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Preclinical study analysis of massive magnesium
alloy graft for calcaneal fractures
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Abstract. The highly comminuted calcaneal fractures
represent a challenge for surgeons and require bone grafts
for a good clinical outcome. Postoperative results are gener-
ally associated with increased morbidity and long periods
of inactivity. The biomedical community promotes the use
of artificial materials for grafts in order to achieve improved
results. In an era when cosmetic concerns as well as the
satisfaction of patients are mandatory and the use of autolo-
gous bone grafts is not without complications, an artificial
replacement appears to be a favorable option. Synthetic bone
grafts are known to fail under stress shield or are associated
with systemic side effects. The purpose of the present study
was to investigate and determine an already commercially
available magnesium (Mg) alloy whose design is most suitable
for long-term use. The mechanical properties of MglCa
and MgYREZr compared with normal cortical and cancel-
lous bone were assessed. Another discussed aspect was the
influence of the alloy in the graft fixation. The results revealed
that MglCa and MgYREZr alloys had a low tensile strength of
75 and 250 MPa, respectively. For this reason, it was surmised
that MgYREZr alloy could be an optimal choice with favorable
corrosion resistance. Since calcaneal fractures are prone to
skin necrosis and septic complications, the need for antibacte-
rial procedures and antibiotic prophylaxis is highlighted. Thus,
an in vivo attempt was also made to identify the relationship
between Mg alloy products and bacterial load. However, the
most important feature of the present study was the creation
of a 3D model grafting, with an anti-sliding design, which can
be potentially used with the preferred Mg alloy in this type
of fractures. In conclusion, artificial materials are the future
in medicine, replacing the body-limiting capabilities of grafts.
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They are safe and incur less comorbidities. This method could
pave the way for reducing patient discomfort and increasing
patient satisfaction. Although further testing is required,
this research represents a great starting point for calcaneal
fractures.

Introduction

Calcaneal fractures constitute approximately 2% of all
fractures presenting to the emergency room. Most of them
are highly comminuted and involve the posterior subtalar
joint (1-4). The optimal treatment remains controversial, with
conservative and surgical procedures still in use to date (5-7).

The preferred method of the present research group is
surgical reduction with the addition of an autologous bone
graft from the iliac crest. However, the high morbidity of
this type of fracture is well known; most patients returning
to work after a lengthy period, while some are unable to
work even after one year. This fact produces physical and
psychological disabilities for the patient, as well as increased
costs to society (8-10).

Bone healing is a biological and physiological process
controlled by biochemical, hormonal and mechanical factors.
The bone is a continuous evolving entity through remodeling.
Bone deposition and resorption is dependent on the blood
supply, the cells that promote healing and the stability of the
fixation, in case of fractures (11).

Autologous bone grafts were the first choice for numerous
years. In theory, they have the characteristics required for
bone healing and integration. However, the resources for bone
grafts are limited, and second interventions increase residual
pain for the patient (12-14).

In addition, due to the fact that bone grafting from the iliac
crest is a painful limited procedure with complications ranging
from nerve injury, infection, persistent pain to cosmetic
deformity, a safe and solid alternative was investigated (15).

In recent years, new materials have been developed to
replace natural bone. The widely used products were composed
of calcium phosphate ceramics and other biosynthetic compos-
ites. In clinical trials, these types of grafts were revealed to be
too weak and with limited osteoinduction (16-20).

The calcaneus fracture occurs in one of the few places in
the human body where the stress shielding is limited at low
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levels. Moreover, it requires at least 3 months to heal properly,
thus a slow resorption graft is required. All these characteris-
tics promote the use of magnesium (Mg) as a grafting option.

Mg has acceptable mechanical properties and it is one of
the most important elements, stored in bones and essential in
metabolic processes. Daily doses of Mg are provided continu-
ously in regular food, in a sufficient amount that can stimulate
bone cell growth and can improve the healing time of the bone.
Mg is eliminated from the body in the presence of chlorine
throughout the kidneys (21,22).

