar area, tuberosity). Furthermore, an addi-
tional subtalar screw was inserted in all specimens that were
fixed with the interlocking nails."

The specimens were embedded with the tuberosity fixed
in veterinary polymethylmethacrylate (PMMA) bone
cement (Demotec 95; Demotec Inc, Nidderau, Germany)
within the testing device.'*'**' An additional woodscrew
was inserted into the posterior tuberosity in order to maxi-
mize the fixation strength of the bone cement. To ensure an
anatomic hindfoot position, the holding device was adjusted
individually in 3 planes.”*'**' The anterior process was
leaning against a buffer in the shape of the cuboid bone.
Load was applied and transmitted through an individual
PMMA cement-molded talus via a hydraulic testing
machine (MTS, Eden Prairie, MN).13’14’21

At least 3 markers were applied on each fragment
(Figure 4). These markers were used in order to detect
3-dimensional interfragmentary motion by the optical mea-
surementsystem (PONTOS 5M, GOM mbH, Braunschweig,
Germany)." This measuring system was able to detect
micromotion less than 5 um and had successfully been
used during previous biomechanical analyses."'® For inter-
fragmentary motion analysis, the posterior tuberosity was
set as local reference.

The same sequences were used as in a previous study.”!
First, a dynamic cyclic loading was performed. This test
started with a load of 1000 N and increased up to 2500 N
with a stepwise load increment of 100 N after 100 cycles
(preload 20 N; 1 Hz). If the constructs withstood this stress,
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a load to failure sequence followed. Failure was defined by
reaching the maximum load of 5000 N or a 0-degree gradi-
ent in the load deformation diagram." The load deformation
data of the hydraulic testing device were registered via MTS
FlexTest40 multipurposetestware software. Interfragmentary
movement was detected by 2 charge-coupled device cam-
eras connected to a computer.'

Following osteosynthesis of all specimens and after the
biomechanical tests, the Boehler angle was analyzed with
fluoroscopy (Ziehm Vario 3D; Ziehm Imaging GmbH,
Nuremberg, Germany). Boehler angle was defined as nor-
mal within the range of 20 to 40 degrees.’

Data are displayed as mean values + standard deviation.
The statistical analysis was performed with 1-way analysis
of variance (GraphPad Prism, version 6.0c; GraphPad
Software, La Jolla, CA). When significant difference
occurred in analysis of variance, a post hoc Tukey multiple
comparison test was performed to locate the difference. In
addition, Fisher exact test was used to analyze the number
of failure events in the dynamic test sequence. The null
hypothesis at a significance level of P <.05 was that there
was no difference regarding the biomechanical performance
of the 3 different implants.

Results

The bone mineral density of the specimens was essentially
identical in all groups (Rimbus 151.9 = 66.1 mg/cm®, C-Nail
157.1 £39.5 mg/cm?, Calcanail 162.6 = 49.8 mg/cm?).

LTF was analyzed after the biomechanical tests. The
maximum load of 5000 N was reached by one specimen
with a C-Nail implant only. The C-Nail group had the high-
est load to failure, with a mean of 2808 (+973.6) N. LTF
with the Rimbus plate was 2041 (£603.6) N and with the
Calcanail 1751 (£756.3) N (Figure 5). No significant differ-
ence in loads to failure between the groups could be found.
Additionally, the number of failures in the dynamic test
sequence was analyzed. In the dynamic testing sequence,
87.5% of the specimens treated with Calcanail, 66% of
those fixed with the Rimbus plate and only 14% of the
C-Nail group failed (Figure 6). The difference between the
Calcanail and C-Nail groups was significant (P =.01; Fisher
exact test). No significant difference could be found
between the specimens fixed with the Rimbus plate fixation
and any of the groups fixed with the interlocking nail
systems.

Stiffness analysis during the dynamic testing sequence
showed the highest stiffness in the Calcanail group (600.5 +
451.6 N/mm) followed by Rimbus (532.8 = 211.9 N/mm)
and C-Nail (497.5 = 171.6 N/mm). Because of the small
amount of specimens that remained for the load to failure
test (9/21), statistical analysis of the differences could not
be performed.
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Figure 5. Load to failure (mean + 95% confidence interval).
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Figure 6. Failure in the dynamic testing sequence (n = absolute
numbers).

Boehler angle was measured after osteosynthesis and
after failure in any testing sequence. All implants showed a
physiologic Boehler angle before and after biomechanical
testing. The lowest decrease in Boehler angle could be
detected in the Calcanail group (3.6 + 3.0 degrees) after the
biomechanical test whereas higher changes of Boehler
angle could be seen in C-Nail specimens (8.0 + 14.1
degrees) and Rimbus group (15.0 £+ 6.1 degrees). None of
these changes were statistically significant (Figure 7). Bone
mineral density did not correlate with ultimate loads (R* =
0.114).

No significant differences with respect to interfragmen-
tary motion during loading were detected between the 3
groups. The highest interfragmentary motion was detected
in the anterior process fragment in the Calcanail and C-Nail
groups. However, this was the only fragment where the
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Figure 7. Boehler angle before and after the final biomechanical
test (mean + 95% confidence interval).
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Figure 8. Interfragmentary motion of each fragment (mean £
95% confidence interval). Tuberosity and sustentacular fragment
not shown.

