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velopment. The future of IMDs involves, among other factors, 
examining the potential role of Artificial Intelligence in their 
design, knowledge of tissue regeneration, greater efficiency in 
preventing infections and taking alternative treatments be-
yond antimicrobials, such as phage therapy. For these and oth-
er reasons, the Ramón Areces Foundation convened a series of 
experts in different fields related to prostheses and IMDs who 
answered and discussed a series of questions previously for-
mulated by the Scientific Council. The following lines are the 
written testimony of these questions and the answers to them.

Keywords: Prostheses, Implantable Medical Devices, arthroplasties, endo-
vascular devices, infection, loosening, endocarditis, materials, biomaterials, 
cost, scientific production, design, health care expenditure.

Nuevos materiales y complicaciones de las 
prótesis en humanos: situación en España

RESUMEN

Las prótesis o dispositivos médicos implantables (DMIs) 
son piezas fabricadas con materiales naturales o artificiales 
destinadas a sustituir una estructura corporal y por tanto de-
ben ser bien toleradas por los tejidos vivos. Los tipos de DMIs 
existentes y utilizables en el momento actual son muy variados 
y capaces de sustituir casi cualquier órgano humano. Un ele-
vado pero impreciso porcentaje de españoles son portadores 
de uno o más DMIs a los que con frecuencia le deben su cali-
dad de vida o su supervivencia. Los DMIs están construidos con 
tipos distintos de materiales que con frecuencia se combinan 
en una misma prótesis. Dichos materiales deben combinar su 
inocuidad para los tejidos humanos y una gran resistencia al 
desgaste. Su duración depende de muchos factores tanto del 
huésped como del tipo de prótesis, pero la gran mayoría duran 
más de 10-15 años o permanecen en funcionamiento incluso 
durante toda la vida del paciente. Los DMIs más frecuente-
mente implantados se ponen en el corazón o grandes vasos, 

Original

ABSTRACT

Prostheses or implantable medical devices (IMDs) are parts 
made of natural or artificial materials intended to replace a 
body structure and therefore must be well tolerated by living 
tissues. The types of IMDs currently available and usable are 
very varied and capable of replacing almost any human organ. 
A high but imprecise percentage of Spaniards are carriers of 
one or more IMDs to which they often owe their quality of life 
or survival. IMDs are constructed with different types of ma-
terials that are often combined in the same prosthesis. These 
materials must combine harmlessness to human tissues with 
high wear resistance. Their durability depends on many fac-
tors both on the host and the type of prosthesis, but the vast 
majority last for more than 10-15 years or remain in function 
for the lifetime of the patient. The most frequently implant-
ed IMDs are placed in the heart or great vessels, joints, den-
tal arches or breast and their most frequent complications are 
classified as non-infectious, particularly loosening or intoler-
ance, and infectious. Complications, when they occur, lead to 
a significant increase in morbidity, their repair or replacement 
multiplies the health care cost and, on occasions, can cause 
the death of the patient. The fight against IMD complications 
is currently focused on the design of new materials that are 
more resistant to wear and infection and the use of antimi-
crobial substances that are released from these materials. Their 
production requires multidisciplinary technical teams, but al-
so a willingness on the part of industry and health authorities 
that is not often found in Spain or in most European nations. 
Scientific production on prostheses and IMD in Spain is es-
timated to be less than 2% of the world total, and probably 
below what corresponds to our level of socio-economic de-
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For these reasons, the Scientific Council of the Ramón 
Areces Foundation asked itself a series of questions about the 
situation of prostheses in Spain, inviting a number of experts 
from different fields to answer them so that they could give 
the most global view possible of our situation.

At the meeting held at the Foundation Ramón Areces in 
Madrid in April 2024, aspects such as the most frequent types 
of prostheses currently in use in Spain, the materials of which 
they are composed, research into future new materials, infec-
tious and non-infectious complications, the cost to the system 
and the evolution of our scientific production on this problem 
were discussed.

The following lines collect the questions and answers that 
were produced on the situation of prostheses in humans in 
Spain.

WHAT DO WE UNDERSTAND BY PROSTHESES 
AND BIOPROSTHESES? WHAT ARE THE MAIN 
DEFINITIONS IN THIS FIELD?