Since massive Mg alloy grafts are not commonly used,
the calcaneus is in our opinion a perfect site for a structural
graft in a preclinical study. An anticipated successful result
will allow us to preserve a markedly favorable graft donor site
for more life threatening pathologies, including malignancies,
and to reduce morbidity of the lower foot. In the future, this
type of synthetic graft can be used for an increasing number of
different pathologies.

The data in specialty literature is vast, thus, the most
important Mg alloys are considered and reviewed for their
properties and a direct clinical future approach is focused on
by finding the appropriate design for the need of patients in
this preclinical study.

Materials and methods

From a therapeutic point of view, calcaneal fractures represent
a challenge. Most of the highly comminuted injuries require
bone grafts to restore Bohler's angle. This variable represents
the degree of inclination of the articular surfaces of the calca-
neus. A lateral approach is required to access the smashed
bone. After open reduction, a large ‘missing’ bone is found.
At this level, a graft is generally used to restore and hold the
height of the calcaneus and to correct varus deviation (23). The
need for using a plate is frequent, fixing it with screws. This is,
in our opinion, a perfect place for the usage of a synthetic graft.
There is no major blood supply and the artificial metal graft
does not come in contact with the steel plate, thus avoiding
the risk of metallosis. The graft is protected and is held in
place by a proposed design and hidden behind the lateral wall
of the calcaneus. This design for the grafts, presented in the
following section, is reproducible and can be used in this form
and dimension to all Sanders 3 and 4 of the calcaneal fractures
(Sanders classification) (Fig. 1) (24).

A CT scan with 3D reconstruction is absolutely neces-
sary in evaluating the degree of comminution and assessing
the decision to use a graft (Figs. 2-4). Thus, using these CT
scans and measurements, and taking into consideration that
most patients with comminuted calcaneal fractures are males,
men between 30 to 60 years old and non-smokers, should be
selected as the perfect candidates, to prevent skin necrosis, for
the next, clinical phase of this study.

Mg alone has a high corrosion rate (25-30), thus in theory,
it could not be used in orthopedics. Nevertheless, alloys have
markedly improved characteristics including biodegradation,
resistance to fatigue, ductility or strength being required as to
be fully used in vivo.

In addition, Mg structures are potentially compatible to the
human body because they are osteoconductive and biodegrad-
able. The mechanical properties are similar to that of bones

and the most important aspect is the capacity to stimulate the
formation of new bone. However, the rapid degradation of
this material, faster than bone healing and its formation, can
lead to gas cavities, osteolysis and poor clinical results (25).
Therefore, the appropriate type of Mg alloy had to theoreti-
cally be identified for our application and the optimal surface
appearance of the design had to be decided. Using CT recon-
struction, multiple angle x-rays and our surgical experience, a
3D model similar to the iliac graft was developed in Windows
3D Viewer (Microsoft Corporation).

Previous research, in vitro, which suggested the appearance
of red blood cell lysis and decreased survival of mesenchymal
stromal cells, when using some Mg alloys, was considered (26),
because of the tendency for tissue damage.

An attempt was also made to identify the relationship
between Mg alloy products and bacterial load, since calcaneal
fractures are prone to skin necrosis and septic complications.

Results

In the first stage of finding the appropriate alloy, the already
commercially available products were identified and the data
from literature was used to include them in further tests.
After a close review of international prestigious publica-
tions (21,22,25-45), the mechanical properties of MglCa and
MgYREZr were selected and compared to normal cortical and
cancellous bone. For references, Ti6Al4V and a markedly close
to pure form of Mg were also assessed. Results are presented
in the Table I.

Clearly, from a mechanical point of view, the synthetic
graft needs to be as strong as the bone, in order to maintain the
correction of the Bohler's angle to a normal range of 20° to 40°.

The fixation of the graft is not necessary because it will
be covered and kept in place by the superior calcaneus frag-
ments and the lateral wall. A plate is required to stabilize
the fragments. Since the construction of an Mg alloy plate is
beyond our capabilities at the moment, but may be attempted
in a future study, a 3D render with the design is presented
in Fig. 5.

Due to the corrosion issue, a selenium-containing coating
using micro-arc oxidation was selected. Data from literature
clearly indicated that improved corrosion resistance was
achieved in this manner (27). In theory, a minimum of a
3-month period of implant and reduction stability is required
until the external shell of the calcaneus is healed. After this
period, the full strength of the alloy graft is not required
anymore. Tensile strength is the main reason why MgYREZr
was selected, since MglCa has a tensile strength as low as
75 MPa.