Rimbus plate exhibited less mobility compared with both
nailing systems. C-Nail had the least motion of the subtalar
joint fragment and central fragments (Figure 8). None of the
registered differences among the 3 groups were statistically
significant.

Discussion

This biomechanical study compared 2 recently introduced
interlocking nail systems with a variable-angle interlocking
plate for internal fixation of displaced intra-articular calca-
neal fractures with the aim to investigate the primary stabil-
ity. Before biomechanical testing, any influence of variable
bone mineral density was excluded because the specimens
within the 3 experimental groups exhibited an identical
bone mineral density.

Significant differences in load to failure could not be
detected between the 3 groups. Interestingly, the maximum
load of the protocol was reached only by one specimen
belonging to the C-Nail group. During dynamic testing, the
C-nail exhibited substantially fewer failures compared with
the Calcanail. In comparison with the double interlocking
mechanism of Calcanail, a higher degree of primary stabil-
ity of the C-Nail was provided by 6 interlocking modes.
Moreover, the sustentacular fragment was fixed with 2 of
them. No correlation between bone mineral density and
load to failure was seen. This indicates that the fixation
techniques seemed to stabilize the fracture independently
from the underlying bone quality as shown for implants at
the distal fibula.”® Goldzak et al compared the primary sta-
bility in a standardized fracture model employing the AO/
ASIF calcaneal plate versus Calcanail and found substan-
tially lower failure loads.* This might be related to the dry
enzymatically corroded cadaver bones they used.* Another
in vitro study had demonstrated increased load to failure
values compared with our experiment." A different loading
protocol in the dynamic test sequence and the use of saw-
bone specimens might be responsible for these different
results.”® Sawbones exhibit a density that is 1.5 times higher
than adult cadaver specimens. Based on comparative inves-
tigations, Sawbones were not recommended for further bio-
mechanical investigations in the calcaneus.”' Differences in
measured stiffness between nail and plate constructs had
been confirmed by an earlier study, as well.*

A physiologic Boehler angle as a rough criterion for the
reduction of the impacted subtalar surface and the restora-
tion of outer calcaneal geometry may lead to a better out-
come.*® Subtalar congruity is a recognized predictor of
outcome after open reduction and internal fixation of intra-
articular calcaneal fractures.'’ In our study, after completing
biomechanical testing, the Boehler angle was within the
physiologic range in all specimens. This result underscores
the mechanical competency of all 3 tested implants to stabi-
lize the fragment bearing the subtalar joint surface under the
given high axial loading protocol. In addition, none of our
specimens failed at the subtalar fragment, which is in accor-
dance with the findings of Goldzak et al.*

Regarding interfragmentary motion differences observed
between the 3 implants might be attributed to construct dif-
ferences or inherent properties of the fracture model. The
highest interfragmentary motion was detected in the central
fragment in the Rimbus group. The central fragment was
not addressed by the chosen screw arrangement of the
experiment, whereas C-Nail and Calcanail showed the
greatest relative motion at the anterior process fragment.
With the Calcanail, the anterior process was not included
with the fracture stabilization. Most important, the subtalar
joint-bearing fragment exhibited least motion with all 3
implant types. As such, these results reflect implant-specific
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differences, which had been described in part during earlier
studies.*"® In principle, adequate fixation of the fracture
model was achieved with all 3 implant types.

This study has some limitations. The complete removal
of all soft tissues in order to achieve adequate fixation in the
testing jig led to an unphysiologic elimination of any soft
tissue influences, for example, of the Achilles tendon.>*!
Furthermore, the study had been limited to a single fracture
model. Creating fracture lines with an oscillating saw dif-
fers from the clinical fracture situation.*' In the study by
Redfern et al, interfragmentary motion was detected on the
lateral and medial aspects of the hindfoot, as well.'? In our
study, the motion analysis system measured the relative
motion on only the lateral side of the calcaneus because a
self-designed carbon pin construct for the detection of rela-
tive motion of the sustentacular fragment failed. In addi-
tion, the local reference for the interfragmentary motion had
been defined in the tuberosity. Therefore, just 3 of the 5
fracture fragments could be traced independently.

Conclusion

In this study, we found that the primary stability of calca-
neal interlocking nail systems tested in a standardized
cadaver fracture model was not inferior to an interlocking
plate that itself had been proven to provide a high degree of
primary stability compared with other current plate
designs.™'* In a clinical setting, both interlocking nails
could be used with a minimally invasive technique.
Therefore, clinical implementation of calcaneal interlock-
ing nails has the potential to compensate for the drawbacks
of most minimally invasive stabilization techniques (eg,
K-wires, isolated screws, small-sized plates) that have a
rather limited primary mechanical stability.'""'” Both calca-
neal interlocking nail options appear to represent a viable
option for the treatment of displaced intra-articular calca-
neal fractures and may allow for early active exercises and
partial weight-bearing without the inherent risk of second-
ary displacement. Recently published clinical experiences
with the C-Nail and Calcanail support these data with a
favorable clinical outcome.'”*
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