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VAS Visual analogue scale

wt% Weight percent
Y Yttrium

Zn Zinc

Zr Zirconium

All magnesium-based alloys are identified by technical abbreviations, such as ZX00,
ZX10, ZX20, ZX50, W4, WZ21, and WE43. Additionally, the Mg-Y-RE-Zr alloy is a specific
formulation relevant to this context. A comprehensive overview of these alloys is provided

in Section 1.4 on magnesium-based bone implants.

The terms bioresorbable or resorbable are consistently used in this work to describe
implants designed for gradual decomposition within the body. It is worth noting that
different sources may employ varied terminology, such as absorbable or bioabsorbable,

among others.

Ankle fracture management involves a variety of surgical techniques, with screws
classified by their specific functions. The lag screw principle establishes interfragmentary
compression. In oblique distal fibula fractures, this is achieved with a cortical screw placed
in a gliding hole (near cortex) and an engaging hole (far cortex). A plate is added to
neutralize bending forces. In stable medial malleolar fractures, compression is generated
via cannulated screws that engage with their partially threaded end in the trabecular bone.
In contrast, positioning screws, such as those used in syndesmotic injuries, stabilize the
tibiofibular joint by maintaining bone alignment until healing and are typically removed

after 6-8 weeks via a minimally invasive incision.
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Abstract (English)

Background: In a pilot study, the magnesium-based screw ZX00 demonstrated
successful healing of medial malleolar fractures while gradually resorbing. The proof of
concept and excellent 1-year outcomes generated interest beyond the first year. This
study reports the clinical outcomes after 2%2 years and investigates the changes in bone
microarchitecture following the resorption of ZX00, as well as after the removal of

conventional implants around the ankle joint.

Methods: All imaging data from the pilot study involving ZX00 screws for medial malleolar
fractures were analyzed. The initial study included 20 adults who received either one or
two ZX00 screws (most commonly two) for medial malleolar fracture fixation. Each 3.5
mm ZX00 screw had a volume of 243.3 mm?. In cases of combined injuries, conventional
fibulo-tibial positioning screws were used for syndesmotic instability (n=9), and
conventional plates/screws were applied for additional fractures (n=14). Fibulo-tibial
positioning screws were removed after 6—8 weeks, while plates/screws were removed
based on patient preference or discomfort (n=8). Two cases were lost to follow-up or
excluded. Clinical follow-up and radiographs for the remaining 18 patients extended to an
average of 274 years post-ZX00 implantation. Of these, 15 patients underwent CT scans
at an average of 32 years post-implantation, including six cases with high-resolution CTs
(HR-CTs) conducted between 2 and 3 years. CT scans were analyzed for changes in
bone microarchitecture following ZX00 resorption. HR-CTs specifically evaluated ZX00
traces and enabled volumetric measurements of trabecular voids at the former ZX00
implantation sites. Lastly, the cohort comprised eleven patients with CT scans after
hardware removal, allowing the evaluation of implantation sites of conventional implants
(n=12).

Results: At around 2% years, there were no clinical complications, and patients remained
pain-free. The radiographs revealed no visibility of ZX00 screws in 94% (17 of 18) of
cases. Additionally, bone texture at the ZX00 implantation site was rated as homogeneous
in 83% (15 of 18) of cases and slightly inhomogeneous in 17% (3 of 18). CT scans
demonstrated sclerotic voids in the trabecular bone following ZX00 resorption in 100% (15
cases) after approximately 32 years. Among the six HR-CTs conducted between 2 and 3

XMl



years, one case showed complete ZX00 screw resorption, while five cases exhibited tiny,
irregularly shaped ZX00 traces. The trabecular void volumes measured in HR-CT were
596.2 £ 275.7 mm?3. The CTs after conventional hardware removal showed sclerotic screw
holes in the trabecular bone, both following the removal of fibulo-tibial positioning screws

(6-8 weeks implant residence) and plates/screws (approximately 1%z years).

Discussion: The clinical outcomes confirm the success of the intervention with ZX00
screws, demonstrating true bioresorbability with near-complete resorption 2 to 3 years
post-implantation. Radiographs show an increasingly homogeneous bone texture at the
ZX00 implantation sites over time, reflecting remodeling and strengthening of adjacent
trabecular bone, a phenomenon also observed after conventional screw removal.
However, CT and HR-CT scans reveal the full extent of structural changes following ZX00
screw resorption, including voids that differ in size from those associated with conventional
screws. This underscores the need for advanced imaging techniques when assessing

bioresorbable implants.
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Abstract (German)

Hintergrund: In einer Pilotstudie ermdglichten magnesiumbasierte ZX00-Schrauben eine
erfolgreiche Heilung von Innenknéchelfrakturen bei gleichzeitiger Resorption der
Schrauben. Der Machbarkeitsnachweis und ausgezeichnete 1-Jahres-Ergebnisse
weckten Interesse am weiteren Verlauf. Diese Studie berichtet Uber die klinischen
Ergebnisse nach 22 Jahren und untersucht die Mikroarchitektur des Knochens nach der
Resorption von ZX00 sowie nach der Entfernung konventioneller Implantate rund um das

Sprunggelenk.

Methoden: Es wurden alle verfigbaren Bildgebungsdaten der Pilotstudie zur ZX00-
Verschraubung von Innenkndchelfrakturen analysiert. Die urspriingliche Studie umfasste
20 Erwachsene, die entweder mit einer oder zwei ZX00-Schrauben (meistens zwei)
versorgt wurden. Das Volumen einer 3,5 mm ZX00-Schraube betrug 243,3 mm?3. Bei
kombinierten Sprunggelenksverletzungen wurden konventionelle Stellschrauben zur
Stabilisierung der Syndesmose (n=9) sowie Platten/Schrauben fur zusatzliche Frakturen
(n=14) verwendet. Die Stellschrauben wurden nach 6-8 Wochen entfernt, die
Platten/Schrauben bei Beschwerden oder auf Patientenwunsch (n=8). Ein Fall ging bei
der Nachuntersuchung verloren, ein weiterer wurde ausgeschlossen. Die klinische
Nachuntersuchung und die Réntgenaufnahmen der verbleibenden 18 Patienten erfolgten
durchschnittlich 22 Jahre nach der ZX00-Implantation. Bei 15 dieser Patienten wurde
nach durchschnittlich 3%z Jahren eine CT-Untersuchung durchgefuhrt, darunter sechs
Falle mit hochauflésenden CTs (HR-CTs), die im Zeitraum von 2 bis 3 Jahren gemacht
wurden. Die CTs wurden auf Veranderungen der kndchernen Mikroarchitektur bewertet.
Mittels HR-CTs wurden ZX00-Reste detektiert und die Volumina der Hohlraume an den
Implantationsstellen vermessen. Unter allen CTs fanden sich elf Patienten mit Zustand
nach Metallentfernung zur Beurteilung der Implantationsstellen konventioneller

Implantate (n=12).

Ergebnisse: Bis zum 2'2-Jahres Follow-up traten keine klinischen Komplikationen auf
und die Patienten und Patientinnen waren schmerzfrei. Die Rontgenaufnahmen zeigten
in 94 % der Falle (17 von 18) keine Sichtbarkeit der ZX00-Schrauben. Die
Knochenstruktur an der ZX00-Implantationsstelle wurde in 83 % der Rontgenbilder (15

XV



von 18) als homogen und in 17 % (3 von 18) als leicht inhomogen bewertet. Die CT-Scans
zeigten in allen Fallen (100 %, 15 von 15) nach etwa 32 Jahren sklerotische Hohlraume
im Trabekelknochen. Von den sechs HR-CTs lag in einem Fall eine vollstandige
Resorption der ZX00 Schrauben vor, wahrend in finf Fallen winzige, unregelmalig
geformte ZX00-Reste zwischen 2 und 3 Jahren sichtbar waren. Die Volumina der
trabekularen Hohlraume in der HR-CT Messung betrugen 596,2 £ 275,7 mm?. Die CTs
nach der Entfernung konventioneller Implantate zeigten durchgehend sklerotische
Schraubenlécher, sowohl nach der Entfernung der Stellschrauben (6-8 Wochen

Liegedauer) als auch nach der Entfernung der Platten/Schrauben (ca. 174 Jahre).

Diskussion: Die klinischen Ergebnisse bestatigen den Erfolg der Intervention mit ZX00-
Schrauben, die 2 bis 3 Jahre nach der Implantation nahezu vollstandig resorbiert sind.
Die Rodntgenaufnahmen weisen im Laufe der Zeit eine zunehmend homogene
Knochenstruktur an den Implantationsstellen der ZX00-Schrauben auf, was auf eine
Remodellierung und Starkung des benachbarten trabekularen Knochens hinweist — ein
Phanomen, das auch nach der Entfernung konventioneller Schrauben beobachtet wird.
Die CT-Scans zeigen trabekuldre Hohlraume nach der Resorption der ZX00-Schrauben,
die sich in ihrer GroRe von den Lochern der konventionellen Schrauben unterscheiden.
Dies unterstreicht die Notwendigkeit weiterfUhrender Bildgebung bei der Beurteilung

bioresorbierbarer Implantate.
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1 INTRODUCTION

1.1 Bone Healing

A bone fracture is a break or crack in a bone resulting from forces or stresses that exceed
its structural capacity. The body has two distinct methods for mending fractured bones,
each aimed at restoring their function and both their macroscopic and microscopic
composition. Consequently, the potential for complete bone healing, known as restitutio

ad integrum, exists (1,2).

The healing process of a fractured bone is intricately tied to the concept of mechanical
stability and the strain the fracture experiences. In this context, strain refers to the
deformation of bone tissue in response to external forces or stress. The direction of this
strain can be either tensile (stretching) or compressive (compression), depending on the
forces applied (3). A strain below 2% allows the bone to heal directly (4). When the strain
falls within the 2% to 10% range, cartilage forms, which initially stabilizes the fracture site,
paving the way for subsequent bone formation (4). Strains exceeding 10% are beyond the
strain tolerance of bone tissue, making physiological tissue healing impossible and
leading to delayed union or non-union (5). At a cellular level these responses are mediated
by mesenchymal stem cells that are equipped with mechanosensors. Depending on their
mechanical environment, these mesenchymal stem cells can differentiate into
osteoblasts, chondroblasts, or fibroblasts/adipocyte (6). There are two different pathways
of bone healing: primary bone formation, which involves direct bone formation from
primitive connective tissue or mesenchyme, and secondary bone formation, characterized
by an indirect process through the formation of cartilaginous matrix (callus) as a precursor

with subsequent transformation into bone tissue (1,7).

Examples of both pathways of bone healing can be traced back to our evolutionary history
(8). First, cartilage appeared, giving rise to tooth-like structures and protective shields.
The evolution from softer cartilage-like structures to robust bone marked a significant
milestone in the evolution of skeletal structures (9). Then, another key transition in
vertebrate evolution was the shift from exoskeletons to endoskeletons. This shift allowed

for greater mobility and adaptation to new environments. Endoskeletons extended limb



length, facilitating faster movement and adaptability, expanding the potential for vertebrate
life (10).

In the formation of specific skeletal structures, such as the skull, mandible, and clavicles,
primary bone formation predominantly plays a role, while secondary bone formation,
preceded by cartilage formation, contributes to the axial and paraxial skeleton (11). This
process, known as 'biomineralization,' is particularly important for the growth of long
bones. The center of active growth in these bones is referred to as the 'physis," initially
comprised of cartilage capable of growth and later undergoing ossification. The

completion of growth is marked by the ossification of the physis (8).

1.1.1 Healing in Long Bone

'Endochondral ossification' specifically refers to a process of bone formation or bone
healing, also known as secondary bone healing. It is most comprehensively understood
within the context of long bone fractures and represents the more naturally occurring mode
of fracture healing. The process initiates with an acute inflammatory response triggered
by the fracture, resulting in the formation of a fracture hematoma containing essential
molecules. These molecules play a crucial role in recruiting mesenchymal stem cells,
which, in turn, work to stabilize the fracture gap by forming a cartilaginous callus. Over
time, this callus undergoes calcification and gradually gives way to woven bone, ultimately
maturing into lamellar bone through a process of remodeling (12,13). It occurs when some
stability of a fracture is established, but some motion between fracture fragments is
possible (14). The means by which this ‘relative stability’ is achieved is not critical; it can
either occur naturally through rest and casting or be attained through surgical interventions
such as external fixation, internal fixation with locking plates, bridging plates, or
intramedullary nailing (15-17). In all these scenarios, a shared characteristic is the
preservation of a certain degree of movement around the fractured bone, hence the term
'relative stability," which facilitates the formation of callus and, ultimately, ossification (18).
In short, long bone healing mimics fetal endochondral bone development, involving a

cartilage-to-bone transformation that repairs and regenerates the damaged bone.



'Intramembranous ossification' refers to direct bone formation, also known as primary
bone healing. This process is initiated when direct bone contact and rigid fixation is
achieved, often with the use of surgical methods like lag screws with neutralization plating,
compression plating, or tension band wiring (4,15,19). 'Gap healing' occurs when there is
a small gap between the fracture parts, typically measuring less than 1 millimeter. In this
case, osteoblasts deposit mineralized bone matrix to bridge the gap. Over time, this matrix
undergoes continuous remodeling, gradually transitioning from woven to mature lamellar
bone. The size of the gap is critical and should be below 800 to 1000 um (=1 mm) (12).
This healing process requires replacement of the primary bone structure with
longitudinally oriented osteons (12). 'Contact healing' is possible when there is direct
bone-to-bone contact between the fracture ends, along with the presence of ‘absolute
stability’ and a substantial reduction in interfragmentary strain. Under these conditions,
osteoclasts create pathways through cortical bone in the shape of cutting cones (13). They
facilitate the ingrowth of blood vessels and undifferentiated mesenchymal stem cells,
which differentiate into osteoprogenitor cells for osteoblasts (1,2). These osteoblasts
subsequently fill these cavities with bone tissue, connecting and aligning it with the

surrounding Haversian system of lamellar bone (19,20).

1.1.2 Healing in Trabecular Bone

While much attention is given to the healing of long bones, it is crucial to understand the
vital role of trabecular bone, also known as cancellous or spongy bone. Trabecular bone
constitutes a substantial part of overall bone structure and holds clinical relevance in
fractures like those occurring in the distal radius, proximal hip, and distal tibia. These
fractures often involve the metaphysis, situated at the end of long bones, which primarily
consists of trabecular bone. Understanding trabecular bone is also key in conditions like
vertebral fractures and bone marrow edema, which can be observed in tarsal bones rich
in trabecular bone. The study of healing processes in trabecular bone has gained attention
in recent years, which is distinct from the cortical healing of long bones (21,22). Trabecular
bone in the endosteum is rich in mesenchymal stem cells, which respond well to healing
signals. In contrast, the bone cavity and its central bone marrow contain fewer of these
cells, and they are less active (23). The abundance of mesenchymal stem cells in
trabecular bone allows for a rapid healing response to injuries. The healing mechanism
involves the direct formation of woven bone, but this process has limitations—it can only
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cover a few millimeters as it is spatially restricted (24,25). This mechanism appears to be
specific for trabecular bone and could be named inter-trabecular bone formation (25).

