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Aims

This study is a prospective, non-randomized trial for the treatment of fractures of the medial
malleolus using lean, bioabsorbable, rare-earth element (REE)-free, magnesium (Mg)-based
biodegradable screws in the adult skeleton.

Methods

A total of 20 patients with isolated, bimalleolar, or trimalleolar ankle fractures were recruit-
ed between July 2018 and October 2019. Fracture reduction was achieved through bioab-
sorbable Mg-based screws composed of pure Mg alloyed with zinc (Zn) and calcium (Ca) (
Mg-Zn0.45-Ca0.45, in wt.%; ZX00). Visual analogue scale (VAS) and the presence of compli-
cations (adverse events) during follow-up (12 weeks) were used to evaluate the clinical out-
comes. The functional outcomes were analyzed through the range of motion (ROM) of the
ankle joint and the American Orthopaedic Foot and Ankle Society (AOFAS) score. Fracture
reduction and gas formation were assessed using several plane radiographs.

Results

The follow-up was performed after at least 12 weeks. The mean difference in ROM of the
talocrural joint between the treated and the non-treated sites decreased from 39° (SD 12°)
after two weeks to 8° (SD 11°) after 12 weeks (p < 0.05). After 12 weeks, the mean AOFAS
score was 92.5 points (SD 4.1). Blood analysis revealed that Mg and Ca were within a phys-
iologically normal range. All ankle fractures were reduced and stabilized sufficiently by two
Mg screws. A complete consolidation of all fractures was achieved. No loosening or breakage
of screws was observed.

Conclusion
This first prospective clinical investigation of fracture reduction and fixation using lean, bio-
absorbable, REE-free ZX00 screws showed excellent clinical and functional outcomes.
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Article focus
First prospective clinical evaluation of
a lean Magnesium-Zinc-Calcium Alloy
ZX00 screw.

Key messages
Biodegradable  magnesium
without any rare-earth elements.
Unimpeded fracture healing in all patients

implant

Clinical and radiological outcome after
fracture stabilization of the medial malle-
olus with ZX00.

despite small radiolucency during the
first 12 weeks around the screw.
No postoperative adverse events.
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Strengths and limitations
Prospective study including 20 patients.
Ethically prohibited control group.
Early results only: the follow-up for all patients was at
least 12 weeks.

Introduction

Medial malleolar fractures are very common among the
adult population and constitute approximately 9% of
all fractures.! Current literature recommends operative
treatment of ankle fractures through open reduction and
internal fixation,? followed by immobilization and reha-
bilitation.>¢ Many different approaches are described
for fixation of medial malleolus fractures, including
screw-only fixation and using plates in combination with
screws.” The most commonly employed and accepted
clinical technique is the operative fixation of medial
malleolar fractures with cancellous screws.® A recent trial
recommended a single screw for fixation of the medial
malleolar fracture, with equivalent mid-term patient
outcomes, compared to double screw fixation.® Espe-
cially in older patients, conservative treatment with close
contact casting is an equivalent therapy in terms of func-
tional outcomes at long-term follow-up, although careful
monitoring in the weeks after its application to monitor
the maintenance of reduction is required.®

Nevertheless, many patients report postoperative
dissatisfaction due to persistent pain. In most cases, the
cause of this pain is a soft-tissue irritation resulting from
hardware placement, or a shoe. In some circumstances,
a patient’s pain might be severe enough to require hard-
ware removal.”

Over the last decade, there has been an increasing
demand to overcome these disadvantages associated
with conventional implant materials, by developing new,
alternative materials and material production approaches
for use in trauma care.”'? Among biodegradable metals,
magnesium (Mg)-based implants exhibit good biocom-
patibility and suitable biomechanical properties, with
appropriate mechanical strength and ductility, providing
an advantage over biodegradable polymers and
ceramics.”" Recently, considerable efforts have been
made to reduce the Mg degradation rate,'®'” to inhibit
excess hydrogen gas evolution and encapsulated gas
cavities.'’®'” One of these strategies is the use of rare-earth
elements (REE), such as yttrium or gadolinium, to decel-
erate degradation.?*?' Mg-based implants alloyed with
REE, however, were observed to induce apoptosis and
necrosis with high-concentration extracts. Furthermore,
a negative effect on the viability of immune cells in vitro
was documented.?