According to the Real Academia Española de la Lengua 
(RAE), prosthesis is: A part or device used to replace an organ 
or a limb of the body. A piece of animal tissue used to repair 
or replace a part of the human body, such as a heart valve, is 
called a bioprosthesis.

All prostheses are made of materials that can be implant-
ed in a living organism, and it is now possible to replace almost 
all parts of the organism. Physical disability and age are closely 
linked to the need for prostheses. If during the first 10 years of 
life the need to replace damaged parts of the human body is 
very low, by the age of 60 the percentage can reach very high 
levels. 

Prostheses must necessarily be biologically compatible 
with the human body. They are used to repair or replace dam-
aged natural tissue, such as bones, heart valves, teeth or skin, 
and in the near future, organ tissues such as liver or kidneys. 
The goal of using biomaterials is to save people, improve their 
quality of life, reduce suffering and help them reach the end 
of life in a better condition. The science that deals with the 
design of prostheses and the study of the materials of which 
they are made is biomedical engineering.

Implanted prostheses can be temporary or definitive, but 
in any case, they must fulfil a specific function without caus-
ing any damage to the organism. Provisional prostheses, such 
as vascular catheters, have different construction require-
ments to those of definitive prostheses, such as hip prostheses, 
which must remain in perfect condition indefinitely.

In any case, prostheses must be biocompatible or biologi-
cally acceptable and must maintain their performance for the 
required periods of time, short in the case of provisional pros-
theses and very long in the case of definitive prostheses.

The greatest advances in the field of biomaterials have 
been made in developed countries as a result of the need to 
treat a large number of patients clinically. The increase in life 

en las articulaciones, en las arcadas dentales o en la mama y 
sus complicaciones más frecuentes se clasifican en no infec-
ciosas, particularmente el aflojamiento o intolerancia, e infec-
ciosas. Las complicaciones, cuando ocurren, suponen un signi-
ficativo aumento de la morbilidad, su reparación o sustitución 
multiplica el coste sanitario y, en ocasiones, pueden causar la 
muerte del enfermo. La lucha frente a las complicaciones de 
los DMIs se centra en la actualidad en el diseño de los mismos 
con nuevos materiales, más resistentes al desgaste y a la infec-
ción y en la utilización de sustancias antimicrobianas que se 
liberan desde dichos materiales. Su producción requiere equi-
pos multidisciplinares técnicos, pero también una disposición 
por parte de la industria y de las autoridades sanitarias que no 
se dan frecuentemente en nuestra nación ni en la mayoría de 
las naciones europeas. La producción científica sobre prótesis 
y DMIs en España se estima por debajo del 2% de la mundial 
y verosímilmente por debajo de lo que corresponde a nuestro 
nivel de desarrollo socioeconómico. El futuro de los DMIs pa-
sa, entre otros factores, por examinar el potencial papel de la 
Inteligencia Artificial en su diseño, del conocimiento de la re-
generación tisular, de una mayor eficiencia en prevenir mejor 
las infecciones y de llevar más allá de los antimicrobianos los 
tratamientos alternativos como es el caso de la fagoterapia. 
Por estas y otras razones, la Fundación Ramón Areces convocó 
a una serie de expertos en distintas materias relacionadas con 
las prótesis y DMIs que respondieron y discutieron una serie de 
preguntas formuladas previamente por el Consejo Científico. 
Las líneas que siguen son el testimonio escrito de esas pregun-
tas y de las respuestas frente a las mismas.

Palabras clave: Prótesis, Dispositivos Médicos Implantables, artroplastias, 
dispositivos endovasculares, infección, aflojamiento, endocarditis, materia-
les, biomateriales, coste, producción científica, diseño, gasto sanitario

INTRODUCTION

Prostheses or implantable medical devices (IMDs) are 
made from a variety of materials and a high proportion of 
people over the age of 60 have one or more IMDs that improve 
their quality of life or enable them to continue living.

The biomaterials industry includes organisations and com-
panies that design, manufacture, and fabricate materials that 
are used to make prostheses and there have been significant 
advances in the design of new biomaterials. At the same time, 
improvements have been made in the surgical techniques for 
implanting IMDs and in the management of their complica-
tions.

Despite all this, most of the scientific information avail-
able on IMDs is focused on very specific types of prostheses, 
such as joint or cardiac prostheses, and the orientation of the 
publications on them is very much oriented towards either the 
science of new materials or the field of medical practice. 

