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Abstract Objectives: The varying mechanical properties of human bone have influence on
the study results. Pullout and shear forces of human bone were compared to different substi-
tutes to evaluate their suitability for biomechanical studies.
Methods: After bone mineral density (BMD) determination, axial pullout tests were performed
with cortical 3.5 mm nonlocking (NL) and 2.7 mm head locking (HL) screws on human, porcine
and composite bones. Porcine and human constructs were additionally loaded in shear direc-
tion.
Results: Apparent BMD was significantly lower in osteoporotic (159 mgHA/ccm � 56) and non-
osteoporotic (229 mgHA/ccm � 25) human bone than that in porcine bone (325 mgHA/
ccm � 42; p < 0.01). Axial construct stiffness and ultimate pullout force of porcine bone
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(NL: 666N/mm � 226, 910N � 140; HL: 309N/mm � 88, 744N � 185) was significantly different
from composite bone (NL: 1284N/mm � 161; 1175N � 116; HL: 1241N/mm � 172, 1185N � 225)
and osteoporotic human bone (NL: 204N/mm � 121, 185N � 113; HL: 201N/mm � 65;
189N � 58) but not from nonosteoporotic human bone (NL: 620N/mm � 205, 852N � 281;
HL: 399N/mm � 224; 567N � 242). Porcine bone exhibited an ultimate shear force (NL:
278N � 99; HL: 431N � 155) comparable to nonosteoporotic human bone (NL: 207 � 68: HL:
374N � 137).
Conclusion: Screw pullout and shear forces of porcine bone are close to nonosteoporotic hu-
man boneQ3 .
The translational potential of this article: Human bone specimens used in biomechanical
studies are predominantly of osteoporotic bone quality. Conclusions on nonosteoporotic human
bone behaviour are difficult. Alternatives such as porcine bone and composite bone were
investigated, and it could be shown that screw pullout and screw shear forces of porcine bone
are close to nonosteoporotic human bone.
ª 2018 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Fresh frozen human bone specimens are considered as
golden standard for biomechanical testing, reflecting most
appropriately the in vivo situation. However, they have
several disadvantages such as ethical concerns, difficult
and complicated acquisition, preparation, storage and
handling which have to follow certain laboratory re-
quirements [1]. The interindividual variance in mechanical
properties and bone geometry of human samples directly
influences biomechanical study results [2], sometimes hid-
ing existing differences in-between bone-implant
constructs.Q4

Bone quality is reduced or even osteoporotic in most of
the human bone specimens, especially the female ones,
since donor age is almost advanced. A valid alternative such
as synthetic surrogate or animal bones is of high interest.
Bones from several animals, especially porcine, bovine and
ovine bones, have been used as human substitutes in
biomechanical testing [3e8]. Because fixation techniques
for young human nonosteoporotic bone could not be
investigated in specimens with osteoporotic bone quality
without influencing the results [3], porcine and bovine
bones are often used as substitute for biomechanical
studies on sports medical topics [3,5,6,8] and was partially
compared to human bone specimens [9,10]. Porcine bone
available in the slaughterhouse is collected mainly from
relatively young animals, not older than 0.5e2 years, hav-
ing the potential to mimic human bone from young athletic
individuals.

This study investigated the suitability of porcine bone
and synthetic composite bone as human bone substitutes
for biomechanical studies on fore and midfoot fixation
techniques. Their mechanical properties and the bone
mineral density (BMD) of porcine bone are compared to
nonosteoporotic and osteoporotic human bone.

It is hypothesised that pullout and shear properties of
porcine bone are closer to that of nonosteoporotic human
bone than the pullout and shear properties of osteoporotic
human bone specimens.

Materials and methods

Six surrogate large left first metatarsal fourth generation
composite bones, designed for biomechanical testing
(Sawbones Europe, Malmö, Sweden, reference number
3422), six porcine cuboids (mean donor age 8 month,
acquired from local slaughtery), six human first meta-
tarsals and cuboids of nonosteoporotic bone quality
(mean donor age 32 years range, 12; 5 male, 1 female; 1
right, 5 left) and six human cuboids of osteoporotic bone
quality (mean donor age 81 years range, 6; 4 male, 2
female; 4 right, 2 left) were used in this study, divided
into five study groups with six specimens each. The intact
cuboids, harvested from human and porcine feet, were
scanned with a peripheral quantitative computed to-
mography scanner (Xtreme-CT, Scanco Medical AG, Brüt-
tisellen, Switzerland) with a slice thickness of 123 mm and
854 evaluated slices per specimen for (BMD) evaluation
before instrumentation.

A 3.5-mm, self-tapping stainless steel cortex screw
(DePuy Synthes GmbH, Zuchwil, Switzerland), was
inserted bicortically into each specimen after predrilling
with a 2.5 mm drill bit. Axial pullout tests were per-
formed after the instrumentation on a material testing
machine (Instron 4302, Instron Inc., Canton MA, USA)
with a 10 kN load cell, operated in displacement control
mode at a cross-head speed of 5 mm/min. The screw
head was inserted unlocked in the upper part of a testing
jig, which was attached to the load cell. The midpoint of
the screw head was aligned in the machine axis to ensure
pure axial pullout force during the test. The bone spec-
imens were fixed in the lower part of the jig, rigidly
connected to the test frame, but restricting the spec-
imen movement solely in the direction of the applied
load (Figure 1A and B). Further, same instrumentation
procedure, followed by pullout test, was repeated with
2.7 mm self-tapping stainless steel head locking (HL)
screws (DePuy Synthes GmbH, Zuchwil, Switzerland) with
predrilled Ø2.0 mm hole, inserted into each one of the
specimens.
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