Therefore, in cooperation with ETH Zurich (Laboratory
of Metal Physics and Technology, Department of Mate-
rials, ETH Zurich, Zirich, Switzerland) we transitioned
to lean Mg-based implant materials (ZX00) alloyed with
zinc (Zn) and calcium (Ca),?* without any REE, to avoid
both short-term and, crucially, long-term adverse effects.

Grin et al* demonstrated the degradation perfor-
mance of this material termed ZX00 (Mg-Zn0.45-Ca0.45,
in wt.%) in a small and large growing-animal model
study and reported no negative effects on bone forma-
tion and ingrowth. ZX00 showed slow and homoge-
neous degradation.?

Facing Mg-based implants, the elementary ques-
tions of implant loosening caused by gas evolution and
long-term result of the radiolucent zones have to be
considered.

To date, there are no prospective investigations that
elaborate on these findings.

Based on these aspects, we planned this prospective,
non-randomized first in man study to evaluate the safety
and the early clinical and functional outcomes of lean,
REE-free, Mg compression screws (ZX00) in the case of
fracture stabilization of the medial malleolus in humans.

Methods

The pilot study was designed as a prospective, non-
randomized trial for the treatment of displaced fractures
of the medial malleolus with a lean, REE-free, Mg-based
biodegradable implantin the adult skeleton. The trial was
conducted according to the Good Clinical Practice (ISO
14155:2011) standard and the Declaration of Helsinki.
Patient enrolment. The study was performed at the
Department of Orthopaedics and Trauma at our institu-
tion and approved by the ethics committee (28 to 071
ex 15/16). A total of 20 subjects were recruited and op-
erated on by three experienced surgeons (PH, FS, MO)
in the centre between July 2018 and October 2019. The
follow-up timepoint for all patients was at least 12 weeks.
Inclusion focused on adults aged between 18 and 65
years presenting with a displaced isolated medial malleo-
lus fracture, a bimalleolar ankle fracture, or a trimalleolar
ankle fracture. Fracture displacement was defined as di-
astasis of the fracture in any direction of 2 mm or more.
Exclusion criteria were pathological fractures, underlying
diseases (particularly bone diseases, kidney diseases, dia-
betes mellitus), poly-traumatized patients, and pregnant
or breastfeeding women.

Written informed consent was obtained from each
patient before the surgery. Standardized electronic case
report forms (eCRFs) were used to collect individual
patient data during this study. All radiological data
were stored in a picture archiving and communication
system (PACS). Fractures were classified according to the
Herscovici system.?

Bioabsorbable devices. Ultra-high pure Mg (99.999%)
was alloyed with Zn and Ca (0.45 wt% Zn and 0.45 wt%
Ca) at 750°C under a protective gas atmosphere. This al-
loy was produced by ETH Zirich in cooperation with de
Cavis AG (Swiss Federal Laboratories for Materials Science
and Technology, Dilibendorf, Switzerland). The extru-
sion of the material into 6 mm rods was accomplished
by LKR Leichtmetallkompetenzzentrum Ranshofen
(Ranshofen, Austria; certified to ISO 9001:2008) and
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Table 1. Patient follow-up, assessments, and visits.

12 wks

2 wks 6 wks (sbh4
Study visit per patient Baseline Operation Dismissal (SD 4 days) (SD 4 days) days)
Visit number Vi V2 V3 V4 V5 Vé6
Inclusion/exclusion criteria X
Signed informed consent X
Demographics X
Relevant medical history X
Laboratory/urinary analysis X X X
Radiograph (two plane) X X X X X X
Range of motion (ROM) X X X
(standard goniometer)
Clinical examination X X X X
Wound X X X X
(pain, redness, secretion, erythema)
Visual Analogue Scale (VAS) X X X X X
AOFAS X

AOFAS, American Orthopaedic Foot and Ankle Society.