As far as Spain is concerned, on the other hand, some as-
pects of the use of some prostheses, the workload they gener-
ate for the health system and the expenditure related to their 
implantation and maintenance are not well known.
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each manufacturer or even the data provided by the various 
supply departments of each hospital belonging to a health sys-
tem in a given Autonomous Community.

Internationally, it is estimated that 8-10% of the Ameri-
can population and 5-6% of the inhabitants of industrialised 
countries have one or more IMDs to improve body function 
or for aesthetic reasons. In the case of cardiac implants, it is 
estimated that at least 400,000 Americans receive a cardiac 
electrostimulation implant (CIED) each year [15-17].

The most commonly used prostheses in our environment 
are valvular heart and vascular prostheses, cardiac electrostim-
ulation devices, osteo-articular, mammary, genito-urinary, 
dental, ocular, auditory, nasal prostheses and also prostheses 
for the airways and digestive tract (mainly oesophagus) (Table 
1). 

An example of a very commonly used prosthesis is dental 
implants which have become an increasingly popular treat-
ment option to replace missing teeth. Between 1999 to 2016 
in the US there has been a large increase in the prevalence of 
dental implants, from 0.7% in 1999 to 2000 to 5.7% in 2015 
to 2016. The largest absolute increase in prevalence (12.9%) 
was among those aged 65-74 years, while the largest relative 
increase was ~1,000% among those aged 55-64 years. There 
was a covariate-adjusted mean increase in dental implant 
prevalence of 14% per year.

The projected prevalence of dental implants until 2026 
ranged from 5.7% in the most conservative scenario to 23% in 
the least conservative scenario [19].

The Italian Society of Otorhinolaryngology, for example, 
has recently reviewed the discussed situation of cochlear im-
plants, their indications and limitations [20-22].

In addition, implantable biosensors to detect the presence 
of specific substances, or to monitor brain activity and systems 
to deliver drugs to specific points in the body, drug-coated 
vascular stents or nanoparticles for the treatment of different 
diseases, in particular cancer, should be considered as pros-
thetic material [23-25].

WHAT KINDS OF BIOMATERIALS ARE USED TO 
BUILD PROSTHESES?

Major advances in medicine and surgery since the sec-
ond half of the last century have led to the development of 
increasingly complex clinical devices, and in particular to the 
development of prostheses that can be implanted inside the 
human body. 

The main applications of biomaterials are manifold and 
have already been mentioned [26] (Table 1) and research in the 
field of biomaterials has grown enormously over the last fif-
ty years. However, in the field of implantable prostheses, the 
range of biomaterials used remains very similar to those that 
were first used in the last century. Two reasons for this have 
to do with the need for clinical implants to meet all the safe-
ty and efficiency requirements demanded by regulatory and 

expectancy and the obligation to ensure a high quality of life 
for citizens have been key factors in the design and construc-
tion of prostheses.

The search for possible solutions to tissue problems has 
led to a high demand for materials to replace or repair them 
artificially. On the other hand, the improvement of surgical 
techniques has led to an accelerated growth in the demand 
for prostheses, implants and medical systems and devices that 
must work in contact with body tissues [1-6].

HOW MANY SPANIARDS LIVE WITH ONE 
OR MORE PROSTHESES? HOW MANY ARE 
IMPLANTED PER YEAR?. WHAT TYPE OF 
PROSTHESES ARE WE TALKING ABOUT? DO WE 
HAVE NATIONAL REGISTRIES IN SPAIN?

It is safe to say that millions of Spaniards today live with 
one or more implantable medical devices (IMDs) and that their 
health depends to a large extent on their proper functioning. 

The distribution of the use of IMDs varies significantly 
between countries due to factors such as the availability of 
medical care, healthcare infrastructure and differences in rates 
of diseases and medical conditions. Countries with more ad-
vanced health systems tend to have a higher rate of IMDs [7].

To give just a few figures, according to the Spanish Soci-
ety of Plastic, Reconstructive and Aesthetic Surgery (SECPRE), 
around 25,000 breast augmentation surgeries are performed 
in Spain every year. This number includes both cosmetic and 
reconstructive breast implants [8].

As for joint replacements, between 30-35,000 are im-
planted each year in our country and, at European level, it is 
estimated that the incidence rate is between 50 and 1,140 
joint replacement procedures per 100,000 inhabitants/year [9]. 