Consequently, endochondral healing thus not play a role in the healing of trabecular bone.

Early evidence of woven bone formation within the trabecular bone date back to the 1950s
when the English orthopaedic surgeon J. Charnley published a knee arthrodesis biopsy
demonstrating new woven bone formation at the bone ends four weeks after surgery (26).
P. Aspenberg, a Swedish orthopaedic surgeon and researcher, has dedicated his work to
understanding trabecular bone. In a clinical setting during surgery for distal radius
fractures, his team took biopsies 1 to 4 weeks after the fracture. The histological results
revealed mostly direct bone formation within the trabecular bone in the form of
disorganized woven bone and absent or only minimal cartilage formation (27). Studies
involving drill holes in the proximal tibial metaphysis of rats demonstrated that these holes
filled rapidly with woven bone within one week. After two weeks, most of the bone within
the holes had been replaced by a marrow cavity. Notably, the density of the surrounding
bone initially increased during the first week but subsequently decreased. This suggests
that forces may have been distributed across a network of trabecular or cortical bone (22).
Aspenberg's research group shed light on how trabecular bone responds to various
stimuli. Inserting a screw into a drill hole increased bone density around the hole and the
screw. This density persisted, leading to the integration of the implanted screw, offering a
model for implant study. In contrast, small-diameter drill holes (0.6 — 1.2 mm) healed with
new bone within a week. However, large-diameter drill holes (>2.0 mm) faced challenges
in healing, resulting in fibrous tissue in the central region and the hole's persistence. They
concluded, that osteogenic cells within the trabecular bone have limitations in their ability

to migrate and deposit new bone (28).



1.2 Ankle Fracture

1.2.1 Classification and Treatment

The two primary classification systems for ankle injuries are the Weber classification, also
known as the Danis-Weber classification, and the Lauge-Hansen classification. The
Weber classification categorizes ankle fractures into three types: Type A, Type B, and
Type C, based on their specific location on the distal fibula and their involvement with the
distal tibiofibular syndesmosis (29). As a rule of thumb, Weber Type A fractures can be
treated conservatively and Weber Type B and C are generally treated with open reduction
and internal fixation, although there is ongoing debate if surgery yields superiority
especially in those over 60 years of age (30). When analyzing studies that report
comprehensive analysis of surgical treatment ankle fractures, Weber B accounted for
approximately 67.4 to 75% and Weber C for around 12 to 20% of cases (30-32). In
contrast, the Lauge-Hansen classification system identifies four main types of ankle
fractures based on the mechanism of injury: supination-adduction, supination-external
rotation, pronation-abduction, and pronation-external rotation (33,34). Ankle fracture
account for 8.5% to 10.3% of all fractures in adults (35-37). Among these, 25% to 40%
require surgery, making it a common procedure in the field of orthopaedic surgery (38—
40). Surgical intervention, with the primary goal of anatomical restoration and achieving
stable fixation, encompasses several fracture fixation principles. The main techniques
involve fibular plating, often combined with a lag screw, and cannulated screws at the
medial malleolus (41). In cases where intraoperative instability of the ankle joint arises
due to a rupture in the distal tibiofibular syndesmaosis, a specific intervention is required.
This involves the placement of a fibulo-tibial positioning screw, often referred to as a
'syndesmotic screw,' extending from the fibula to the tibia (42). However, it is crucial to
note that this fibulo-tibial screw should be removed before allowing the patient to bear
weight to prevent potential breakage of the screw (43). Removal is typically scheduled
when healing is reached, typically around 6 to 8 weeks after surgery. The surgical success
is undoubted for higher order ankle fractures (those with disruption of the tibio-fibular
syndesmosis) and complications are reportedly low (44). A study using California's
hospital discharge database examined over 57,000 patients who underwent open
reduction and internal fixation for ankle fractures (uni-, bi-, and trimalleolar) over a decade.

The findings revealed low short-term complication rates, including pulmonary embolism
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(0.34%), mortality (1.07%), wound infection (1.44%), amputation (0.16%), and revision
open reduction and internal fixation (0.82%). Additionally, intermediate-term reoperation
rates were also low, with ankle fusion or replacement performed in only 0.96% of patients

within a 5-year follow-up period (40).

1.2.2 Medial Malleolar Fracture

Medial malleolar fractures, according to the Weber and Lauge-Hansen classification,
usually occur in conjunction with other fractures (e.g., lateral malleolus, posterior
malleolus). However, these fractures can also occur in isolation, although they are less
prevalent. The majority of fractures at the medial malleolus can be managed with two
cannulated screws (34). More vertically oriented medial malleolar fractures can result from
a supination-adduction injury mechanism. Since these fractures extend further into the
tibia, they should be fixed with an antiglide plate to prevent vertical migration (45,46). The
medial malleolus is easily accessible, making it an excellent model for research on
bioresorbable implants. However, the use of bioresorbable materials for medial malleolar
fracture fixation remains largely experimental, with most applications limited to case series
and various implant types explored over the years. The following list provides an overview

of the existing clinical literature to date.

e In 1989, Bdstman et al (Finland) reported ankle fracture fixation (lateral and
bimalleolar fractures) with synthetic polymers (lactide-glycolide copolymer and
polyglycolide) in 102 patients with fracture union and high return to sports rates,
however sinus formation with remnant of the degrading implants was seen in six
patients after 2 to 4 months postoperatively (47).

e 1In 1992, Frgkjaer and Mgller (Denmark) tried biodegradable fixation with polymer
rods (Biofix, see (48)) for ankle fractures, including medial malleolus, but reported
sinus formation, osteolysis, and non-union secondary to fracture displacement
(49).

e In 1993, Dijkema et al. (The Netherlands) published their attempts to fix fractures
of the ankle joint (lateral and bimalleolar fractures) with rods made from PGA
(polyglycolic acid) in 43 patients, mostly young men. They reported no
postoperative complications with a mean follow-up of around %% year. Sterile sinus

formation was not seen (50).



In 1994, R.W. Bucholz (Texas) published a study comparing medial malleolar
fracture fixation with 4.0-millimeter polylactide screws (83 patients) against fixation
with 4.0-millimeter stainless-steel screws (72 patients). The study found that
radiographic and functional results were equivalent at an average of around 3
years, with no late drainage of hydrolyzed polylactide noted (51).

In 1998, Springer et al. from The Netherlands reported on the successful use of
polymer rods and screws (Biofix) for ankle fractures, including medial malleolar
fractures, in 22 patients. They observed three cases with sterile sinus tract
formation (52).

In 2013, Jin et al. (China) compared PDLLA screw with metal screws in 1230
patients with simple medial malleolus fracture and found excellent outcomes in
both groups (53).

In 2018, Kose et al. (Turkey) reported on the treatment of medial malleolar fractures
in 11 patients using magnesium-based (Mg-Y-RE-Zr) screws. Their study
demonstrated satisfactory fixation and fracture healing without complications within
1 to 2 years (54).

In 2020, May et al. (Turkey) compared the fixation of medial malleolar fractures
using conventional titanium screws to magnesium-based (Mg-Y-RE-Zr) screws.
They found that both methods demonstrated similar therapeutic efficacy. However,
within a mean follow-up period of two years, 20% required removal of the titanium
screws, while none of the magnesium-based screws needed removal (55).

In 2020, we, Holweg et al. (Austria), published early results on magnesium-based
(ZX00) medial malleolar screw fixation, highlighting excellent early clinical
outcomes with 100% fracture union and absence of complications (56).

In 2021, Xie et al. (Shanghai) published a study on the use of 3.5-millimeter
magnesium-based (Mg-Nd-Zn-Zr) alloy screws for the treatment of medial
malleolar fractures in nine patients and followed them over 1 year (12 months £ 5
months). Their findings revealed an absence of infection, implant failure, or
malunion occurrences. Radiographic analysis unveiled the presence of radiolucent
zones surrounding the screws, which progressively diminished 3 months after

implantation (57).



1.3 Hardware Removal
1.3.1 The Benefits and Risks

In current surgical practice with conventional implants, the removal of hardware in patients
experiencing postoperative hardware irritation is a common strategy (58). The findings of
a prospective clinical study conducted at a New York hospital shed light on the efficacy of
this approach (59). Examining patients who underwent metallic hardware implantation for
fractures across various anatomical sites, subsequent hardware removal yielded no
observed adverse events or complications during the one-year follow-up. Notably,
patients reported significant improvements in pain relief and functional recovery,

underscoring the potential benefits of this surgical intervention (59).

However, complications associated with implant removal do occur. A study conducted by
a Japanese group investigated 80 patients who underwent implant removal after ankle
fracture and open reduction and internal fixation, revealing complications in 14% of cases,
including arterial injury, blistering, nerve injury, skin necrosis, and infection (60). Moreover,
re-fracture is an issue and its risk is highest in the first weeks after implant removal (61—
63). During this period, fractures often occur around the drill or screw hole, which remains
a stress riser (64,65). The mechanical effects of bone drilling are well studied (65,66).
Drilling diminishes the load tolerance of bone; for instance, a single 3.5-mm drill hole in a
fibula reduces the mean load to failure from approximately 360 to 215 N, resulting in the
conclusion that a fibula with a single drilled hole fails when subjected to 60% of the applied
load (67). In the early days of osteosynthesis and implantology, researchers studied the
impact of drilling on bone strength (68). They observed that within the first month, the
stress-concentrating effect of a drill hole was mitigated by '‘adaptive changes' or 'a system
for transmitting forces around the hole' (68). This phenomenon is now understood to be
due to bone remodeling around the screw hole (69). Recent studies highlight that
trabecular bone undergoes a different healing process compared to cortical bone, with
spatial limitations in healing observed in trabecular bone (28). This could explain why
screw holes in trabecular bone may remain visible even years after metal screw removal
(70). The surrounding bone is able to transmit the forces around the hole, adaptively

strengthening the remaining structures, without the need to refill the hole (71-73).



1.3.2 The Costs of Hardware Removal

A Finnish registry study spanning 20 years (1997-2016) involving 68,865 patients who
underwent open reduction and internal fixation for ankle fractures revealed that hardware
removal procedures were performed in 18,648 (27%) cases (74). In the 1990s, Finland’s
implant removal rate was as high as 90 per 100.000 person-years (75) The 20-year
registry study reported an incidence 31 per 100.000 person-years in 2001 and 13 per
100.000 in 2016.(74) That year, the diagnostic related groups (DRGs) costs for one
hardware removal surgery was EUR 797 (74). A ten year follow-up from a prospective
US-American study on ankle fractures showed that 11% of patients underwent implant
removal procedures (31). In Norway, a study group reported that 17% of patients
underwent implant removal following ankle fracture treated with open reduction and
internal fixation (76). An analysis conducted at a German level one trauma center revealed
that removal of metal around the ankle joint was the most prevalent region for hardware
removal procedures, accounting for 21% of cases (77). Similarly, the Finnish registry
identified hardware removal after ankle fractures as among the most prominent of all
fracture types (75). Regarding cost considerations, an Irish group of orthopaedic surgeons
reported an average cost of hardware removal of EUR 1113. Among 1482 patients
surgically treated for ankle fractures with open reduction and internal fixation over a ten-
year period, 185 (12.5%) required hardware removal, with associated costs averaging
EUR 1113 per procedure (32). Notably, half of these removal cases (6.1%) were planned

for removal of the fibulo-tibial positioning screw after successful healing.



1.4 Magnesium-based Bone Implants

The pursuit of bioresorbable implants addresses the challenges of conventional
orthopedic hardware, particularly hardware irritation and the need for secondary removal
surgeries. Magnesium is a promising candidate for bioresorbable implants, with the main
challenge being to achieve an optimal corrosion rate while maintaining sufficient stability
for fracture or osteotomy fixation. Magnesium-based implants can either contain rare earth

(RE) metals or be free of them.

In 2013, Syntellix AG (Hannover, Germany) introduced Magnezix®, a magnesium-based
screw containing rare earth (RE) metals (Mg-Y-RE-Zr), which received CE marking and
entered the European market in 2014 (78,79). Others have tried to develop an alloy
consisting exclusively of metals naturally found in the human body, such as magnesium,
zinc, and calcium. These efforts led to the FDA approval in 2023 of a RE-free magnesium-
based screw, utilizing the ZX00 alloy (80).The bioresorbable ZX00 screw is marketed as
RemeOs™ screw by Bioretec Ltd. (Tampere, Finland) since 2023. At the time of writing
this thesis, the European market approval (CE label) had not yet been completed (81). In
vitro assessments confirmed the non-toxic nature of tested Mg-Zn-Ca alloys (82).
Preclinical research confirmed biocompatibility in various preclinical setups, including
studies involving rats (83—-86) and sheep (87,88). By changing the content of alloying
partner (Zn, Ca), the mechanical properties and corrosion rate can be tailored. Higher zinc
content enhances tensile strength and elongation (82). However, minor adjustments in
the content of Zn effect the degradation rate, with even small increases of half of a percent

by mass accelerating the degradation rate (89).

The following list of magnesium-based alloys is sorted according to their composition,
ranging from high degrees of yttrium and other REs to RE-free alloys with stepwise
decreasing Zn content, culminating in ZX00. This partially reflects the technological

evolution of magnesium-based implants over the last 15 years.

1.4.1 Alloy Mg-Y-RE-Zr

The alloy consists of 90 wt% magnesium, along with yttrium, other RE metals, and
zirconium, denoted by the official nomenclature as Mg-Y-RE-Zr. It is based on the WE43
system described below (see 1.4.2). The inventor company (Syntellix AG, Hannover)

offers the alloy branded Magnezix® CS as cannulated screws in a range of lengths from
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10 to 40 mm and diameter 2.0 to 4.8 mm (79,90,91). Several animal studies confirmed
biocompatibility (92,93). The degradation causes gas formation that is highest in the first
month after implantation and decreased thereafter (94). The implant volume decreased

by around 25% after 6 months when implanted in rabbit tibiae (94).