Table II. Patient demographics.

Demographic Data
Mean age, yrs (SD) 40.1 (14.5)
Mean height, cm (SD) 171 (14)

Mean weight, kg (SD) 79.05 (9.92)
Mean body mass index (BMI), kg/m? (SD) 26.25 (2.25)

compression screws were produced by Mattig Prazision
GmbH (Obertrum am See, Austria; certified to SO
9001:2008) in Graz. Packaging and sterilization by vy irra-
diation were performed by Biegler (Mauerbach, Austria)
and Mediscan GmbH & Co KG (Kremsmiinster, Austria;
certified to EN ISO 13485 and I1SO 11137, respectively).
Prepared screws had a length of 40 mm and a diameter
of 3.5 mm. Implants were threaded at the distal part for
use as traction screws.

Surgery. All patients were operated in a supine position.
In case of a bimalleolar or trimalleolar fracture, the fibular
and the dorsal tibial fragments were treated before the
medial malleolus. Subsequently, two parallel Kirschner
wires perpendicular to the medial malleolar fracture line
were positioned with fluoroscopic control. A cannulated
drill bit with 2.7 mm width was used for preparing the
hole. Subsequently, one wire was removed and the ZX00
compression screw was inserted into the hole. Final fixa-
tion of the fracture was achieved with the second bioab-
sorbable Mg screw after removal of the second wire. The
insertion torque of the screws was limited at a force of 1.5
newton metre with a torque handle. In all patients, no
additional implants other than the Mg screws were used
for the fixation of the medial malleolus. Patients with bi-
malleolar fractures and trimalleolar fractures were fixed
with titanium plates and screws. Moreover, patients were
immobilized with an under-knee plaster cast four to six
weeks postoperatively and encouraged to attempt full
weight-bearing as tolerated. Ankle movement exercises
were started immediately after removal of the plaster.

Assessments and measurements. For each subject, the
study consisted of assessments conducted preoperative-
ly, immediately after operation and postoperative follow-
up visits (Table I). During follow-up, complications in-
cluding vital signs, erythema, swelling, pain, secretions,
wound healing disorders, wound infections, or implant
infections were recorded. Pain was assessed using visual
analogue scale (VAS). Blood analysis and detection of
Ca and Mg were recorded. Functional outcomes were
evaluated through range of motion (ROM) in dorsal and
plantar flexion. Additionally, the American Orthopaedic
Foot and Ankle Society (AOFAS) score?® was performed
after three months. Anteroposterior and lateral ankle ra-
diographs (X-rays) were used to evaluate the fracture un-
ion and loss of reduction during follow-up. Postoperative
radiograph evaluation was performed after surgery and
after two, six, and 12 weeks. Fracture reduction and per-
sisting gap or step were examined.

Statistical analysis. A descriptive analysis of the data was
performed using proportions, frequency distributions,
means, and standard deviations. Data were presented as
the mean (SD). Comparisons between timepoints were
assessed using a paired t-test. A p-value less than or equal
to 0.05 was considered statistically significant.

Results
Demographic data. A total of 20 patients were enrolled
in the study (11 males and nine females with a mean age
of 40.1 years (SD 14.5)) between July 2018 and October
2019. The follow-up timepoint for all patients was at least
12 weeks. Patient demographics are shown in Table II.
During the first screening of the patients, every patient
presented with normal vital signs and electrocardiograms
(ECGs) were normal.
Aetiology and fracture classification. Ankle sprains caused
45% (nine patients) of all fractures. The rest were attribut-
ed to sports injuries (cycling, soccer, climbing, and skiing
accidents). Four patients presented with traffic-related
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Fig. 1

a) Placement of a ZX00 screw in the medial malleolar during surgery. b) and c) External appearance of ZX00 screw.

injuries (20%): two subjects (10%) had a bicycle accident,
while one had a motor bike accident and another a car ac-
cident. According to the position of the medial malleolar
fracture, 13 patients had a fracture type C Hercovici, six
patients had a type B fracture, and one patient had a type
A fracture.