In the cardiovascular field, we know that more than 
17,000 valve prostheses are implanted annually by cardiac sur-
gery or transfemoral surgery [10,11]. And if we look at car-
diac electrostimulation devices, 8,000 permanent automatic 
defibrillators and more than 40,000 pacemakers are implanted 
in Spain every year, which means an implantation rate in this 
field of around 900 units/million inhabitants/year [12,13].

In Spain there are registers of implants in almost all the 
Autonomous Communities, but there is a lack of centralised 
registers as in other countries, which would make it possible 
to extract a multitude of useful data in a very short period of 
time, with little effort and at a low cost. By way of example, 
the Spanish registry of breast prostheses (SREIM) has been op-
erating normally for several years now, and for cardiac pros-
theses, electrostimulation devices, circulatory and respiratory 
assistance devices we also have national registries [14].

In contrast, the national registry of joint replacements 
(RENAPRO), which was launched in 2019, was not as success-
ful. It should be clarified that these registers are voluntary, 
usually supplemented by the doctors who perform the im-
plants, so they may differ slightly from the data provided by 
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manufactured with common techniques (machining, extru-
sion, moulding, injection, etc.).

The types of biomaterials used in the manufacture of 
prostheses include the four major groups of materials: metals, 
polymers, ceramics and composites [24,26,29,30].

Metals are mainly used in joint prostheses, plates and 
screws for fixations in traumatology, staples, dental implants, 
etc. The types of metals most commonly used in prostheses are: 
stainless steels, always austenitic, as they allow cold working 

accreditation agencies and on the other hand that from an 
economic and production point of view, the new biomaterial, 
after passing all the tests required by the regulators, will end 
up being more competitive than the current material on the 
market [27,28]. Generally speaking, these first-generation bio-
materials that are well described by regulatory agencies meet 
characteristics such as having passed biocompatibility tests, 
being sterilisable, being stable in the long term (resistance to 
corrosion, degradation, wear, etc.), and also that they can be 

CARDIAC IMPLANTS

CA 0 IMPLANTS FOR CARDIAC STIMULATION

Include: Single-chamber pacemakers with/without remote monitoring, Single-chamber SSIR pacemakers (rate responsive), dual-chamber pacemakers with or without 
remote monitoring, pacemakers with cardiac resynchronisation therapy (rate responsive), implantable automatic defibrillators (ICDs) (single or dual-chamber), subcutaneous 
defibrillator and electrodes for cardiostimulation.

CA 1 CARDIOLOGICAL IMPLANTS 

Include: Directly implanted or self-expandable mechanical or biological valves, transcatheter aortic valves (TAVI), valvuloplasty rings, valved or non-valved conduits, synthetic 
or biological pericardial substitutes (xenologues), cardiac and vascular occluder devices, VSD closure systems, ventricular assist devices, .....

GASTROENTEROLOGICAL IMPLANTS

They include: Oesophageal stents (valved or not), duodenal, colorectal, bilio-pancreatic, rectal anal, artificial anal sphincters and percutaneous portosystemic shunts (TIPS), 
adjustable gastric bands,... 

GENITOURINARY IMDs

They include: Ureteral endoprostheses (mono or double J), prostatic endoprostheses, anti-incontinence prostheses, penile prostheses for erectile dysfunction, testicular, pelvic 
organ prolapse implants, tubal obstruction implants via hysteroscopy, ...

NERVOUS SYSTEM IMPLANTS 

They include: Shunt systems and reservoirs, single or multi-channel neurostimulators for both brain and spinal or peripheral nerve channels, electrodes

OPHTHALMOLOGIC IMPLANTS

Including: anterior and posterior chamber intraocular lenses, capsular tension rings, glaucoma surgery devices, enucleation and evisceration prostheses, paepebral implants, 
tear duct implants, …..

ENT IMPLANTS

They include: middle ear prostheses, transtympanic drainage tubes, hearing implants, phonatory prostheses, laryngeal prostheses, ...

IMPLANTABLE DRUG DELIVERY DEVICES

These include: implantable infusion pumps, subcutaneous reservoirs, implantable catheters, …

RESPIRATORY SYSTEM IMPLANTS

They include: Tracheal and bronchial prostheses, endobronchial valves, lung volume reduction devices, ... 