Some authors around the company (Syntellix AG) and Hannover Medical School suggest
that degrading magnesium-based implants might induce bone formation in animal studies
(92,95) and that the release of magnesium ions could lead to bone cell activation (95).
Thus far, concrete evidence for bone regeneration in humans is lacking. However, there
have been procedural successes with Mg-Y-RE-Zr in humans in fracture and osteotomy
fixation. The data on the successful clinical application of Mg-Y-RE-Zr, or human use,

paints the following picture:

e In 2013, the group from Hannover Medical School (Germany) published a
randomized controlled pilot study in 26 patients undergoing hallux valgus surgery
comparing the Mg-Y-RE-Zr screw to conventional titanium screw for osteotomy
fixation (96). The outcomes in terms of procedural success and pain / function were
comparable, giving the new screw credit to be used for this indication.

e In 2016, the Hannover group conducted a prospective study involving 45 Chevron
osteotomies for hallux valgus correction, utilizing Mg-Y-RE-Zr screws. Among the
participants, seven patients experienced metatarsal head displacement, leading to
one requiring revision surgery (97).

e 1In 2018, Gigante et al. (Italy) reported use of Mg-Y-RE-Zr screw in juvenile / young
adult in three cases for tibial spine avulsion fracture (98). They showed successful
healing and functional recovery with a follow-up of 1 year.

e In 2020, Acar et al. (Turkey) published a study involving 22 patients with
osteochondral lesions of the talus undergoing medial malleolar osteotomy and
screw fixation (99). The study compared outcomes between patients receiving Mg-
Y-RE-Zr screws and those receiving titanium screws, with a minimum follow-up
period of one year. Remarkably, both groups exhibited comparable outcomes, with
no reported complications.

e 1In 2021, Lam et al. (Hong Kong) reported three successful cases of intraarticular
elbow fracture involving either the capitellum or radial head. These fractures were
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treated with Mg-Y-RE-Zr screws, resulting in good functional outcomes at the 1-
year follow-up (100).

In 2024, Gazit et al. (Israel) showed data from a prospective case series involving
60 patients undergoing hallux valgus surgery, comparing Mg-Y-RE-Zr screws to
titanium screws over a 1-year follow-up period (101). The study found a higher rate
of hardware failure in the magnesium screw group (5/26) compared to the titanium
group (0/34), although six hardware removals were required in the titanium group.
Patient-reported outcome measures (PROMs) showed no discernible differences

between the two groups.

However, several clinical reports paint a different picture, issuing warnings about the

failures of Mg-Y-RE-Zr screws.

In 2016, Wichelhaus et al. (Germany) reported a case study illustrating catastrophic
outcomes subsequent to the fusion of three carpal bones (STT fusion) using two
Mg-Y-RE-Zr screws (102). The patient exhibited symptoms of pain, severe
swelling, and screw loosening, necessitating revision. A CT scan performed 6
weeks post-surgery revealed osteolysis and construct failure, accompanied by gas
formations. During the revision surgery, large voids around the inserted screws,
with the tissue surrounding the screws displaying a blackish discoloration were
identified.

In 2023, Haslhofer et al. (Austria) published a case series involving 18 consecutive
trauma patients who underwent implantation of Mg-Y-RE-Zr screws, primarily in
the shoulder region. Their findings revealed material failure in four patients,
equating to a rate of 22.2% (103).

1.4.2 Alloy WE43

This is related to the above mentioned commercially used alloy (93). WE43 is composed

of Mg-Y4-RE3, in wt%, and includes RE such as neodymium. The alloy was tested for

skin sensitizing potential and was confirmed to bear no such potential in guinea pigs (104).

The degradation rate of this alloy is comparably slow (105,106), with around one-third

being degraded after one year in a rat tibia (107). Castellani et al. (2011) used immature

rats and implanted transcortical pins made of a WE43-based alloy into their femoral

bones. The nature of the alloy is such that it also degrades slowly, and after 6 months,
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some surface corrosion became evident (108). Interestingly, the push-out force of the pins
at that time point was more than 3 times higher compared to titanium pins. Based on this
observation, the authors concluded an 'osteointegrative effect' (108). The histological
workup did not reveal signs of inflammation or fibrosis (108). However, others reported a

few inflammatory cells around WE43 in a dog tibia osteotomy (109).

1.4.3 Alloy W4

The alloy contains Mg-Y4, in wt%, and additional <0.25 wt% RE elements. In the high-
quality study by Thormann et al. (2015), sheep were implanted with screws sized 8 x 23
mm into the femoral condyle and monitored for one year (105). These implants partially
degraded, resulting in significant gas formation. After one year, the W4 screws were
surrounded by corrosion products, connective tissue, and macrophages, indicating a lack
of integration into the host bone. All W4 screws exhibited significant gas formation in the
vicinity of the biomaterial. None of the screws displayed any osseous integration in the
surrounding tissue, leading to a mechanically unstable condition. This study is particularly
interesting as it provides macroscopic tissue sections of bone (embedded gross sections
of sheep femoral condyles) with the partially degrading W4 screws after 12 weeks and 1
year, where the voids in the trabecular bone of the femoral condyle are clearly visible

(105). This aspect is somewhat lost in microscopic images.

1.4.4 Alloy ZX50

This alloy consists of Mg-Zn5-Ca0.25-Mn0.15, in wt%. In vitro studies showed
biocompatibility with human chondrocytes and osteoblasts (110). In immature rats, ZX50
was used experimentally as femoral pins (1.6mm diameter and 8 mm length). While
considerable callus formation occurred during fast degradation of the implants, the bone
function was not permanently harmed, and the bone recovered quickly after pin
degradation (within 4 to 6 months) (83). The study by Kraus et al. (2011) added weight to
the argument that the implants allow full bone recovery after their resorption (83).
However, the degradation rate of ZX50 was deemed too rapid, and mechanical
stabilization of a fracture might be endangered, as shown by Celarek et al. (2012), who
observed full resorption of femoral pins after 3 months in immature rat femurs. In most
samples, volcano-shaped bone growth with a hole around the pin was visible at the
cortical bone (111). Fischerauer et al. (2013) explored the idea of surface-treating fast-
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degrading ZX50 implants with micro-arc oxidation (MAOQ) to alter their initial degradation
rate (84). This process generates an increased oxide layer on the surface without the
addition of any new coating material. However, despite displaying minimal corrosion in
the first week after implantation in rat femora, these MAO-treated pins exhibited an
accelerated degradation rate after the third week, surpassing even that of the untreated
ZX50 implants (84). Additionally, the attempt to decrease impurities and use ultrahigh-
purity magnesium, zinc, and calcium (99.999%) instead of conventional pure materials
(99.95%) as alloying partners for ZX50 did not result in significant differences and did not
enhance applicability (112).

1.4.5 Alloy WZ21

This alloy consists of Mg-Y2-Zn1-Ca0.25-Mn0.15, in wt%. It was used experimentally in
growing rats, were it degrades slower when compared with ZX50 (83,85). During
degradation of alloy WZ21 large amounts of yttrium were measured not only at the pin
boundary, but also farer away in cortical bone and in newly formed bone inside the
medullary space. The locally high Y concentrations suggest migration of both yttrium and
yttrium-containing intermetallic particles. After full degradation of the implant yttrium-

enrichment in bone tissues disappeared almost completely (85).

1.4.6 Alloys ZX20 and ZX10

ZX20 consists of Mg-Zn1.5-Ca0.25, in wt%, while ZX10 consists of Mg-Zn1.0-Ca0.3, in
wt%. That means they have significantly reduced zinc content compared to ZX50. The
decrease in zinc content allows for further modulation of biocorrosion, as zinc received
special attention as the most electropositive element. Even a small increase of 0.5 wt.%
zinc accelerated the biodegradation rate in both simulated body conditions and in vivo
(89). The higher degradation rate of ZX20 compared to ZX10 was observed upon
implantation in the femurs of rats, allowing to conclude that zinc content serves as a lever

to adjust the degradation rate for desired applications (89).

1.4.7 Alloy ZX00

This alloy has the least amount of Zn added, it consists of Mg—Zn0.45-Ca0.45, in wt%. It
was designed without the use of RE elements and is instead exclusively composed of
minerals naturally found in the human body. The corrosion rate in vitro testing was slower

when compared to alloys with higher Zn concentration (e.g. ZX50, ZX20, WZ21, and
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ZX10) (87,113). It has an average tensile strength of 283.6 £ 5.0 MPa, and the average
elongation at fracture was determined to be 18.2 + 2.1% (56). The implant volume
reduction of 3.5 mm ZX00 screws amounted to 10% after 3 months in sheep (87).
Subsequently, after 13 months, the reduction ranged from 41% to 57%, and after 25
months, it reached 61% to 72% in the same animal model (114). In a growing rat model,
implant volume decrease was 19% after 6 months, mathematically projecting full
resorption beyond 2 years (115). In 2018/2019, ZX00 screws were utilized in the treatment
of medial malleolar fractures in 20 patients (note: the current work is a follow-up of these
patients), demonstrating excellent clinical outcomes at the 3-month (56), 1-year (116), and

2'/>-year follow-up assessments (114).
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2 METHODS

2.1 Study Design

The follow-up study uses long-term imaging data from a pilot study (n=20) in which
patients were treated with ZX00 magnesium-based screws for medial malleolar fractures
(56,114,116). Most cases (n=17) included additional conventional implants (screws and
plates), many of which were removed in a second surgery. Final radiographs were
obtained approximately 22 years post-surgery, while CT scans, including high-resolution

CT (HR-CT), were performed around 3’2 years.

This thesis presents longitudinal data from 18 patients, all of whom have complete
radiographs, and 15 have follow-up CT scans, including six high-resolution CTs (HR-CT).
For the first time, the long-term behavior of ZX00 screws is described using both two- and
three-dimensional imaging techniques. Additionally, the different post-hardware removal
scenarios (short vs. long implant residence) allow for the exploration of microarchitectural
changes. Clinical assessments of pain and function at the 2'2-year mark further support

the imaging data.

2.2 Ethical Approval
The study was registered with the local Ethics committee under 28 to 071 ex 15/16. We

adhered to the principles of good clinical practice (GCP) and the Declaration of Helsinki
(117).

2.3 Patients

The follow-up data was retrieved from the hospital's patient registry and PACS (picture
archiving and communication system). The initial prospective cohort of 20 patients (11
males, 9 females) had a mean age of 40.1 £+ 14.5 years at the time of surgery (56). All
were treated with either one or two ZX00 screws at the medial malleolus between July
2018 and October 2019. All patients were otherwise healthy and between 18 and 65 years

of age with ankle injuries including medial malleolar fractures. The type of injuries were
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three isolated medial malleolar fractures, two bimalleolar fractures, ten trimalleolar

fractures and five Maisonneuve fractures.

2.4 Implant (ZX00)

The material designated as ZX00, in accordance with ASTM standards, comprises ultra-
high purity magnesium (99.99%), alloyed with zinc and calcium (0.45 wt% each) at 750°C.
This alloying process was conducted jointly by ETH Zirich and de Cavis AG (both based
in Switzerland). Subsequently, the material was extruded into 6 mm rods and machined
into non-cannulated, distally threaded screws using CNC machining. The screws, 40 mm
long and 3.5 mm in diameter, had an original volume of 243.3 mm?3, and were later
sterilized and packaged (56,87). The alloy exhibits an ultimate tensile strength of 285.7 +
3.1 MPa, an elongation at fracture of 18.2 + 2.1% (87).

2.5 Surgery

The surgical steps followed the established procedure, including open reduction of the
medial malleolar fracture, placement of two parallel temporary guide wires, cannulated
drilling (2.7 mm), and final fixation with one or two ZX00 screws. All implanted ZX00
screws were 3.5 mm in diameter, 40 mm in length, and used according to the lag screw
principle, with the distal threads engaging the trabecular bone. This created a stable
construct with compression at the medial malleolar fracture, resulting in a typical screw
placement: an 'anterior screw' positioned forward and a 'posterior screw' positioned further
back. Accompanying fractures at the lateral and/or the posterior malleolus were stabilized
by conventional titanium implants. The ankle was immobilized in an under-knee plaster
cast for up to 6 weeks after surgery. In cases of syndesmotic instability, one or two
conventional fully-threaded 3.5 mm screws were used as fibulo-tibial positioning screws,
which were subsequently removed after approximately 6 to 8 weeks. Further conventional
hardware removal (plates/screws) around the ankle was performed due to hardware

irritation or at the patient's request, and always after a minimum of 1 year post-surgery.
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2.6 Follow-up
2.6.1 2% years: Clinical Follow-up

The clinical assessment was conducted at an average of 2%z years, with individual
timeframes ranging from 1 year 6 months to 3 years 7 months. This variation was primarily
due to challenges in scheduling follow-up appointments, particularly during the COVID-19
pandemic restrictions in 2020/2021. One patient (5%) was lost to follow-up after 3 months
due to lack of contact, and another patient (5%) was excluded after undergoing surgery
for an osteochondral lesion of the talus 17 months following ZX00 implantation (118).
Consequently, comprehensive assessments were completed for 18 of the initial 20
patients. The clinical evaluation focused on identifying various complications such as skin
or scar issues, infections, hypersensitivity reactions, complex regional pain syndrome
(CRPS), malalignment, and the need for revision surgery. The range of motion (ROM) of
the ankle was measured using a standard goniometer to assess dorsal and plantar flexion.
PROMs included pain at rest, assessed using the Visual Analog Scale (VAS) (range 0 to
100), where higher scores indicate greater pain levels, and the American Orthopaedic
Foot and Ankle Society (AOFAS) hindfoot score, which measures pain and function, with

higher scores (maximum 100) reflecting lower pain levels and improved function.

2.6.2 2'.years: Radiographic Follow-up

Simultaneously with the clinical assessment, radiographs were performed for the 18
patients, with final radiographs taken around the 2'%-year mark (range: 1 year 6 months
to 3 years 7 months) after ZX00 screw implantation. Additionally, earlier radiographs
obtained at 2 weeks, 6 weeks, 12 weeks, and 1 year were used to establish a baseline
and monitor the radiographic dynamics of ZX00 screw resorption. Standardized
anteroposterior ankle radiographs were evaluated for screw degradation (e.g., screw
visibility, gas formation) and bone texture (radiographic homogeneity at the ZX00 screw
implantation site). Assessment criteria utilized a semi-quantitative approach: screw
visibility and gas formation were categorized as 'clearly visible', 'partially visible', or 'not
visible', and the radiographic appearance of bone texture at the implantation site was
graded as 'inhomogeneous', 'slightly inhomogeneous', or 'homogeneous'.
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2.6.3 3':years: CT Follow-up

Follow-up CT imaging, including both clinical CT and HR-CT, was performed on 15 of the
18 available patients, with an average follow-up period of 32 years (range: 2 years 3
months to 4 years 6 months). These CT scans were used to identify trabecular changes
(voids) at the ZX00 screw implantation sites, as well as screw holes after the removal of

conventional hardware.