Surgery and intraoperative outcomes. During surgery, all
Mg-based screws were fixed successfully (Figure 1) and
no intraoperative complications (including screw frac-
ture) were observed. Most of the patients (60%, 12 pa-
tients) had an anatomical intraoperative reduction with-
out any diastasis or gap. In total, 35% of the patients had
a persisting gap of 1 mm and one patient had a fracture
reduction with a persisting diastasis of more than 1 mm.
Moreover, after surgery one unplanned CT scan analy-
sis, performed because of debatable reduction, showed a
persisting gap of 2 mm. None of the patients included in
this study required unscheduled revision.

Clinical and functional outcomes. After surgery, the mean
VAS was 1.6 points (SD 0.6) postoperative and 1.3 points
(SD 0.5) after two weeks. Six weeks after surgery, all
patients reported no pain (VAS 1) regarding the medial
malleolus. Blood analysis and specifically the dosage of
Mg and Ca were normal at all follow-up visits in the 20
patients with a Mg concentration between 0.700 mmol/I
and 1.100 mmol/l and a Ca concentration between 2.20
mmol/l and 2.65 mmol/l. Moreover, renal function re-
mained stable. The mean difference of the total move-
ment of the talocrural joint (dorsal flexion/plantar flex-
ion) between the operated site and the nonoperated
site was 39° (SD 12°) after two weeks, 22° (SD 13°) after
six weeks, and decreased to 8° (SD 11°) after 12 weeks
(Figure 2). There was a statistically significant difference
between weeks 2 and 6 (p = 0.002) and between weeks 6
and 12 (p = 0.001) concerning the difference of the total
movement of the talocrural joint. At the final follow-up,

the mean AOFAS score was 92.5 points (SD 4.1), which
represents an excellent result for all patients. None of
the patients showed wound healing disorders, and none
showed erythema, swelling, deep wound infections, or
implant site infections. There was no loosening of the im-
plant as a result of gas evolution.

After anteroposterior and lateral radiograph analysis,
the ankle fracture was healed in 18 patients (90%) after
six weeks. After 12 weeks, all patients showed complete
consolidation of the ankle fractures. Serial radiographs
displayed small radiolucent zones around the screws,
increasing up to week six, with a constant period to week
12 followed by a decrease to week 24. Despite this gas
formation around the screws, no encapsulation was
detected. In one patient, a CT scan was performed after
52 weeks because of uncertainty of appropriate distal
tibiofibular reduction after evaluation of the radiographs.
Here, a screw volume loss of about 50% was displayed.
Additionally an increased endosteal bone mass at the
screw head was detected (Figure 3).

In one patient, a manifest osteoporosis was noticed
before surgery. Compared to the other patients, an
increased gas formation was seen around the screws
(Figure 4). Nevertheless, bone healing was accomplished
after six weeks. At this timepoint, a small sclerotic line
could be detected at the border of the radiolucent zone
to the surrounding tissue. Regardless, an increase in
density in this area due to higher endosteal bone mass
at the region of expressed gas at the screw could be
presented in the radiographs taken after 24 and 52 weeks
of follow-up (Figures 3-4).

Discussion
To date, 16 clinical studies and case reports have been
conducted for the clinical implementation of Mg
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Fig. 2

Difference of the total movement of the talocrural joint between the operated site and the nonoperated site. *p < 0.05. fp < 0.001.

implants alloyed with REE.?~*2 The earliest clinical trials
on metatarsal osteotomy fixation for the correction of
hallux valgus deformities®-** showed similar compli-
cations compared to titanium implants. Subsequently,
good results were achieved for ankle fracture fixation and
intra-articular fragment fixation.?