RESTORATIVE IMPLANTS

They include: Breast prostheses, custom-made silicone prostheses, for thoracic defects secondary to congenital malformations, trauma or disease, which cannot be 
repaired with autologous tissue, prostheses with polyurethane surface, skin expanders, implants for cranio-facial surgery, dental implants, nasal implants, auricular pinna, 
temporomandibular joint prostheses, prostheses for reconstruction of mastoid cavities, cranial plasties, meshes for containment of eventrations and hernias, ...

OSTEOARTICULAR IMPLANTS

They include: Hip, knee, shoulder, elbow, wrist, wrist, hand, other joint prostheses, spacers, vertebral body prostheses, intervertebral prostheses, fixators, intramedullary nails, ....

VASCULAR IMPLANTS

They include: Vascular substitutes, coronary stents, vena cava filters,....

DIAGNOSTIC CARDIAC IMPLANTS

They include: Implantable Holters with/without remote monitoring, for the evaluation of patients with cardiac rhythm disorders, .....

Table 1	� Summary of surgically implanted prostheses covered by the national health system. Adapted from 
Ministerio de Sanidad [18].
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(HA) being the most commonly used. Calcium phosphates, 
chemically close to the mineral phase of bone, induce bio-
logical activity when implanted into a bone substrate and 
help regenerate bone tissue or become anchored to it. They 
are low-strength and brittle materials. They are used in 
the form of porous particles or granules for fillers and in 
coatings for metal substrates. Bioactive glasses consist of 
different formulations with silicon oxide contents of over 
40% and different contents of phosphate, calcium and so-
dium ions, among others. These glasses exhibit a great ca-
pacity for chemical bonding to bone. Their fragility and low 
strength also makes it necessary to use these materials in 
granular or particulate form and they find application in 
traumatology, fracture repair, spinal fusion, craniofacial 
and maxillofacial applications. Both calcium phosphates 
and bioactive glasses are also used as reinforcement and 
bioactive phase in composite materials.

Composite materials seek to combine two or more ma-
terials with the aim that their interaction leads to resulting 
properties that enhance those of the individual constituents. 
The scope of applications is very broad, as the different com-
binations allow for optimisation of important parameters such 
as mechanical properties, biostability, biodegradation, bioac-
tivity, hydrophobicity, etc. For trauma and spinal fixation ap-
plications, bioinert combinations of carbon fibres in matrices 
of different polymers can be considered, which may include 
epoxy resins, PMMA or PP among others, as well as biodegrad-
able combinations based on HA granules or PGA or PLA fibres 
in PLA or even PGA matrices. In the case of bone cements, a 
PMMA matrix has been reinforced with HA or bioactive glass 
granules. PEEK has been combined with carbon fibres for the 
manufacture of hip prosthesis stems. For bone filling and re-
generation PLA or PGA have been combined with HA granules. 
Mixtures of natural polymers with synthetic polymers and/
or bioactive ceramics have also been used but can hardly be 
qualified as composite materials due to the lack of interaction 
between the constituent phases.

WHAT CARDIAC PROSTHESES ARE IMPLANTED IN 
SPAIN AT THE PRESENT TIME? WHAT MATERIALS 
ARE THEY MADE OF? WHAT IS THEIR AVERAGE 
LIFE SPAN?

The cardiac prostheses currently implanted in Spain are 
either mechanical or biological. There are two methods of im-
plantation: by open surgery or by catheterisation, known as 
TAVI procedure, which stands for Transcatheter Aortic Valve 
Implantation. 

According to data from the Spanish Society of Cardio-
vascular and Endovascular Surgery, 11,257 cardiac prostheses 
were surgically implanted in Spain in 2021, 70% of which con-
sisted of biological material [10]. On the other hand, according 
to the registry of the Spanish Society of Cardiology in 2022, 
6,672 TAVI procedures were performed in Spain [11]. 

In terms of materials, mechanical prostheses usually con-

and/or forging, are used in plates and screws for traumatolo-
gy, vertebral fixations and joint prostheses; cobalt-chromium 
alloys (Co-Cr) which can be used cast (melted and annealed) 
or forged, have high rigidity and mechanical strength and are 
mainly used in joint prostheses and dental prostheses; pure ti-
tanium (Ti) grade 4 which is used in dental implants and its 
alloys (especially Ti-6Al-4V containing 6% aluminium and 4% 
vanadium) which is used in joint prostheses.