The HR-CT subgroup, consisting of six patients, enabled precise measurement of
structural changes. HR-CT scans were performed between 2 and 3 years post-ZX00
implantation (range: 2 years 3 months to 2 years 11 months). This timeframe was
particularly relevant as radiographs indicated potential screw resorption during this period
(114). Patient selection for HR-CT was based on their willingness to undergo this
supplementary examination. The HR-CT scans were performed using an XtremeCT I
scanner (SCANCO Medical AG, Switzerland). Patients were positioned in a leg
measurement cast, and the scanning area was precisely selected to cover the ZX00
implantation site from the most distal part of the tibia. During evaluation, bone outlines
were manually contoured, and zones with trabecular voids (absent bone) at the
implantation sites were delineated and treated as separate entities. Trabecular voids were
quantified in cubic millimeters, and a three-dimensional representation of these voids was

generated.
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3 RESULTS

3.1 Synopsis
Table A. Implants, hardware removal, and follow-up CT scans

Surgical Cases with CT

Implant type Specification Cases % Remark
removal Follow-up
Conventional  Fibulo-tibial positioning screw(s) 9 patients 9 100% 6 see Fig. 1d, 4d-5d, 16d, and 19-20d
Conventional Metal plate(s) 14 patients 8 57% 6 see Fig. 5d, 8-10d, 12d, and 17d
Bioresorbable ZX00 screw(s) 20 patients 1 5%* 15 see Fig. 1¢c-5¢, 8¢-10c, 12¢, 14c-17¢, and 19¢-20c

* Metal plates were removed after a median of 1% years (range: 1.2 to 3 years)
** Pat. 6 underwent talus OCL surgery after 17 months. During medial malleolar osteotomy, the resorbing ZX00 screws were exposed and extracted (see Fig. 6¢).

Table B. Clinical Outcomes

Assessment  Time

Subject of interest . Cases Observation Result Remark
method interval
Complications Clinical Wsyears 18 patients V\ﬁthoutcompllc@on 100% Deﬁn'ltlon. Skin/scar ISSl'.IeS, infections, hyperfgnsﬂmty
With complication 0% reactions, CRPS, malalignment, need for revision surgery.
Pain Clinical 2% years 18 patients VAS (range 0-100) 1+0  Lower values mean less pain.

AQOFAS (range 0-100) 9
Function Clinical 2% years 18 patients Ankle dorsal flexion, ° 22+
Ankle plantar flexion, © 4

Higher values mean better funcion.

Table C. Imaging findings (radiographs, CT and HR-CT scans)

Assessment Time

Subject of interest . Cases Observation n % Remark
method interval
Subcutaneous Gas Radiographs  first6 weeks 20 patients Visible 8 40% see Fig. 1c, 9c-10c, 13c-14c, 16¢c-17¢,and 19¢
Formation Not visible 12 60%
- o —— y 2
ZX00 Screw Visibility Radiographs 2% years 18 patients Nétws@? 17 | 94% Jsee F!g. fe-be, 7.C 8¢, %, elmd 12 ?Oc
Partially visible 1 6% seeFig.10c. This final radiograph is at 1 year 9 months.
Bone Texture Radiographs 2V years 18 patients Homogeneous 15  83% see Fig. 1c-5¢, 7¢-9c, 12¢, 14c-15¢, and 17¢-20c
2
at ZX00 Implantation Site Slightlyinhomogeneous 3 17% see Fig. 10c, 13c,and 16¢c
" ) o . B
Arthritic Changes Radiographs  2%4years 18 patients Mild changes 5 28% see F!g. 7¢,12¢-13c, 16¢,and 17¢
(post-traumatic) Moderate changes 2 11% seeFig.9c,and 19¢
0/ f _
Degree of ZX00 resorption HR-CT 2to3years 6 patients Traces of ZX00 5 | 83% see F!g. 1d-2d, 4d, 10d, and 14d
No traces of ZX00 1 17% seeFig.8d
Bone Microarchitecture T 3syears 11 patients  Screw holes in trabecularbone 12 100% see Fig. 1d, 4d, 5d(2x), 8d-10d, 12d, 16d-17d, and 19d-20d
2
after Hardware Removal (12 sites) Restitutio ad integrum - 0%
Bone Microarchitecture T SWovears 15 patients \oids in trabecular bone 15 100% see Fig. 1c-5c, 8¢-10c, 12¢, 14c-17¢c, and 19¢-20c
2
at ZX00 Implantation Site ¥ P Restitutio ad integrum - 0%
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Table D: Volumetric measurement of post-ZX00-resorption voids.

Void volume (mm?) Void volume (mm?)
Anterior screw Posterior screw Remark

696.5 367.2 see Fig. 1d

1030.9 1109.1 see Fig. 2d

287.0 - see Fig. 4d. Note that Patient 4 received a single ZX00 screw.
720.0 4476 see Fig. 8d

3773 239.2 see Fig. 10d

708.4 574.0 see Fig. 14d

Average void volume: 596.2 + 275.7 mm?3; initial ZX00 screw volume: 243.3 mm?3; all HR-CT scans were performed 2-3 years after ZX00 implantation.



3.2 Individual Patient Analysis

The following section shows detailed imaging follow-up information for each patient who
underwent ZX00 screw fracture fixation at the medial malleolus as part of the pilot study
(3.2.1 to 3.2.20). All 20 cases presented. It is worth noting that Patient 6 was excluded
after 17 months, and Patient 11 was lost to follow-up after 3 months. Therefore, a
complete radiographic follow-up spanning around 2 years is provided for 18 cases, with

CT (and HR-CT) follow-up around 3z years conducted in 15 cases.
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3.2.1 Patient 1

Figure 1a.  The injured ankle

¥

q I
g
8
) '
3

Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 47-year-old female patient with a right Maisonneuve injury.

Proximal fibula radiograph

Adapted from (56).

23



Figure 1b.  Timeline

Fibulo-tibial positioning HR-CT Final cT
screw removed (axial) radiograph ({coronal)

7 @ & @
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Ankle surgery + o
200 screws |I|l||||||| I|I|||||||| NRRRRRRRRRRRARRRRA R NE ||IIII
2 3

years

Patient 1 underwent treatment with two ZX00 screws for medial malleolar fracture and a
fibulo-tibial positioning screw for syndesmotic injury. The fibulo-tibial positioning screw
was removed 50 days after surgery, and no further metal removal was performed.

Table 1. Comprehensive analysis of imaging follow-up of Patient 1
Imaging Technique Timenoint ZX00 Screw Bone Texture Bone Microarchitecture [nteroretation
Method g ¢ Visibility at ZX00 Implantation Site ~at ZX00 Implantation Site "

as it appears on radiographs asobserved on CT

AP view 6weeks  Clearlyvisible Inhomogeneous N/A Resorption in progress.
[}
=
g
'=°'» AP view 1year  Partiallyvisible Inhomogeneous N/A Resorption and bone remodeling in progress.
B
o
2 years Adjacent bone remodeling increased radiopacity, masking the voids
AP view e Not visible Homogeneous N/A ) y g paciy, 9
(final) in the trabecular bone.
2years 3 Not visible
Axial HR-CT ¥ N/A Voids in trabecular bone  Resorption left voids in trabecular bone.
months (onlytraces)
-
o
3years4 . e . e
Coronal CT months Not visible N/A Voids in trabecular bone  Resorption left voids in trabecular bone.

For comparison, see Fig. 1c-d.
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Figure 1c.  Radiological follow-up (AP)

Final radiograph CT (coronal)

The radiograph at 2 weeks illustrates the postoperative situation. At that time-point,
subcutaneous gas from ZX00 degradation can be seen. The final radiograph was
performed at 3 years 7 months, and the coronal CT at 4 years 6 months. Adapted from
(56), and (114) with permission from Wolters Kluwer Health Inc.
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Figure 1d. HR-CT (axial) and 3D reconstruction

at the level of the malleoli at the level of the fibular notch

HR-CT (axial) HR-CT (axial)

at the level of the dia-metaphysis Medial malleolus seen from postero-medial perspective

CT (axial) 3D Reconstruction

The axial plane HR-CT was performed at 2 years and 11 months. Traces of ZX00 are
detectable within a sharply defined trabecular void (upper left). Moreover, the screw hole
within the trabecular bone following removal of the fibulo-tibial positioning screw persists
(lower left), while the cortical bone has completely healed in that region. The 3D
reconstruction illustrates the extent of the trabecular voids after ZX00 resorption (anterior
void: 696.5 mm3, posterior void: 367.2 mm3).
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3.2.2 Patient 2

Figure 2a.  The injured ankle

Ankle radiograph (AP view Ankle radiograph (lateral view)

A 55-year-old female patient with a right trimalleolar injury.
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Figure 2b.  Timeline

HR-CT Final
(axial) radiograph
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2 3

years

The medial malleolar fracture was treated with two ZX00 screws and the lateral malleolar
fracture was treated with two lag screws and a one-third tubular plate. Hardware removal

was not done.

Table 2. Comprehensive analysis of imaging follow-up of Patient 2
Imaging Technique Timenoint ZX00 Screw Bone Texture Bone Microarchitecture [nteroretation
Method < ; Visibility at ZX00 Implantation Site ~at ZX00 Implantation Site "

as it appears on radiographs asobserved on CT

AP view 6weeks  Clearlyvisible Inhomogeneous N/A Resorption in progress.
1]
=
s
;5; AP view 1year  Partiallyvisible Inhomogeneous N/A Resorption and bone remodeling in progress.
s
o
3years7 Adjacent bone remodeling increased radiopacity, masking the voids
AP view ¥ Not visible Homogeneous N/A ) ! 9 pacity, 9
months (final) in the trabecular bone.
2 years 11 Not visible
5 Axial HR-CT ¥ N/A Voids in trabecular bone  Resorption left voids in trabecular bone.

months  (onlytraces)

For comparison, see Fig. 2c-d.
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Figure 2c.  Radiological follow-up (AP)

liet

Radiograph at 6 weeks Radiograph at 1 year

No coronal plane CT available.

Final radiograph

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 3 years 7 months, but no coronal plane CT
was available. Adapted from (56).
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Figure 2d. HR-CT (axial) and 3D reconstruction

at the level of the malleoli at the level of the fibular notch

HR-CT (axial) HR-CT {axial)

Medial malleolus seen from medial perspective

3D Reconstruction

The axial plane HR-CT was performed at 2 years and 11 months. Traces of ZX00 are
discernible within a well-circumscribed trabecular void (upper left).The 3D reconstruction

shows the extent of trabecular voids (anterior void: 1030.9 mm3, posterior void: 1109.1
mm3).
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3.2.3 Patient 3

Figure 3a. The injured ankle

Ankle radiograbh (AP view) Ankle radiograph (lateral view)

A 57-year-old female patient with a right trimalleolar injury.
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Figure 3b.  Timeline

Final
radiograph
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Two ZX00 screws were inserted at the medial malleolus and a lag screw and one-third
tubular plate were implanted at the lateral malleolus. Hardware was not removed.

Table 3. Comprehensive analysis of imaging follow-up of Patient 3
Imaging Technique Timenoint ZX00 Screw Bone Texture Bone Microarchitecture Interoretation
Method . ¥ Visibility  atZX00 Implantation Site ~at ZX00 Implantation Site "

as it appears on radiographs asobserved on CT

AP view 6weeks  Clearlyvisible Inhomogeneous N/A Resorption in progress.
2
3
g’ AP view 1year  Partiallyvisible Inhomogeneous N/A Resorption and bone remodeling in progress.
8
(3
3years 3 Adjacent bone remodeling increased radiopacity, masking the voids
AP view ¥ Not visible Homogeneous N/A ) J 9 pacity, 9
months (final) in the trabecular bone.
4 years 2 Not visible
5 Coronal CT ¥ N/A Voids in trabecular bone  Resorption left voids in trabecular bone.

months (onlytraces)

For comparison, see Fig. 3c-d.
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Figure 3c.  Radiological follow-up (AP)

Final radiograph CT (coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a splint.
The final radiograph was performed at 3 years 3 months, and the CT at 4 years 2 months.
Adapted from (114) with permission from Wolters Kluwer Health Inc.
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Figure 3d. CT (axial)

at the level of the malleoli at the level of the fibular notch

CT (axial) CT (axial)

These axial CT scans, performed at 4 years 2 months, reveal two well-defined trabecular
voids following ZX00 resorption.
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3.2.4 Patient4

Figure 4a. The injured ankle

Sy

Ankle radiograph (lateral view)

Ankle radiograph (AP view)

A 30-year-old male patient with a right trimalleolar injury.
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Figure 4b.  Timeline

Fibulo-tibial positioning HR-CT Final
screw removed (axial) radiograph
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A single ZX00 screw was implanted at the medial malleolus, while a lag screw and a one-
third tubular plate were used at the lateral malleolus with a fibulo-tibial positioning screw
to stabilize the syndesmotic injury. The fibulo-tibial positioning screw was removed 52
days after surgery, and no further metal removal was performed.

Table 4. Comprehensive analysis of imaging follow-up of Patient 4
Imaging Technique Timepoint ZX00 Screw Bone Texture Bone Microarchitecture Bone Microarchitecture Interoretation
Method d B Visibility  atZX00 Implantation Site at ZX00 Implantation Site _after Hardware Removal "
as itappears on radiographs asobserved on CT asobserved on CT
AP view 6weeks  Clearlyvisible Inhomogeneous N/A N/A Resorption in progress.
"
s
[ R fi d b deling i
4 AP view 1year  Partiallyvisible Inhomogeneous N/A N/A Ssopiion andibone remadeting in
=] progress.
]
o 3years 2 Adjacent bone remodeling increased
AP view ¥ Not visible Homogeneous N/A N/A radiopacity, masking the voids in the
months (final)
trabecular bone.
. ) Resorption left voids in trabecular
2years 8 Not visibl Screw hol
5 Axial HR-CT year visible N/A Voids in trabecular bone rewholesin bone. Fibulo-tibial positioning screw
months (onlytraces) trabecular bone

removal left a hole in trabecular bone.

For comparison, see Fig. 4c-d.
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Figure 4c.  Radiological follow-up (AP)

X

s Radiograph at 6 weeks Radiograph at 1 year

No coronal plane CT available.