In addition, a small Mg alloy graft implanted in a
female mouse (4 months old; weight, 31 g; provided by the
Experimental Medicine Center of the Faculty of Veterinary
Medicine of Bucharest), that was already infected with
Pseudomonas for antibiotic testing, was also assessed. During
the experiment the mouse was maintained in a cage specially
designed for this type of species. The cage was placed in a
controlled environment with a 10-h light/14-h dark cycle, a
temperature between 18-22°C and 40-50% humidity. Food
and water were available ad libitum. The use of the animal
was approved by the Ethics Committee of the Faculty of
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Figure 1. Sander's classification. The number (I-IV) representing the number of intraarticular fragments and the letter (A, B, C) indicating the location of the
fracture or fractures: Type I fractures are non-displaced or with <2 mm articular displacement; type II fractures are displaced 2-part fractures of the posterior
facet with three principal subtypes; type III fractures are displaced 3-part fractures with an associated central depression with subtypes based on the location
of the fracture lines extending into the posterior facet; type IV fractures are comminuted intra-articular fractures of 4 or more parts, with 3 or more fracture

lines extending to the joint and often with significant displacement.

Figure 2. Lateral view of the disrupted lateral wall of the calcaneus (CT 3D
reconstruction).

Veterinary Medicine of Bucharest (Bucharest, Romania). No
changes in response to the antibiotics were observed, however
this test was not sufficient in our opinion. Considering data
from literature, caution should be taken when affirming that
Mg alloys do not influence the antibacterial response of the
biological matter (28). Since calcaneal fractures are prone
to infections, the need for extra antibacterial procedures and
antibiotic prophylaxis is highlighted.

Figure 3. Inferior view of the heavily displaced lateral and medial calcaneus
walls (CT 3D reconstruction).

Discussion

AZ alloys have been recently tested, especially AZ31 (Mg3Al1Zn)
and AZ91 (Mg9All1Zn), in vitro and in vivo. Both release large
quantities of hydrogen on biodegradation in organic matter,
increasing the pH and Mg concentration (29-32). In a small study,
Witte et al determined that a Ca phosphate coating could stimu-
late bone formation around the graft and decrease absorption (33).
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Figure 4. Axial view of the comminuted fracture (CT scan, Sander's I'V).

Magnesium alloys containing rare earth elements have
excellent corrosion resistance due to the formation of an
oxide film (rare earth oxide film) in a ‘humid’ environment.
WES5S4 (4.85 Yttrium, 1.58 Neodymium, 0.28 Zirconium,
0.08 Cerium, 0.13 Gadolinium, 0.16 Erbium and Mg balanced)
has an improved rate of degradation in vitro than Mg alone
if heat treatment is applied. WE43 (4.16 Yttrium, 3.80 RE,
0.36 Zirconium, 0.20 Zinc, and 0.13 Manganese) has good
biocompatibility, but it increases aluminum ions in the brain,
increasing the risk of Alzheimer's disease. Rare-earth elements
are associated with severe hepatotoxicity (34,35).

ZK40 (Mg4Zn0.5Zr) and ZK60 (Mg6Zn0.5Zr) have excel-
lent biocompatibility and small doses of daily zinc are safe
for humans, thus, Mg-Zinc alloys are better than alloys that
contain aluminum. However, these materials have high rates of
degradation and are not candidates for orthopedic use (36,37).

Medical Mg alloys, used before in orthopedic surgeries
include calcium, strontium, zinc or a combination of rare-earth
elements. Alloys containing Ca as a grain-refining agent, and
strontium (similar proprieties to calcium) are used to increase
the compatibility with the human bone combined with low
toxicity (38). Strontium alloys are known to be the slowest in
degrading. In data published, Zhao et al (39) concluded that
Mg2Sr has the highest corrosion resistance with high tensile
strength and good compatibility (40).

Zinc is present in the human body, it has almost no
toxicity and it can be used to strengthen the Mg alloy through
solid solution hardening. Therefore, biocompatibility is
excellent (41).