Polymers have a wide range of applications due to their 
diversity and properties. A distinction is made between syn-
thetic polymers and natural polymers. Among the most com-
monly used synthetic polymers are: high-density polyethyl-
ene (PE) with good wear resistance and biostability used in 
joint replacements; polymethylmethacrylate (PMMA), a rigid, 
hard, hydrophobic, bioinert and transparent material used 
as bone cement, also in contact and intraocular lenses and 
dentures; polypropylene (PP) with high rigidity, mechanical 
strength and biostability used in non-biodegradable sutures 
and structures for heart valves; polyethyletheretherketone 
(PEEK) which has good mechanical properties, is bioinert and 
is used in orthopaedic implants and spinal implants; polyeth-
yleneterephthalate (PET) (Dacron) which has good mechani-
cal properties and is used in vascular implants, hernia repair 
and ligament reconstruction; polyurethane (PU) with elasto-
meric properties is used in tubing and catheters as well as 
in blood contact applications; polytetrafluoroethylene (PTFE) 
is hydrophobic and low strength, used in vascular implants, 
catheter coatings and heart valves; high mechanical strength 
polyamides (nylons) are used in haemodialysis membranes 
and non-resorbable sutures; polyglycolic acid (PGA) is bio-
degradable and used in drug delivery systems and resorbable 
sutures; and finally, polylactic acid (PLA) is biodegradable and 
used in drug delivery systems.

Natural polymers are mainly proteins, polysaccharides and 
polynucleotides and have the advantage of resembling biolog-
ical substances in the body and can be degraded in the body. 
At the same time, they have major disadvantages in that they 
can produce immunological, toxic and inflammatory reac-
tions. In addition, there can be variability from batch to batch. 
Among the most commonly used, often in combination with 
other materials, are collagen, elastin, alginate, chitosan, hya-
luronic acid and silk. Mention should be made of the use of 
decellularised extracellularised matrices as scaffolds for tissue 
engineering.

Ceramics and glass are rigid and brittle materials that 
find different applications depending on whether they are 
inert or bioactive. In the case of inert ceramics, the most 
commonly used materials are aluminium oxides (alumina 
Al2O3) and zirconia (zirconia ZrO2), which are used in joint 
prostheses, mainly hip prostheses (the sphere of the joint, 
although in the case of alumina the acetabulum can also 
be made of this material), and zirconia is also used in den-
tal prosthesis crowns. Both alumina and zirconia have been 
used as coatings for metal substrates. Bioactive ceram-
ics correspond to different formulations of calcium phos-
phates, with tricalcium phosphate (TCP) and hydroxyapatite 
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WHAT IS THE NUMBER AND TYPE OF 
PACEMAKERS USED IN SPAIN TODAY?

There are three types of pacemakers that are implant-
ed: conventional pacemakers (a generator that is connected 
to wires placed in the heart), pacemakers without wires (im-
planted directly in the heart) and resynchronisers/defibrillators 
that improve the contraction of the heart and give an internal 
shock if there is an episode of severe arrhythmia.

According to data from the Registry of the Spanish So-
ciety of Cardiology in 2022, 41,082 conventional pacemakers 
(866/million inhabitants) were implanted in Spain. To this must 
be added 4,604 (34/million inhabitants) resynchronisation de-
vices and 813 pacemakers without leads [13].

WHAT ARE THE MAIN NON-INFECTIOUS 
COMPLICATIONS OF PROSTHESES?

Complications of prostheses are generally classified as 
infectious and non-infectious (aseptic). In this section we will 
refer to non-infectious complications. 

In the case of prostheses for use in the locomotor appara-
tus, the work to be carried out during the patient’s lifetime is 
extremely intense. It has been estimated that the load support-
ed by the main lower limb prostheses (hip, knee) is 1 million 
cycles per year in a 70-year-old patient, and up to 5 million 
cycles per year in an active and sporty 40-50-year-old patient. 
This can lead to the implant withstanding 10 to 50 million load 
cycles of between 500 and 1,000 Newtons for a patient weigh-
ing 70 kg, and this in 10 years of implant survival. The mechan-
ical fatigue problems faced by loaded joint replacements are 
therefore enormous. Consider that an automotive wiper sys-
tem is validated by industrial quality controls for 100,000 op-
erating cycles, and here we are talking about millions of cycles. 
Together with the aggressiveness of the internal environment 
(highly oxidising, in an aqueous environment), and exposed to 
trauma and impact, to injuries and atrophy of periarticular soft 
parts (ligaments, capsule, musculature), to inflammation of 
the joint which also deteriorates the bone around the implant, 
joint prostheses fixed to the bony ends of the joint can be said 
to be in a hostile environment, which will progressively deteri-
orate their functioning.