Final radiograph

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 3 years 2 months, but no coronal plane CT
was available. Adapted from (116).
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Figure 4d. HR-CT (axial) and 3D reconstruction

at the level of the malleoli at the level of the fibular notch

HR-CT (axial) HR-CT (axial)

at the level of the dia-metaphysis Medial malleolus seen from postero-medial perspective

HR-CT (axial) 3D Reconstruction

The axial plane HR-CT was performed at 2 years 8 months. Traces of ZX00 are found
within a trabecular void (upper left). Interestingly, there is also an absence of trabeculae
at the site of the healed fracture in the posterior malleolus (upper right) and after removal
of the fibulo-tibial positioning screw (lower left). The cortical bone, however, has
completely healed. The 3D reconstruction illustrates the extent of the trabecular void
(volume: 287.0 mm?3) after resorption of a single ZX00 screw.
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3.2.5 Patient5

Figure 5a.  The injured ankle

StudyTime: 17:24:51

Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 48-year-old male patient with a right trimalleolar injury.
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Figure 5b.  Timeline
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Patient 5 underwent treatment with a single ZX00 screw and a one-third tubular plate to
buttress the multifragmentary fracture at the medial malleolus. A lag screw and a one-
third tubular plate were used at the lateral malleolus, along with a fibulo-tibial positioning
screw for syndesmotic instability. The fibulo-tibial positioning screw was removed 45 days
after surgery. Plates were removed after 1 year and 6 months.

Table 5. Comprehensive analysis of imaging follow-up of Patient 5
Imaging Technique Timepoint ZX00 Screw Bone Texture Bone Microarchitecture Bone Microarchitecture Interoretation
Method t - Visibility ~ atZX00 Implantation Site at ZX00 Implantation Site after Hardware Removal 5
as itappears on radiographs asobserved on CT asobserved on CT
AP view 6weeks  Clearlyvisible Inhomogeneous N/A N/A Resorption in progress.
2
Qo
[ R fi db deling i
2 AP view 1year  Partiallyvisible Inhomogeneous N/A N/A esofplion andbone remodeling In
o progress.
]
e 1 vears 6 Adjacent bone remodeling increased
AP view ¥ Not visible Homogeneous N/A N/A radiopacity, masking the voids in the
months (final)
trabecular bone.
Resorption left voids in trabecular
4 1 Not visibl S holes i
Axial CT years oLvsiole N/A Voids in trabecular bone crewholes in bone. Hardware removal left screw
month (onlytraces) trabecular bone )
- holes in trabecular bone.
© 4vears 1 Screw holes in Resorption left voids in trabecular
Coronal CT e Not visible N/A Voids in trabecular bone bone. Hardware removal left screw
month trabecular bone

holes in trabecular bone.

For comparison, see Fig. 5c-d.
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Figure 5¢c.  Radiological follow-up (AP)

StudyTime: OF 5729

R
ALAK :: \ .‘
- ny

Radiograph at 6 weeks Radiograph at 1 year

CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 1 year 6 months, and the coronal CT at 4
years 1 month.
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Figure 5d. CT (axial)

at the |evel of the malleoli at the level of the fibular notch
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CT (axial) CT (axial)

at the level of the dia=metaphysis

CT (axial)

The axial CT scans performed at 4 years and 1 month show irregularities in the trabecular
bone. They are linked to the resorption of the ZX00 screw at the medial malleolus (upper
left), the healed fracture in the distal tibia (upper right), the removal of the fibulo-tibial
positioning screw (lower left), and the plate removal (upper right, lower left).
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3.2.6 Patient 6 (excluded)

Figure 6a. The injured ankle

L™ iy
LT -a!P{LP-:E-’ o

Ankle CT (coronal)

Ankle CT (sagittal)

A 45-year-old female with a medial malleolar fracture and an old osteochondral lesion of
the talus. Adapted from (116) and (118).
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Figure 6b.  Timeline

Excluded
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Ankle surgery +
ZX00 screws

The fracture was treated with two ZX00 screws. However, after 1 year and 5 months, a
second surgery became necessary to address a pre-existing, but now symptomatic,
osteochondral lesion (OCL) of the talus, leading to the patient's exclusion from follow-up.
During the surgery for the OCL, a medial malleolar osteotomy was required at the site of
the previous ZX00 implantation, marking the first documented exposure of a resorbing
ZX00 implant in a human. The complete case report is available under the provided
citation (118).
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Figure 6¢c.  Radiological follow-up (AP) and second surgery

v
3 W

Last radiograph (before surgery) Photograph of medial malleolar osteotomy

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The last radiograph was performed at 1 year and 5 months, just before the second
surgery. The second surgery involved a medial malleolar osteotomy for the surgical
exposure of a pre-existing osteochondral lesion at the medial talus, thereby extracting the
ZX00 screws after overdrilling. Adapted from (118).

45



This page intentionally left blank.

46



3.2.7 Patient7

Figure 7a.  The injured ankle

Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 46-year-old male patient with a left Maisonneuve injury.

Proximal fibula radio

l ALKIKH

L

graph
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Figure 7b.

Ankle surgery +
ZX00 screws

Timeline

Fibulo-tibial positioning
screw removed
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Final
radiograph
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The medial malleolar fracture received two ZX00 and a one-third tubular plate for
buttressing, and the syndesmotic injury was addressed with a fibulo-tibial positioning
screw. The fibulo-tibial positioning screw was removed after 57 days. Further hardware
removal was performed after 1 year and 2 months.

Table 7.
Imaging
Technique Timepoint
Method & ¥
AP view 6weeks  Partiallyvisible
2
g
2 AP view 1 year Not visible
-]
©
[
2 6
AP view years
months (final)

Comprehensive analysis of imaging follow-up of Patient 7

ZX00 Screw
Visibility

Not visible

Bone Texture
atZX00 Implantation Site
as itappears on radiographs

Inhomogeneous

Homogeneous

Homogeneous

Interpretation

Resorption in progress.

(This radiograph is difficult to interpret.)

Adjacent bone remodeling increased radiopacity.

For comparison, see Fig. 7c.
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Figure 7c.  Radiological follow-up (AP)

e %k A f» 3 2 2
Radiograph at 2 weeks Rad Radiograph at 1 year

;
i

No CT available.

Final radiograph

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 2 years 6 months, however no CT was
conducted. There are mild post-traumatic arthritic changes at final follow-up.
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3.2.8 Patient 8

Figure 8a.  The injured ankle

Time: 00:00:57

Yl

Ankle radiograph (AP view) Ankle radiograph (lateral view)

S

A 20-year-old male patient with a right trimalleolar injury.
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Figure 8b.
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The medial malleolar fracture was treated with two ZX00 screws, lateral and posterior
malleolar fractures were treated with locking compression plates (LCP). Hardware
removal was performed at 1 year and 6 months.

Table 8.

Imaging
Technique Timepoint
Method & g
AP view 6 weeks
w
=
g
2 AP view 1 year
-]
]
4
2
P iew years 10
months (final)
pial HRCT ~ 2Y9rs6
months
—
[&]
3 years 10
Coronal CT ¥
months

ZX00 Screw Bone Texture

Visibility

as itappears on radiographs

Clearly visible Inhomogeneous
Partially visible Inhomogeneous

Not visible Homogeneous

Not visible N/A

Not visible N/A

Bone Microarchitecture Bone Microarchitecture
at ZX00 Implantation Site at ZX00 Implantation Site after Hardware Removal
as observed on CT

asobserved on CT

N/A

N/A

N/A

\oids in trabecular bone

\oids in trabecular bone

N/A

N/A

N/A

Screw holesin
trabecular bone

Screw holesin
trabecular bone

Comprehensive analysis of imaging follow-up of Patient 8

Interpretation

Resorption in progress.

Resorption and bone remodeling in
progress.

Adjacent bone remodeling increased
radiopacity, masking the voids in the
trabecular bone.

Resorption left voids in trabecular bone.
Hardware removal left screw holes /
screw trajectories in trabecular bone.

Resorption left voids in trabecular bone.
Hardware removal left screw holes in
trabecular bone.

For comparison, see Fig. 8c-d.
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Figure 8c.  Radiological follow-up (AP)
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Radiograph at 1 year
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Final radiograph CT (coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 2 years 10 months, and the coronal CT at 3
years 10 months. Adapted from (114) with permission from Wolters Kluwer Health Inc.
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Figure 8d. HR-CT (axial) and 3D reconstruction

at the level of the malleoli at the level of the fibular notch

HR-CT (axial) HR-CT (axial)

at the level of the dia-metaphysis Medial malleolus seen from postero-medial perspective

HR-CT (axial) 3D Reconstruction

The axial plane HR-CT was performed at 2 years and 6 months, showing intra-trabecular
changes for both the ZX00 following resorption at the medial malleolus and the
conventional screws following removal. Obviously, a conventional screw hole after
removal can either be filled with trabecular bone (upper right) and or not (lower left). The
3D reconstruction shows the extent of trabecular voids (anterior void: 720.0 mm3, posterior
void: 447.6 mm3).

Of note, in more than 500 axial HR-CT slices of the region of interest, no remnants or
traces of ZX00 were found.
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3.2.9 Patient9

Figure 9a. The injured ankle

Ankle radiograph (AP' view) Ankle radiograph (lateral view)

A 43-year-old female patient with a right Maisonneuve injury.

|

Proximal fibula radiograph
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Figure 9b.  Timeline
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ZX00 screws were implanted at the medial malleolus and the posterior malleolar fracture
was treated with a T-shaped locking compression plate (LCP). Hardware was removed
after 1 year and 6 months.

Table 9. Comprehensive analysis of imaging follow-up of Patient 9
Imaging Technique Timenoint ZX00 Screw Bone Texture Bone Microarchitecture Bone Microarchitecture [Meroretation
Method < ¢ Visibility ~ atZX00 Implantation Site atZX00 Implantation Site after Hardware Removal 2
as it appears on radiographs asobserved on CT asobserved on CT
AP view 6weeks  Clearlyvisible Inhomogeneous N/A N/A Resorption in progress.
2
(=N
[ R ti db deling i
2 AP view 1year  Partiallyvisible Inhomogeneous N/A N/A esorplion andibone remodeling in
2 progress.
O
o 2 vears 10 Adjacent bone remodeling increased
AP view ¥ Not visible Homogeneous N/A N/A radiopacity, masking the voids in the

months (final
(Anal) trabecular bone.

Resorption left voids in trabecular bone.
3years 10 Screw holes in P

Axial CT Not visible N/A Voids in trabecular bone Hardware removal left screw holes in
months trabecular bone
- trabecular bone.
© 3vears 10 Screw holes in Resorption left voids in trabecular bone.
Coronal CT ¥ Not visible N/A Voids in trabecular bone Hardware removal left screw holes in
onths trabecular bone

trabecular bone.

For comparison, see Fig. 9c-d.
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Figure 9c.  Radiological follow-up (AP)

b

Radiograph at 2 weeks Radiograph at 6 weeks Radiograph at 1 year

Final radiograph CT {coronal)

The radiograph at 2 weeks (Fig. 9c) illustrates the postoperative situation. Subcutaneous
gas from ZX00 degradation is visible on radiographs up to 6 weeks. The final radiograph
was performed at 2 years 10 months, and the CT at 3 years 10 months. There are
moderate post-traumatic arthritic changes at final follow-up.
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Figure 9d. CT (axial)

at the level of the malleoli at the level of the fibular notch

CT (axial) CT (axial)

The axial CT, performed at 3 years 10 months, reveals well-defined trabecular voids after
ZX00 resorption at the medial malleolus (left). Interestingly, even after more than two
years following conventional hardware removal, sclerotic holes can still be observed at
the sites of conventional screw placement at the posterior malleolus (right).
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3.2.10 Patient 10

Figure 10a. The injured ankle

b N
j;.n

Ankle radiograph (lateral view)

A 29-year-old male patient with a right bimalleolar injury. Adapted from (116).
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Figure 10b. Timeline
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The medial malleolar fracture was treated with two ZX00 screws and the lateral malleolar
fracture was treated with a lag screw and a one-third tubular plate. Hardware was removed

after 1 year and 8 months.

Table 10.

Comprehensive analysis of imaging follow-up of Patient 10

Bone Microarchitecture Bone Microarchitecture

Interpretation

asobserved on CT

N/A Resorption in progress.

Resorption and bone remodeling in
progress.

N/A

Adjacent bone remodeling in progress.
N/A The increasing radiopacity partially
masks the voids in the trabecular bone.

Resorption left voids in trabecular bone.
Hardware removal left screw holes in
trabecular bone.

Resorption left vwoids in trabecular bone.
Hardware removal left screw holes in

Screw holes in
trabecular bone

Screw holes in

Imaging Technique Timenoint ZX00 Screw Bone Texture
Method g P Visibility ~ atZX00 Implantation Site atZX00 Implantation Site after Hardware Removal
as it appears on radiographs asobserved on CT
AP view 6weeks  Clearlyvisible Inhomogeneous N/A

w

=

s

> AP view 1year  Partiallyvisible Inhomogeneous N/A

B

o
1years 9

AP view monﬁs (fnal) Partially visible  Slightlyinhomogeneous N/A
2 6 Not visibl
Axial HR-CT years orvsivie N/A \loids in trabecular bone

months (onlytraces)

-

[3)
3years 8 . s

Coronal CT Not visible N/A Voids in trabecular bone

months

trabecular bone
trabecular bone.

For comparison, see Fig. 10c-d.
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Figure 10c. Radiological follow-up (AP)

S i Ay

Radiograph at 6 weeks Radiograph at 1 year

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. Subcutaneous gas is seen at 6 weeks. The final radiograph was performed at 1
years 9 months, and the coronal CT at 3 years 8 months. Adapted from (116).
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Figure 10d. HR-CT (axial) and 3D reconstruction

at the level of the malleoli at the level of the fibular notch

HR-CT (axial) HR-CT (axial)

Medial malleolus seen from postero-medial perspective

3D Reconstruction

The HR-CT with axial planes was performed after 2 years 6 months. Remnants or traces
of ZX00 screws within the trabecular void are visible at this time-point (upper left). The 3D
reconstruction of the HR-CT illustrates the extent of absent trabeculae (anterior void:
377.3 mm3, posterior void: 239.2 mm3). The trabecular voids appear black (gas?) and
grey (fluid?, see magnification, upper right), indicating ongoing ZX00 resorption in this
case. Notably, at the lateral malleolus, where the conventional screws were placed,
changes in microarchitecture are evident ten months after their removal.
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3.2.11 Patient 11 (lost to follow-up)

Figure 11a. The injured ankle

i

Ankle radiograph (AP view) Ankle radiograph (lateral view)

An 18-year-old female patient with a left trimalleolar injury.
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Figure 11b. Timeline
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Ankle surgery +
ZX00 screws

Patient 11 was treated with two ZX00 screws and a one-third tubular plate at the medial
malleolus, and at the lateral malleolus, a lag screw and a one-third tubular plate were
implanted, along with a fibulo-tibial positioning screw to stabilize the syndesmotic injury.
The positioning screw was removed 38 days after surgery. The last radiograph was
collected at 3 months, after which the patient was lost to follow-up.