Some elements in the Mg alloy implants form second-phase
particles which can precipitate in grains, conferring better
mechanical properties by strengthening the material (42-44).

When selecting Mg alloy implants as bone grafts, the
stability and strength of second phases and the Mg matrix

1cm

2,5-3cm

Figure 5. Average size that was used for iliac crest bone grafts. A 3D model
with an anti-sliding design was constructed.

in vivo conditions, can influence the degradation time and
biological response of the body concerning the implant.
Yang et al used the Dmol3 calculation method (44) for deter-
mining the stability of four second-phase Mg-Ca, Mg-Sr,
Mg-Zn-Zr, Mg-Al-Zn alloys, these having higher phase
stability than the Mg matrix. In the Mg-Al-Zn alloy, the
Mg,;Al,, second phase had good cytocompatibility in vitro and
did not induce hemolysis (42).

Also, not all alloys form second phase particles. For
example,in high quantities, Yttrium does not form second-phase
particles due to the high solid solubility in Mg, thus presenting
under the form of solid solutions and achieving solid solution
strengthening (41-43). This solid solution strengthening affects
also the degradation of the Mg alloys improving the corro-
sion rate because of reducing the internal galvanic corrosion
between the second phase and Mg matrix (45).

One important aspect in designing and proposing this Mg
alloy for medical use, is the problem of impurities. During
casting, impurities are introduced in the alloy, especially
iron, nickel and copper. They can influence the corrosion
characteristics of the product and can also be toxic for the
human body. For example, nickel is extremely toxic for the
human body. Copper has a high toxicity on the cell membrane.
Therefore, when casting, molds without such elements should
be used (21,46.,47).

Since a surgical approach to the calcaneus is prone to skin
complications and sometimes sepsis, antibiotic prophylaxis
should always be used. Vancomycin 1-1.5 g, one dose, 2 h
before surgery is recommend. After surgery, the lower limb
should be rested at a higher body level, in a fiber cast. Ice
should be applied daily to prevent hematoma (48).

Data in literature regarding any bond between Mg implants
and hematoma could not be found, but attention should also be
paid to the prevention of infections.

The goal of the present study was to determine a close to
perfect site location for artificial metal grafts. Since the iliac
crest is a markedly favorable graft, being used in extremely
complicated diseases and it exists in limited quantity, it is
considered that the novelty of using large magnesium alloy
implants is beneficial (11).

In conclusion, artificial materials are the future in medicine
replacing the body-limiting grafting capabilities. They are safe
and incur less comorbidities (49). This method could pave the
way in reducing the discomfort and increasing the satisfaction
of patients. Although further testing is required, this research
represents a great starting point (50).

Numerous aspects have to be refined until this solution
can be widely used. Our goal is not only patient satisfaction,
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Table I. Mechanical properties of test prototypes and bone.

Tissue Tensile strength (MPa) Young's modulus (GPa) Density (g/cm?)
Cortical Bone 35-280 5-22 1.8-2.0
Cancellous Bone 1-40 0.01-1.58 1.0-14
Pure Mg 90 44 1.74
MgYREZr 250-280 44-46 1.84
MglCa 75-240 - 1.73
Ti6Al4V 895-930 110-114 443

but also the decrease of hospital charges and markedly faster
rehabilitation. Patients can go back to work faster, in theory,
without extra risks associated. Another problem that is often
encountered is that a great number of patients are not in favor
of the bone grafting therapeutic option. A fixation for this
type of injury, without grafting is less stable and more prone
to failure and dissatisfaction (1,3,5). Using an Mg alloy graft
assists this issue and appears to be a safe ‘fix’.

In addition, in the case of failure, there is always the
option of second-stage bone grafting or talo-calcaneal
arthrodesis (51).

It is considered that the future of Mg alloys in orthopedics
and in general medicine is certain, but more studies are required,
for refining and testing and multi-disciplinary teams should
work together to discover and demonstrate the best options.

The present study represents a starting point, by finding a
favorable biological site for Mg grafts. A suitable Mg alloy was
revealed, appropriate for our strategy. The present study is not
an ending, but a beginning.
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