Apart from these promising results, poor outcomes
have been reported in two studies with extensive gas
formation, loosening, and cystic formation within carpal
bones after scapho-trapezio-trapezoid (STT) fusion?” and
secondarily after acute scaphoid fracture fixation.?®

In our opinion, the size of the bone and its capacity
to distribute the evolving gas plays an important role.
Therefore, we expect a higher risk of failure in small
bones, caused by the accumulation of entrapped gas, as
illustrated in recent literature.??®

This is the first implementation of the lean, REE-free
Mg implant ZX00 in humans. Evaluation was performed
by a prospective clinical investigation on functional and
radiological results of medial malleolus fracture fixation
with these implants. The promising results of this study
demonstrate an adequate fixation of medial malleolus
fractures using REE-free Mg screws ZX00. Despite the
radiolucent areas around the screws at the first 12 weeks

afterimplantation, all fractures healed without secondary
displacement or implant breakage.

Increased gas formation was seen around the screws in
one patient with a manifest osteoporosis. To our knowl-
edge, metabolic and immunological changes due to oste-
oporotic disease can cause an increased degradation of
Mg implants with expanded gas volume, seen as radio-
lucent areas. However, further investigations should focus
on this highly sensitive elderly patient collective to under-
stand the importance and underlying mechanism of oste-
oporosis in combination with Mg implants. Nevertheless,
bone healing was accomplished in this patient after six
weeks. Astonishingly, an obvious increase in density at the
radiolucent area within the sclerotic line was observed in
the CT scan after 52 weeks. In our opinion, this finding of
newly formed endosteal bone mass demonstrates the oste-
oinductive effect of the Mg screws, which compensates for
the negative impact of gas expression in early stages.

Finally, this study will be extended for up to two years
to visualize the expected complete degradation of the
material and a full conversion of the radiolucent zones
formed by expressed gas, into newly formed endosteal
bone mass. Additionally, measurements of long-term
functional outcomes will be performed.
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Fig. 3

a) Anteroposterior and lateral ankle radiographs of a 49-year-old female patient; medial malleolar fracture combined with distal tibiofibular joint disruption
(Maisonneuve fracture). b) Two-week timepoint radiographs, anatomical reduction with two magnesium (Mg)-based screws and one titanium screw; visible
fracture line at the medial malleolus, small signs of radiolucent zones within the bone surrounding the screws. c) Six-week timepoint, plane radiographs with
complete fracture consolidation, increase of radiolucent zones within the bone surrounding the screws, removed titanium screw. d) Timepoint radiograph
images at 12 weeks with constant radiolucent zones. e) Timepoint radiographs at 24 weeks. f) CT scan at 52 weeks, decrease of radiolucent zones, increased
endosteal bone mass, and periosteal bone ingrowth at the screw head (white arrow).

Fig. 4

Anteroposterior ankle radiographs of a 61-year-old female patient with pre-existing osteoporosis, bimalleolar fracture with a posterior malleolar fragment.

From left to right, anteroposterior ankle radiograph after surgery, after two weeks (reduction of the fractures with two magnesium (Mg)-based screws and a
titanium plate and screws), after six weeks (obvious radiolucent zones fracture consolidation), after 12 weeks (steady radiolucency, small sclerotic line at the
border of the radiolucent zone to the surrounding tissue), after 24 weeks, and after 52 weeks (steady sclerotic line, increase in density at former radiolucent

area). The white arrows show the gas formation arround the screw.

There are some limitations to this study. Since this is
the first implementation of this new, REE-free Mg mate-
rial (ZX00) in humans, a control group was ethically not
permissible. However, 20 patients were included in the
study and visited at least until bone healing was achieved.

In conclusion, this investigation aimed to study the
performance and safety of a new, REE-free material.
Therefore, vital parameters as well as laboratory param-
eters in combination with early clinical outcome and
radiological monitoring were examined. It can be stated
that lean, REE-free bioabsorbable Mg screw fixation for
medial malleolus fractures provided unimpeded frac-
ture healing. All vital and laboratory parameters were

normal and the patients presented very good functional
outcomes.

In our opinion, resorbable implants such as Mg are the
next step in a long history of orthopaedic implants. From
this point of view, it is of utmost importance to clarify
the way Mg implants work. Small radiolucency around
the implants at early postoperative stages should not be
misinterpreted as osteolysis. Despite this phenomenon,
fracture healing was not adversely affected.
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