Figure 11c. Radiological follow-up (AP)

¥ e Ll 4
Radiograph at 2 weeks Radiograph at 3 months

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The last radiograph was performed at 3 months, then the patient was lost to follow-

up.
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3.2.12 Patient 12

Figure 12a. The injured ankle

StudyTime: 11:49:54

Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 25-year-old female patient with a left bimalleolar injury.
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Figure 12b. Timeline
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The medial malleolar fracture was treated with two ZX00 screws and the lateral
malleolar fracture was treated with a lag screw and a one-third tubular plate. Hardware

was removed after 3 years and 1 month.

Table 12.

Imaging
Method
AP view
2
g
_g’ AP view
-}
C
(4
AP view
Axial CT
-
o
Coronal CT

Comprehensive analysis of imaging follow-up of Patient 12

Technique Timepoint

6 weeks

1 year

3 years
(final)

3years5
months

3years5
months

ZX00 Screw
Visibility

Clearly visible

Partially visible

Not visible

Not visible

Not visible

Bone Texture

as it appears on radiographs

Inhomogeneous

Inhomogeneous

Homogeneous

N/A

N/A

Bone Microarchitecture Bone Microarchitecture
at ZX00 Implantation Site atZX00 Implantation Site after Hardware Removal

as observed on CT as observed on CT
N/A N/A
N/A N/A
N/A N/A

o Screw holes in
Voids in trabecular bone

trabecular bone

Screw holes in

Voids in trabecular bone
trabecular bone

Interpretation

Resorption in progress.

Resorption and bone remodeling in
progress.

Adjacent bone remodeling increased
radiopacity, masking the voids in the
trabecular bone.

Resorption left voids in trabecular bone.
Hardware removal left screw holes in
trabecular bone.

Resorption left voids in trabecular bone.
Hardware removal left screw holes in
trabecular bone.

For comparison, see Fig. 12c-d.
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Figure 12c. Radiological follow-up (AP)

Radiograph at 2 weeks Radiograph at 6 weeks Radiograph at 1 year

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 3 years, and the CT at 3 years 5 months.
There are mild post-traumatic arthritic changes at final follow-up. Adapted from (114) with
permission from Wolters Kluwer Health Inc.
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Figure 12d. CT (axial)

at the level of the malleoli at the level of the fibular notch

CT (axial) CT (axial)

The axial plane CT, performed at 3 years 5 months, shows sharply encircled trabecular
voids after ZX00 resorption at the medial malleolus. The sclerotic screw holes four months
after conventional hardware removal at the lateral malleolus are also seen (left).
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3.2.13 Patient 13

Figure 13a. The injured ankle

L

AKrKJ

Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 47-year-old male patient with a left trimalleolar injury.
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Figure 13b. Timeline
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The medial malleolar fracture was treated with two ZX00 screws, the fibula fracture was
treated with a one-third tubular plate for bridging and the posterior malleolar fracture was
treated with a locking compression plate (LCP). Hardware was removed after 1 year and

2 months.

Table 13. Comprehensive analysis of imaging follow-up of Patient 13

Imaging Technique Timepoint ZX00 Screw Bone Texture
Method 8 & Visibility ~ atZX00 Implantation Site
as itappears on radiographs

Interpretation

AP view 6weeks  Clearlyvisible Inhomogeneous Resorption in progress.
1]
=
s
'gv AP view 1year  Partiallyvisible Inhomogeneous Resorption and bone remodeling in progress.
3
-4
AP vie 2years 3 Not visible Slightlyinhomogeneous  Adjacent bone remodeling increased radiopacity.
months (final) gnty 9 g 9 pacly.

For comparison, see Fig. 13c.
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Figure 13c. Radiological follow-up (AP)

Radiograph at 6 weeks Radiograph at 1 year

No CT available.

Final radiograph

The radiograph at 2 weeks illustrates the postoperative situation. At that time-point,
subcutaneous gas from ZX00 degradation can be seen. The final radiograph was
performed at 2 years 3 months, however no CT was conducted. There are mild post-
traumatic arthritic changes at final follow-up. Adapted from (114) with permission from
Wolters Kluwer Health Inc.
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3.2.14 Patient 14

Figure 14a. The injured ankle

. S 4 |
Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 56-year-old male patient with a left isolated medial malleolar injury.
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Figure 14b. Timeline
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Patient 14 underwent treatment with two ZX00 screws for medial malleolar fracture.

Table 14. Comprehensive analysis of imaging follow-up of Patient 14

Imaging ZX00 Screw Bone Texture Bone Microarchitecture

Technique Timepoint
Method oo aue  TIMEPOINt \iibility  atZX00 Implantation Site atZX00 Implantation Site

as it appears on radiographs asobserved on CT

Interpretation

AP view 6weeks  Clearlyvisible Inhomogeneous N/A Resorption in progress.
2
s
g’ AP view 1year  Partiallyvisible Inhomogeneous N/A Resorption and bone remodeling in progress.
8
o
2P view 2 years Notvisible Homogeneous N/A &jacent bone remodeling increased radiopacity, masking the voids
(final) in the trabecular bone.
2years3 Not visible
Axial HR-CT e N/A Voids in trabecular bone  Resorption left voids in trabecular bone.
months (onlytraces)
—
o
3years4 . o . -
Coronal CT onths Not visible N/A Voids in trabecular bone  Resorption left voids in trabecular bone.

For comparison, see Fig. 14c-d.
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Figure 14c. Radiological follow-up (AP)

Radiograph at 6 weeks Radiograph at 1 year

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation. At that time-point,
subcutaneous gas from ZX00 degradation can be seen. The final radiograph was

performed at 2 years, and the coronal CT at 3 years 4 months. Adapted from (114) with
permission from Wolters Kluwer Health Inc.
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Figure 14d. HR-CT (axial) and 3D reconstruction

at the level of the malleoli at the level of the fibular notch

HR-CT (axial) HR-CT (axial)

Medial malleolus seen from postero-medial perspective

3D Reconstruction

The axial plane HR-CT was performed at 2 years 3 months. Tiny traces of ZX00 are
detectable within a sharply defined trabecular void (upper left) under this high resolution.

The 3D reconstruction illustrates the extent of the trabecular voids (posterior void: 574.0
mm?3, anterior void: 708.4 mm3).
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3.2.15 Patient 15

Figure 15a. The injured ankle

R

eingeschossen

Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 44-year-old female patient with a right trimalleolar injury.
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Figure 15b. Timeline
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Patient 15 underwent treatment with two ZX00 screws for a medial malleolar fracture and
a lag screw, along with a one-third tubular plate, for a lateral malleolar fracture. Hardware
was not removed.

Table 15. Comprehensive analysis of imaging follow-up of Patient 15

Imaging ZX00 Screw Bone Texture Bone Microarchitecture

Technique Timepoint
Method oo aue  TIMEPOIMt \ribility  atZX00 Implantation Site atZX00 Implantation Site

as it appears on radiographs asobserved on CT

Interpretation

AP view 6weeks  Clearlyvisible Inhomogeneous N/A Resorption in progress.
1]
=
s
.g’ AP view 1year  Partiallyvisible Inhomogeneous N/A Resorption and bone remodeling in progress.
8
o
2 years Adjacent bone remodeling increased radiopacity, masking the voids
AP view ¥ Not visible Homogeneous N/A ) ) 9 paciy, 9
(final) in the trabecular bone.
3years 1 Not visible
Axial CT e N/A Voids in trabecular bone  Resorption left voids in trabecular bone.
month (onlytraces)
—
o
3years 1 . . . _
Coronal CT month Not visible N/A Voids in trabecular bone  Resorption left voids in trabecular bone.

For comparison, see Fig. 15c-d.
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Figure 15c. Radiological follow-up (AP)

Radiograph at 6 weeks Radiograph at 1 year

Uiy, *M\:; 5
,‘W" H,M‘
e

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 2 years, and the CT at 3 years 1 months.
Adapted from (116).
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Figure 15d. CT (axial)

at the level of the malleoli

at the level of the fibular notch

CT (axial)

CT (axial)

The axial CT scan conducted at 3 years 1 month reveals three voids in the trabecular
bone of the medial malleolus (upper left), even though only two ZX00 screws were
inserted. The resorption process results in a void around the resorbing screw and, in
some cases, appears to create additional voids adjacent to it, likely due to gas formation.

80



3.2.16 Patient 16

Figure 16a. The injured ankle

Stugy Tim e J25 00 i Sgli:jé\rTime' 02:21:00

A 54-year-old male patient with a right Maisonneuve injury.

Proximal fibula radiograph
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Figure 16b. Timeline
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Patient 16 underwent treatment with two ZX00 screws for medial malleolar fracture and a
two fibulo-tibial positioning screw for syndesmotic instability. The fibulo-tibial positioning
screws were removed 63 days after fracture surgery.

Table 16.

Imagin ZX00 Scre
ging Technique Timepoint W

Bone Texture

Comprehensive analysis of imaging follow-up of Patient 16

Bone Microarchitecture Bone Microarchitecture

Interpretation

Method Visibility ~ atZX00 Implantation Site atZX00 Implantation Site after Hardware Removal

as itappears on radiographs

AP view 6weeks  Clearlyvisible Inhomogeneous
1]
=
s
S’ AP view 1year  Partiallyvisible Inhomogeneous
8
(3

2 years 3
AP view ¥ Not visible Slightlyinhomogeneous
months (final)

5 Axial CT 3 years Not visible N/A

asobserved on CT

N/A

N/A

N/A

Voids in trabecular bone

asobserved on CT

N/A Resorption in progress.

Resorption and bone remodeling in
progress.

N/A

Adjacent bone remodeling in progress.
N/A The increasing radiopacity partially
masks the voids in the trabecular bone.

Resorption left voids in trabecular bone.
Fibulo-tibial positioning screw removal
left holes in trabecular bone.

Screw holesin
trabecular bone

For comparison, see Fig. 16c-d.
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Figure 16¢c. Radiological follow-up (AP)

Radiograph at 6 weeks Radiograph at 1 year

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. At that time-point, subcutaneous gas from ZX00 degradation can be seen. The final
radiograph was performed at 2 years 3 months, and the coronal CT at 3 years. There are
mild post-traumatic arthritic changes, and ossification around the syndesmosis at final
follow-up.
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Figure 16d. CT (axial)

at the level of the malleoli at the level of the fibular notch

CT (axial) CT (axial)

at the level of the dia-metaphysis

CT (axial)

The axial CT scans (conducted at 3 years) reveal the aftermath of ZX00 resorption at the
medial malleolus, showcasing trabecular voids. Furthermore, the trajectory of the fibulo-
tibial positioning screw is still visible in the trabecular, but not cortical bone (lower left).
This is of interest, as the conventional screw resided for only 63 days and was removed
years ago. Apparently, trabecular and cortical bone follow distinct mechanisms of repair.
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3.2.17 Patient 17

Figure 17a. The injured ankle

StudyTime: 1445 ",¥ StudyTime: 14:45:11
§

Ankle radiograph (AP view) Ankle radiograph (lateral view)

A 35-year-old female patient with a right trimalleolar injury.
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Figure 17b. Timeline
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Patient 17 received treatment for a medial malleolar fracture with two ZX00 screws, a one-
third tubular plate for the lateral malleolus, and a T-shaped locking compression plate
(LCP) for the posterior malleolus. Hardware was removed after 1 year and 2 months.

Table 17.

Imaging
Method

ZX00 Screw

Techni Ti int
echnique Timepoin Visibility

as it appears on radiographs

Bone Texture
at ZX00 Implantation Site atZX00 Implantation Site after Hardware Removal
asobserved on CT

AP view 6weeks  Clearlyvisible Inhomogeneous
2
g
_‘tg'n AP view 1year  Partiallyvisible Inhomogeneous
B
o
2 years 1
AP view ¥ Not visible Homogeneous
month (final)
Axial CT 3 years Onlytraces N/A
—
D)
Coronal CT 3 years Onlytraces N/A

Bone Microarchitecture Bone Microarchitecture .
Interpretation

asobserved on CT

N/A

N/A

N/A

Voids in trabecular bone

Voids in trabecular bone

N/A

N/A

N/A

Screw holes in
trabecular bone

Screw holes in
trabecular bone

Comprehensive analysis of imaging follow-up of Patient 17

Resorption in progress.

Resorption and bone remodeling in
progress.

Adjacent bone remodeling increased
radiopacity, masking the voids in the
trabecular bone.

Resorption left voids in trabecular bone.
Hardware removal left screw holes in
trabecular bone.

Resorption left voids in trabecular bone.
Hardware removal left screw holes in
trabecular bone.

For comparison, see Fig. 17c-d.
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Figure 17c. Radiological follow-up (AP)

Radiograph at 2 weeks

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The radiograph at 6 weeks shows subcutaneous gas around the medial malleolus.
The final radiograph was performed at 2 years 1 month, and the CT at 3 years. There are
mild post-traumatic arthritic changes at final follow-up.
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Figure 17d. CT (axial)

at the level of the malleoli at the level of the fibular notch

CT (axial)

at the level of the metaphysis at the level of the dia-metaphysis

CT (axial) CT (axial)

The axial CT scans at 3 years reveal both ZX00-resorption-induced trabecular voids and
holes after conventional screw removal, each with sharp-edged boundaries. A
degenerative ganglion cyst is noted in the talus (upper left). Sclerotic screw holes, years
after conventional hardware removal, persist in the trabecular but not cortical bone (upper
right). A tiny ZX00 trace remains within a larger void (lower left). Besides classical screw

holes, trabecular changes around the healed fracture are evident in the posterior
malleolus (lower right).
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3.2.18 Patient 18

Figure 18a. The injured ankle

StudyTime: 15:12:48 ‘

Ankle radiograph (AP view)

Ankle radiograph (lateral view)

A 20-year-old male patient with a left isolated medial malleolar injury.
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Figure 18b. Timeline
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Patient 18 underwent treatment with a single ZX00 screw for medial malleolar fracture.
Removal surgery was not necessary.

Table 18. Comprehensive analysis of imaging follow-up of Patient 18

Imaging ZX00 Screw Bone Texture

Technique Timepoint
Method oo aue TIMEPOIt y; ibility  atZX00 Implantation Site

as it appears on radiographs

Interpretation

AP view 6weeks  Clearlyvisible Inhomogeneous Resorption in progress.
2
3
.g’ AP view 1 year Partially visible Inhomogeneous Resorption and bone remodeling in progress.
8
o
) 2years 1 » _ o , )
AP view Not visible Homogeneous Adjacent bone remodeling increased radiopacity.

month (final)

For comparison, see Fig. 18c.
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Figure 18c. Radiological follow-up (AP)

Radiograph at 6 weeks Radiograph at 1 year

No CT available.