There are different sources for defining the complications 
associated with joint replacements and, as a basis, we will refer 
to arthroplasty registries and patient series from large hospi-
tals. Different causes of prosthesis replacement due to short- 
or long-term complications have been identified, and differ-
ences are also observed between the main joint replacements 
of the lower limb, such as the hip and the knee. Due to the 
current interest and frequency of the knee prosthesis, which 
is currently 3 times more frequently implanted than the hip 
prosthesis, we will focus on non-infectious complications of 
these prostheses.

Non-infectious causes account for 60-70% of reopera-
tions for knee replacement complications in different regis-

sist of two parts: the suture ring, which is usually made of Da-
cron or Teflon, highly resistant polyester fabrics; and the struc-
ture of the prosthesis itself, which is usually made of graphite 
bombarded with carbon atoms at high temperatures. They are 
also impregnated with tungsten to make them radiopaque.

Biological prostheses are classified as follows: 

1. 	 Xenografts(made of porcine or bovine animal material): 
they are designed in two parts: a Dacron suture ring and 
the leaflets themselves, sewn to the ring and composed 
of bovine pericardium or porcine valves. TAVI and some 
surgical prostheses may have a cobalt-chromium alloy or 
nickel-titanium (Nitinol) metal framework in addition to 
the biological tissue.

2. 	 Homografts: grafts from a cadaveric donor and cold pre-
served.

3. 	 Autografts. Composed of the patient’s own biological ma-
terial.

The half-life of a prosthesis will depend on the type of 
prosthesis and other factors such as age, position (aortic, mi-
tral, tricuspid, pulmonary), associated pathology and the sta-
tistical method used to evaluate its durability.

Biological prostheses have a limited durability, undergo-
ing a degenerative process called primary structural failure. 
After 10-15 years, approximately 30% of patients have to be 
operated on again to replace them. This failure is more rapid 
in young people, in valves in mitral position and in patients 
with diseases in which calcium metabolism is altered, such 
as renal insufficiency or hyperparathyroidism. The statistical 
method used is important when estimating the durability of 
a prosthesis. The Kaplan-Meir method, the actuarial method 
and the current method are used for this estimation. The first 
two are based on a probabilistic calculation by time intervals 
and assume that patients would live indefinitely and are re-
moved from the calculation when they suffer the event un-
der study, in this case the structural failure of the prosthesis. 
The potential pitfall with these two methods is that many 
patients die during the study and are removed from the anal-
ysis without being able to accurately estimate the durabili-
ty of the prosthesis. This is known as the competing risks of 
the structural failure event and the death event. To solve this 
problem, the actuarial method with competing risks is used, 
which takes into account the two aforementioned events 
and provides a more realistic estimate of the durability of a 
prosthesis.

In general terms and depending on the patient’s age and 
other factors, it is estimated that a biological prosthesis in the 
aortic position has an average durability of 15-20 years and in 
the mitral position of 10-15 years.

Mechanical prostheses do not undergo the degenerative 
process and are designed to last a lifetime. However, they may 
require replacement due to infection (endocarditis) or throm-
bosis or perivalvular leaks. They have the disadvantage that 
patients need to take anticoagulants to prevent thrombus for-
mation.
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interactions will also affect the adhesion of proteins and oth-
er tissue or serum components and the resultant of this may 
lead to a second, no longer reversible step, which is the specific 
adhesion of microorganisms mediated by both host (fibronec-
tin and other adhesins) and host proteins [44]. From here, the 
micro-organisms will initiate the large-scale production of a 
“biofilm” or slime that will protect them from the host’s de-
fence mechanisms, as well as from other harmful agents such 
as antimicrobials, which penetrate these structures poorly and 
are often inactivated by enzymatic mechanisms. Today we al-
so know that the colonies involved in these biofilms coordi-
nate with each other through a fascinating communication 
network to work together, which has come to be known as 
quorum sensing, to control certain functions that will facili-
tate their survival, including through the selection of more 
resistant mutants [46]. It is undeniable that the nature of the 
biomaterial will influence the development of these biofilms to 
a greater or lesser extent, depending also on the microorgan-
isms attached.