Final radiograph

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 2 years 1 months, however no CT was
conducted.
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3.2.19 Patient 19

Figure 19a. The injured ankle

Ankle fluoroscopy Ankle radiograph (AP view)

A 25-year-old female patient with a right trimalleolar injury.

Ankle radio

graph (

lateral view)
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Figure 19b. Timeline
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The medial malleolar fracture was treated with two ZX00 screws, while the lateral
malleolar fracture was fixed with a lag screw and a one-third tubular plate. Stabilization of
the posterior fragment was achieved with a single cannulated screw in the anteroposterior
direction, and the syndesmotic injury was addressed with a fibulo-tibial positioning screw.
The fibulo-tibial positioning screw was removed after 45 days, with no further metal
removal performed.

Table 19. Comprehensive analysis of imaging follow-up of Patient 19

Imaging Technique Timenoint ZX00 Screw Bone Texture Bone Microarchitecture Bone Microarchitecture (I
Method g ¢ Visibility ~ atZX00 Implantation Site atZX00 Implantation Site after Hardware Removal :
as it appears on radiographs asobserved on CT asobserved on CT
AP view 6weeks  Clearlyvisible Inhomogeneous N/A N/A Resorption in progress.
2
Qo
S Resorption and bone remodeling in
4 AP view 1year  Partiallyvisible Inhomogeneous N/A N/A P 9
2 progress.
]
e 3vears 1 Adjacent bone remodeling increased
AP view ¥ Not visible Homogeneous N/A N/A radiopacity, masking the voids in the
month (final)
trabecular bone.
Resorption left voids in trabecular bone.
3years 7 Not visible Screw holes in
5 Axial CT ¥ vl N/A \loids in trabecular bone W ! Fibulo-tibial positioning screw removal
months (onlytraces) trabecular bone

lefta hole in trabecular bone.

For comparison, see Fig. 19c-d.
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Figure 19c. Radiological follow-up (AP)

e Sl

Radiograph at 2 weeks Radiograph at 6 weeks

Radiograph at 1 year

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation, revealing subcutaneous
gas from ZX00 degradation at the medial malleolus. The final radiograph was performed

at 3 years 1 month, and the coronal CT at 3 years 7 months. There are moderate post-
traumatic arthritic changes at final follow-up.

95



Figure 19d. CT (axial)

at the level of the malleoli at the level of the fibular notch

CT (axial) CT (axial)

at the level of the dia-metaphysis

CT (axial)

The axial CT scan, conducted at 3 years 7 months, reveals trabecular voids at the medial
malleolus resulting from ZX00 resorption. Additionally, trabecular irregularities are
observed at the site of the healed posterior malleolus fracture (upper right). Remarkably,
the screw trajectory in the trabecular bone remains discernible even years after the
removal of the conventional fibulo-tibial positioning screw (lower left). However, the
cortical bone has fully healed, suggesting a differences in bone healing.
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3.2.20 Patient 20

Figure 20a. The injured ankle

StudyTime: 10:44:43
Zusatzaufnahme

L

( ‘,ah.;f: 7‘ ‘.

Ankle radiograph (AP view) Radiograph (lateral view)

Proximal fibula radiograph

A 64-year-old male patient with a left Maisonneuve injury.
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Figure 20b. Timeline
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Patient 20 received treatment with a single ZX00 screw for a medial malleolar fracture and
two fibulo-tibial positioning screws for syndesmotic injury. The fibulo-tibial positioning

screws were removed around 6 weeks.

Table 20.
Imaging ) ) ) ZX00 Screw
Tech T t
Method oo aue  IMEPOINt s ibility
AP view 6weeks  Clearlyvisible
[%]
=
g
g AP view 1year  Partiallyvisible
©
[+]
o
view 2T iible
month (final)
2 11
5 mdq@cT T Notisible
months

as itappears on radiographs

asobserved on CT

N/A

N/A

N/A

Voids in trabecular bone

Bone Microarchitecture Bone Microarchitecture
at ZX00 Implantation Site at ZX00 Implantation Site after Hardware Removal

asobserved on CT

N/A

N/A

N/A

Screw holes in
trabecular bone

Comprehensive analysis of imaging follow-up of Patient 20

Interpretation

Resorption in progress.

Resorption and bone remodeling in
progress.

Adjacent bone remodeling increased
radiopacity, masking the voids in the
trabecular bone.

Resorption left voids in trabecular bone.
Fibulo-tibial positioning screw removal
left holes in trabecular bone.

For comparison, see Fig. 20c-d.
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Figure 20c. Radiological follow-up (AP)

Radiograph at 1 year

Final radiograph CT {coronal)

The radiograph at 2 weeks illustrates the postoperative situation with the ankle in a plaster
cast. The final radiograph was performed at 2 years 1 month, and the coronal CT at 2
years 11 months.
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Figure 20d. CT (axial)

at the level of the malleoli at the levelof the fibularnotch

CT (axial) CT (axial)

at the level of the dia-metaphysis

CT (axial)

The axial CT scan, conducted at 2 years 11 months, reveals a trabecular void resulting
from ZX00 screw resorption at the medial malleolus. Additionally, it displays trabecular
irregularities at the healed medial and posterior malleolus fracture (upper right).
Moreover, the screw trajectory within the trabecular bone following conventional removal
of the fibulo-tibial positioning screw persists (upper right, lower left), while the cortical
bone has completely healed in that region.
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4 DISCUSSION

4.1 Scope and Framing

The present thesis aims to investigate the progression of ZX00 bone screw resorption
beyond the first year. We gathered data from patients enrolled in a pilot study who
underwent ZX00 screw treatment for medial malleolar fractures. A total of 20 patients
received one or two ZX00 screws, with all surgeries conducted between 2018 and 2019
at the Medical University of Graz. By the 3-month follow-up, it was evident that all
fractures had healed, and all 20 patients exhibited excellent clinical and functional
outcomes (56). At the 1-year follow-up, 19 patients (one lost to follow-up) continued to
fare well, with no instances of reoperation or other clinical complications (116). By 2020,
the first patients attended their two-year appointments, though no follow-up protocol
existed beyond one year. Radiographs taken after two years showed ongoing
improvement, with increasingly homogeneous bone texture at the ZX00 screw site. These
observations sparked our interest to continue follow-up. However, due to organizational
constraints around COVID-19 restrictions, radiographic follow-up beyond 1 year was not
conducted at fixed intervals but rather occurred between 1 year 6 months and 3 years 7
months after the initial surgery. In the end, it comprised 18 patients, as one case was
excluded due to unrelated second ankle surgery for a pre-existing osteochondral lesion of
the talus (118).

On average, this amounted to a 2'%:-year follow-up, including final radiographs and
clinical assessments. Clinical scores remained excellent for the 18 patients from the initial
cohort of 20. Radiographs showed a homogeneous bone texture, with the ZX00 screws

no longer visible (114).

This current work, for the first time, presents comprehensive long-term CT images, with
scans available for 15 out of the remaining 18 cases. The CT examinations were
conducted as a reaction to provide clarity regarding the astonishingly good findings in the
final radiographs (114). Patients were specifically called in to the hospital for CT scans.
Among the 15 scanned patients, 6 underwent high-resolution CT scans allowing
quantification of the structural changes. On average, CT examinations of these 15 patients

were conducted as a 3'z-year follow-up (range: 2 years 3 months to 4 years 6 months).
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The central idea of this thesis is to draw conclusions from the findings in final radiographs
taken, on average, after 2% years, and CT images performed thereafter, on average, after
372 years. Additionally, the study presents clinical outcomes, including pain and function.
It examines changes of bone following ZX00 screw resorption and conventional hardware
removal. Finally, it discusses cost-effectiveness and offers ideas on potential future

applications for ZX00 screws.

4.2 Clinical Outcomes

At the 2'%-year follow-up, there were no complications (0%) such as skin or scar issues,
infections, hypersensitivity reactions, CRPS, malalignment, or the need for revision
surgery (see 3.1, Table B). Similarly, pain levels were minimal, as reflected by a VAS
score of 1 out of 100. Functional outcomes were generally high, with patients achieving
an average AOFAS score of 94 out of 100 points (114). Considering that restricted
function is often indicated by reduced dorsiflexion following an ankle fracture (119), our
patients performed well, with an average dorsiflexion of 22° (see 3.1, Table B). There was
no case of symptomatic post-traumatic ankle arthritis. Given the nature of the ankle
injuries, with % of our patients experiencing higher-order fractures such as trimalleolar
and Maisonneuve injuries, the procedural success of the surgical interventions can be
deemed excellent. As specified above, this is supported by consistently low pain levels
and high functional outcomes at both the 1-year and 2'2-year follow-up periods (56,114).
However, other studies have reported that every second patient with trimalleolar fractures
may exhibit residual deficits at the 1-year mark (120). When looking at long-term functional
outcomes following surgical fixation of unstable ankle fractures (among them 75% Weber
B and 19% Weber C fractures), a follow-up study involving 141 patients revealed
encouraging results. After a mean follow-up period of 11.6 years, the majority of patients
demonstrated improved long-term functional scores compared to those assessed at 1
year (31). Notably, radiographic analysis revealed arthritic changes in 63% of cases,
including 31% with mild, 22% with moderate, and 10% with severe changes (31). Hence,
the radiographic finding of mild and moderate post-traumatic changes in 39% of our

patients perfectly aligns with the literature (31,120,121).
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4.3 Imaging
4.3.1 Different Findings on Radiographs and CTs

The radiographs at around 272 years post-implantation consistently show no visible signs
of the ZX00 screws. This finding suggest the disappearance of ZX00 screws, alongside a
recovery of the bony aspect at the site of previous fractures and ZX00 screw
implantations. By this stage, the radiographic bone texture exhibits a predominantly
homogeneous appearance in most cases (83%), or at least shows a trend towards
increasing homogeneity (17%) (see 3.1, Table C). While these observations might
suggest full screw resorption and comprehensive bone tissue regeneration (restitutio ad
integrum), a significant revelation emerges from our CT images. The CT images at around
32 years post-implantation reveal noteworthy alterations in bone microarchitecture
characterized by trabecular voids across all ZX00 implantation sites (see 3.1, Table C).
This discovery is of fundamental importance, as it impacts how post-fracture bone healing
is assessed and whether bone regeneration (restitutio ad infegrum) can be achieved in
the context of magnesium-based implants. The limited availability of follow-up CT scans
for commercially available Mg-Y-RE-Zr alloy (Magnezix®) implants might suggest some
underlying considerations that warrant further investigation (57,90,96-101,122-125). This
raises the following questions for this thesis: Why do radiographs and CT scans produce
such different results, and what conclusions can be drawn from our cohort, with final

radiographs taken at 2% years and CT scans at 3% years?

Additionally, changes in bone microarchitecture following the removal of conventional
hardware will be examined and compared to those observed after the resorption of

bioresorbable implants.
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Figure 21. Different Findings on Radiographs and CTs

Postoperative radiographs were obtained at (A) 6 weeks, (B) 1 year, and
(C) 3 years and 7 months after ankle surgery for our Patient 1. The case
was successfully treated with two ZX00 screws for a medial malleolus
fracture and a conventional fibulo-tibial positioning screw for syndesmotic
instability, which was removed after 6 weeks (white arrow indicating the
metal screw’s position). Axial CT slices at four different levels (D) reveal a
lack of trabecular structure following both the removal of the conventional
screw (white arrow) and ZX00 resorption. Reproduced from (114) with
permission of Wolters Kluwer Health Inc.
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4.3.2 An Explanatory Model

Radiographs are produced when X-rays pass through the body and are absorbed at
different rates by different tissues. Dense materials like bone absorb more X-rays,
appearing bright on the image, while less dense materials like soft tissue allow more X-
rays to pass through, appearing dark. Immediately after implantation, magnesium-based
ZXO00 screws appear as a rather bright structure on radiographs similar to bone (122). As
the screws resorb over time, they become less dense and thus less visible on subsequent
radiographs until they are eventually not visible on radiographs around 22 years (114).
As summation images, radiographs provide a two-dimensional representation of
structures such as bones, often concealing underlying structures that are overlaid.
However, when examined with three-dimensional imaging techniques (e.g. CT), residual
voids or holes as a consequence of resorption of bioresorbable screws become apparent
(102,114,126). Bone tissue is dynamic and undergoes continuous remodeling processes
to adapt to mechanical stresses and strain (4). The remodeling extends beyond the initial
fracture healing phase and continues past the first year. In our cohort, up to 2%z years
post-ZX00 implantation, ongoing reinforcement of the adjacent trabecular bone around
previously formed trabecular voids likely occurred. We suppose that happened in
response to the demands for redistributing mechanical loads in the altered
microarchitecture with sclerotic rim-sealed defects. This compensation by adjacent bone
tissue gives a homogeneous bone appearance after ZX00 screw resorption on
radiographs, despite the presence of trabecular voids in reality. The phenomenon is
explained by the summation effect in radiographs. It is essentially the same as after the
removal of conventional screws, where the radiographic impression appears
homogeneous, even though screw holes persist. This is well known in clinical practice
after removal surgery and also demonstrated by our results from the 11 patients for whom
CT scans were available after hardware removal (see 3.1, Table C). In all cases, the
remaining screw holes are visible on CT years after removal, while the corresponding
radiographs appear homogeneous (due to the summation effect). Recognizing the
constraints of radiographs in assessing bone healing emphasizes the necessity of
additional imaging techniques, especially CT scans, for thorough evaluation and ongoing

monitoring of bioresorbable implants (127).
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4.3.3 Advanced Imaging of Polymers

Much can be learned from the long-term imaging of polymer implants. This knowledge
can be partially transferred and compared to the imaging of magnesium-based implants.
A Swedish research group (127) conducted an 18-year radiographic study examining
patients who underwent arthroscopic Bankart repair with bioresorbable anchors
composed of either PGA (polyglycolic acid) or PLLA (poly-L-lactic acid) in a randomized
prospective trial. The findings showcased cystic bone holes in the glenoid, evident on both
radiographs and CT scans. Remarkably, radiographs showed a considerable
discrepancy, with 73% of drill holes appearing healed in the PGA group compared to 35%
in the PLLA group. However, the use of CT imaging unveiled a different picture. It
demonstrated that a large number of drill holes remained unhealed in a majority of cases
in both groups. This underscores the limitations of assessments of holes with radiographs.
(127). A follow-up report from Barber et al. (USA) (124) indicated that PLLA and PGA
suture anchors, following arthroscopic rotator cuff repair, completely degraded after 3
years. However, distinguishable bony changes persisted on CT scans in all cases (128).
Barber and Dockery in 2006 (129) shed light on the fate of PLLA interference screws after
anterior cruciate ligament repair using patellar tendon autograft. They reported that the
screws were completely degraded after approximately 8 years. In some cases, the
resorbed PLLA screw left a 'ghost sign' within the tunnels, all of which exhibited a sclerotic
rim. Importantly, the PLLA material was not replaced by bone, causing the anterior
cruciate ligament graft tunnels to be filled with non-ossified material (129). Arama et al.
(Australia) (130) published a study in 2015 on the 5-year follow-up after anterior cruciate
ligament repair. They observed progressive resorption of PLLA screws but incomplete
ossification of the tunnel (130). Sundaraj et al. (Australia) (131) reported a 13-year follow-
up study on anterior cruciate ligament repair with PLLA interference screws in 2020. They
observed complete or nearly complete resorption of the screws over time, however, with
minimal changes in tunnel volumes and negligible ossification (131). These studies across
different body regions (shoulder, knee) demonstrate radiological changes that do not
suggest bone regeneration (restitutio ad integrum) after resorption of polymer implants
(127-131). Even if the clinical outcomes are favorable, and thus the primary success of
the surgical intervention is undisputed, bone regeneration cannot be inferred from 'good-

looking' X-rays after treatment with polymer implants.
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4.3.4 Advanced Imaging of Mg-Y-RE-Zr

While the body of literature is full of material studies and laboratory testing around
magnesium-based implants, there is still little clinical evidence and even less long-term
imaging in humans. Naturally, among these limited clinical reports, the majority pertain to
Mg-Y-RE-Zr, marketed as Magnezix®, the first commercially available magnesium-based

implant in the European market (79).

Several authors investigated the use of magnetic resonance imaging (MRI) as modality
for follow-up assessments. One argument in favor of this approach is that magnesium-
based implants produce fewer artifacts on MRI scans, which could be considered a
beneficial side effect compared to titanium implants (132). In a case series of Mg-Y-RE-
Zr fixated Chevron osteotomies in hallux valgus surgery, MRI was used for postoperative
follow-up (123). The MRI scans revealed bone marrow edema surrounding the degrading
implant, which diminished over time, although residual signals persisted even after three
years (123). Furthermore, subchondral cysts were detected with MRI. While the authors
interpreted these as osteoarthritic changes, it is plausible that they are instead a
consequence of implant degradation and previous gas release (124). These changes are
probably in accordance with findings in animal studies that reported the presence of a
corrosion layer, connective tissue (56,92), frequently accompanied by adipocytes,
numerous macrophages, and occasionally foreign-body cells (=fused macrophages)
adjacent to degrading magnesium-based implants (93). Others speak of 'new bone
formation' based on MRI studies 1 year after Mg-Y-RE-Zr screw fixation but do not provide
CT scans to endorse this finding (98). Overall, CT follow-up data on magnesium-based
implants in humans are scarce in the limited literature available. This lack of data suggests
a reluctance to report longitudinal data on bone microarchitecture changes following Mg-
Y-RE-Zr implantation. Therefore, it is valuable to examine the rare clinical follow-up CT
images provided by other researchers. The following reports focus on Mg-Y-RE-Zr
screws, the first and, for a long time, the only magnesium-based screws available for

clinical use:

Polat et al. (Turkey) (133) showed the case of a 19-year-old male treated with an Mg-Y-
RE-Zr screw for scaphoid fracture with a 4-year follow-up CT. The screw was definitely
visible on the CT after 4 years (133). Meier et al. (Germany) (132) in 2017 described a
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series of five scaphoid fractures and Mg-Y-RE-Zr screw treatment, with three patients
experiencing osteolysis and cystic changes around the implant. A CT three months after
implantation was presented illustrating the cystic changes around the clearly visible screw
(132). Of note, all fractures were healed by one year (132). Kose et al. (Turkey) (54)
presented a 2-year CT scan following medial malleolar fracture fixation with Mg-Y-RE-Zr
screws, revealing complete fracture healing, however the screws remained clearly visible
(54). May et al. (Turkey) (55) published a 1-year CT image of a 21-year-old male patient
who had M-Y-RE-Zr screws implanted at the medial malleolus. The scan showed the
screws clearly visible without significant signs of resorption (55). Leonhardt et al.
(Germany) (126) presented CT images 1 year after Mg-Y-RE-Zr screw fixation of

mandibular condyle fractures with clear screw visibility and radiolucent regions (126).

4.3.5 Advanced Imaging of ZX00

Radiographs show subcutaneous gas formations released by ZX00 degradation in 40%
(8/20) of our cases for up to six weeks (see 3.1, Table C) without causing clinical
complications or wound issues, addressing initial concerns about potential complications
(56). Other authors have reported the presence of subcutaneous gas in the soft tissue
with Mg-Y-RE-Zr screws, also without associated complications (55,79,97,99,101,134).

As previously published (118), our Patient 6 underwent surgical exposure of ZX00 screws
around 17 years after implantation at the medial malleolus. A 1-year CT scan revealed
trabecular voids surrounding the degrading screws (118). An unplanned medial malleolar
osteotomy exposed the screws at their implantation site (Fig. 6¢). This case provides key
insights into degradation after 1%z years, with macroscopic examination showing partially
degraded screws surrounded by a sclerotic layer, indicating the bone's attempt to shield
against degradation. The need to overdrill the partially resorbed screws for extraction

suggests some degree of bone-implant contact (118).

Our CT images at approximately 3% years showed 100% voids in the trabecular bone of
the medial malleolus (see 3.1, Table C). These voids appear to result from the resorption
of the ZX00 implants, creating well-circumscribed and bordered areas of resorption.
Furthermore, these voids persist in CT studies at later time points (4 years and beyond;
see Fig. 1c, and 3c-d), suggesting biological inertia after resorption is complete.
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In a subgroup of six patients, HR-CT measurements of ZX00 implantation sites, taken
between 2 and 3 years post-implantation, revealed a mean void volume of 596.2 mm?
(see 3.1, Table D). During this period, HR-CT scans showed only traces of ZX00 screws
within the voids (Fig. 1d-2d, 4d, 8d, and 14d), with one case showing no evidence of screw
remnants (Fig. 10d). These findings confirm that the ZX00 screws largely disintegrated

within 2 to 3 years after implantation.

4.3.6 Advanced Imaging after Hardware Removal

We confirm a 100% of cases with persistence of screw holes in trabecular bone after
conventional hardware removal with long-term CT follow-up (see 3.1, Table C). This
applies to both fibulo-tibial positioning screws (Fig. 1d, 4d-5d, 16d, 19-20d) and
screws/plates around the ankle (Fig. 5d, 8d-10d, 12d, 17d).

In our cohort, nine cases involved conventional fibulo-tibial screws used to transfix the
injured syndesmosis, which remained in place for six to eight weeks (see Methods). All
available CT scans (Fig. 1d, 4d-5d, 16d, 19-20d) revealed persistent screw holes in the
trabecular bone, while the cortical bone appeared fully reconstituted. This observation
raises questions about bone healing mechanisms. One possibility is that the distance
between the screw hole edges (>2 mm) hinders trabecular bone healing (25).
Alternatively, healing might occur primarily at the cortical level, with the trabecular bone

recovering by reinforcing the trabecular structures around the sclerotic screw hole (68).

In our cohort, 14 cases were treated with additional plates and screws, of which eight
(57%) had the hardware removed within 1% years after fracture surgery (see 3.1, Table
A). CT follow-ups approximately 3% years later revealed persistent sclerotic screw holes
in all six cases we could assess (Fig. 5d, 8-10d, 12d, 17d). One single screw position
seemed to be refilled with trabecular bone, with only the trajectory remaining visible (Fig.
8d). This could be due to stimulation from the screw removal process, possibly enhanced
by the patient’s young age (20 years). Overall, persistent screw holes were evident in all

other cases.
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4.4 Bone Response

What do we know from animal studies? In contrast to the findings in our human model,
animal studies have reported osteointegration of immature (juvenile) bone with the slow-
degrading magnesium-based implants WE43 (108) and ZX00 (115). Various hypotheses
emerged, suggesting a mechanism through which magnesium might stimulate bone
formation (108,135,136). It has been observed that the corrosion process releases gas
bubbles and degradation products, and a bone growth response occurs in the developing
animal (83,85). Additionally, bone regeneration subsequent to the resorption of various
magnesium-based alloys has been reported in juvenile rats (83,85). These discoveries
were specifically conducted on the shaft (cortical bone) of the femur. Mesenchymal stem
cells are found in the periosteum, endosteum, and bone marrow of long bones, where
they can be mobilized for tissue healing (137). However, the factors contributing to bone
regeneration in these juvenile animals remain unclear. It is theorized that implant corrosion
may aid bone healing by releasing beneficial ions (92,95). Alternatively, the implant’s
complete dissolution and resorption may enable cortical bone healing in immature animal.
However, this phenomenon has not been observed in the bone of mature (old) animals
(86). In ovariectomy-induced rats, which serve as an osteoporotic, aged animal model,
implantation of ZX00 pins in the tibia showed no osteointegration (86). Instead, giant voids
surrounded by sclerotic rims were observed at the implantation site, specifically in the
trabecular bone of the proximal tibia (86). While these effects were less pronounced, they
were still evident in healthy, aged rats. (86). In juvenile rats, a layer of bone apposition
was observed at the corroding ZX00 implant. The new bone was separated from the
surrounding bone by soft tissue and corrosion layer and connected to it via small bridges
(86,115). Similar findings were reported for sheep (138). In contrast, the present study on
ZX00 in humans, CT scans showed trabecular voids with dense walls. While histological
confirmation was not possible, the case with surgical exposure revealed a sclerotic cavity
(Fig. 6¢). This finding indicates an expired local inflammatory reaction that led to shielding
of the decomposing ZX00 implant (139,140). The macroscopic finding, however, did not
indicate a foreign body granuloma or extensive fibrotic tissue, as seen with polymer
implants (141-144). The reaction triggered by ZX00, which caused sclerotic
encapsulation of voids twice the initial screw volume (596.2 + 275.7 mm?), requires further
histological investigation in future studies.
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4.5 Cost-Effectiveness and Practical Considerations

All 20 patients received medial malleolar ZX00 implants, with 14 requiring additional
hardware (plates or screws) for fracture stabilization around the ankle. Of these, eight
(57%) had the conventional hardware removed, on average, 172 years post-surgery (see
3.1, Table A). Notably, no additional incisions were required for the medial malleolus, as
the ZX00 screws resorbed without complications. This resulted in a 100% reduction in the
need for medial malleolar incisions during hardware removal surgery in our cohort.
Furthermore, nine patients needed fibulo-tibial positioning screws for syndesmotic
instability, which were removed after six to eight weeks. Despite being a minor procedure,
it incurs additional costs of around EUR 1,000 in the European Union (32). If bioresorbable
ZX00 screws were used as positioning screws, priced at approximately EUR 500 each,
the total expense for two screws would be comparable to the removal costs of
conventional screws. However, the use of ZX00 screws would eliminate the need for a
second surgery, providing a cost-effective alternative by reducing patient discomfort,
surgical risks, and indirect costs such as sick leave, while easing the burden on operating

room capacity.

Speaking from our experience, the ZX00 material is notably softer in handling compared
to materials traditionally familiar to surgeons (such as surgical steel or titanium). Careful
consideration is required during screw insertion to prevent stripping of the screw head.
Instructional courses for surgeons before first time clinical application are recommended.
Additionally, it is worth noting that some surgeons have encountered challenges with
insertion and handling of Mg-Y-RE-Zr screws, citing increased friction resistance and

decreased stability during insertion compared to titanium screws (132).

It is of clinical interest to note that skin crepitation due to subcutaneous gas from the
degrading implants has been reported (125), a clinical finding that we have also observed
in our patients with ZX00 screws. Patients should be informed that this is a harmless issue
and not a serious condition. Both patients and medical personnel unfamiliar with this

phenomenon might mistakenly interpret it as cellulitis or gas gangrene.
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4.6 Limitations

A major limitation of this study is the variability in follow-up time points beyond the first
year, preventing definitive statements about ZX00 resorption timing. Although HR-CT
detected traces of ZX00 in five out of six cases, these traces were not quantified.
Osteoporosis screening was not performed before ZX00 implantation, so potential
interactions between screw resorption and osteoporosis could not be assessed, despite
evidence suggesting this alloy may not be suitable for osteoporotic bone (86). While there
is strong evidence indicating different reactions of cortical and trabecular bone to ZX00
resorption (88), our study could not definitively assess cortical bone due to anatomical
limitations at the medial malleolus. Two cases (10%) were lost: one due to loss of contact
after 3 months and one due to a second surgery after 17 months. The small sample size
precludes assessment of gender effects, and the pilot study design introduces potential
selection bias, as patients were recruited based on their willingness to participate and the

surgeons' judgment of their suitability for the intervention.
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4.7 General Outlook and Future Perspective

This study provides insights into the evolution of ZX00 screws within human bone,
featuring radiographs taken approximately 2%z years post-implantation and further details
revealed through subsequent CT scans conducted about a year later, around 3%z years
post-implantation. It confirms that ZX00 screws effectively stabilize fractures until union
and demonstrate bioresorbability. All six HR-CT scans from the 2 to 3-year interval show
near-complete to complete resorption of ZX00 screws, with only some traces, if any,
remaining. The ZX00 implant meets biocompatibility standards, with no clinical
complications, including among them infections or hypersensitivity reactions. While some
patients had subcutaneous gas formation in the first weeks after implantation, these were
incidental and not clinically significant. Radiographs at 272 years showed homogeneous
bone texture, but CT scans a year later revealed trabecular voids at all ZX00 implantation
sites (100%). Our observations do not indicate an osteogenic effect from the magnesium-
based alloy in our adult cohort (95,139). Radiographs alone may not fully assess the
extent of healing or determine if bone regeneration (restitutio ad integrum) has occurred.
The persistence of trabecular voids raises questions; however, conventional screws also
leave sclerotic holes long after removal, a phenomenon recognized since the early days
of bone implants (68,66). Biomechanically, ZX00 screw resorption occurs in a controlled
manner, maintaining stability for primary bone healing according to AO/ASIF principles
(14), with no re-fractures or complications in our cohort. Future applications for ZX00
screws may include fixation of medial malleolus fractures, as demonstrated in this study,
as well as their use as fibulo-tibial positioning screws in syndesmotic instability and as K-
wires for tension band osteosynthesis in simple olecranon fractures. When combined with
a bioresorbable wire or tape, it is possible to create a fully bioresorbable construct (145).
The feasibility of using ZX00 screws for fractures involving the growth plates (epiphyseal
plates) in children and adolescents remains a topic of future development and research
(146). Overall, this study demonstrates that ZX00 screws are a safe option for fracture
fixation in adults and are genuinely bioresorbable without clinical complications in the long

term. Furthermore, this study lays the groundwork for ZX00 imaging beyond the first year.
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