HAS THE COST OF IMPLANTING PROSTHESES IN 
SPAIN BEEN ESTIMATED?

The cost of the prosthesis itself varies depending on the 
type and complexity of the device. For example, hip and knee 
replacements can have significant upfront costs, ranging from 
thousands to tens of thousands of dollars, depending on fac-
tors such as the material, brand and technology used.

In addition to the cost of the device, the expenses associ-
ated with the surgery must be considered, including staff fees, 
anaesthesia, hospitalisation and post-operative rehabilitation. 
These costs can be considerably high and must be taken in-
to account when assessing the economic impact of prosthetic 
implantation.

On the other hand, the long-term costs associated with 
maintenance and possible complications of prostheses must be 
considered. This may include surgical revisions, component re-
placements and treatment of complications such as infections 
or loosening of the prosthesis.

Finally, there is a social cost resulting from prolonged pe-
riods of inability to work, which can have a significant impact 
on the patient’s productivity and income, as well as costs asso-
ciated with social care and disability insurance.

For many patients, the implantation of a prosthesis can 
mean a significant improvement in mobility and physical func-
tion, allowing them to lead a more active life and participate 
in daily activities that were previously difficult or impossible.

Well-designed and properly implanted prostheses can re-
duce or eliminate chronic pain associated with conditions such 
as osteoarthritis, improving the patient’s overall well-being 
and quality of life.

Restoration of physical function and reduction of pain 
can have a positive impact on the patient’s mental health and 
emotional well-being, improving their self-esteem and ability 
to cope with the challenges of everyday life.

tries (Swedish Arthroplasty Registry; National Joint Registry of 
England, Wales, and Northern Ireland; Australian Orthopaedic 
Association National Joint Replacement Registry) [31]. Asep-
tic loosening predominates, followed by instability, extensor 
apparatus and patellar problems. After infection and aseptic 
loosening, other causes may combine in mechanical compli-
cations [32]. Aseptic loosening is associated with particulate 
matter from material deterioration and the resulting inflam-
matory reaction. Therefore, the temporal evolution observed 
after improvements in materials and designs leads to a de-
crease in aseptic loosening as the main non-infectious com-
plication, although it is still remarkable [33]. In contrast, other 
long-term complications such as instability and periprosthetic 
fracture, which occurs in older patients and carriers of certain 
implant types, are increasing. Joint stiffness is also increasing 
as an early complication in younger patients and in arthroplas-
ty for post-traumatic osteoarthritis [34].

Monitoring long-term complications of joint implants is 
essential to correct them, to drive improvements and innova-
tion, and to obtain the best results for, if possible, the patient’s 
entire life. 

WHAT DOES INFECTION AS A COMPLICATION 
OF PROSTHESES REPRESENT IN TERMS OF 
NUMBERS? DOES IT DEPEND ON THE MATERIALS 
OF WHICH THE PROSTHESIS IS MADE? WHAT ARE 
THE CONSEQUENCES?

Although biomaterial infections have a generally low inci-
dence (2-7% overall), their importance is paramount. Infection 
of a device is always a major complication that compromises 
its subsequent functioning, and sometimes even the life of the 
person who has received the implant, which may be essential 
for the normal functioning of an organ, such as cardiac pros-
theses, in which infection (prosthetic infective endocarditis) 
can exceed 30% mortality rate. [35]. And if we look strictly 
at the costs, they literally skyrocket when there is an infec-
tion. The cost of acquiring a joint replacement, for example, 
is around €6-7,000 in European countries [36]. The infection 
of this implant will increase the total cost of the process by 
a factor of 10 (€50,000) [37], and the same is true for elec-
trostimulation device infections, as not only does the infected 
device have to be replaced, but the resulting hospital stays will 
necessarily be lengthy [38-43]. 

In the pathogenesis of infection of a biomedical device, 
the first step is the adherence of the micro-organism to the 
device. For many decades, when talking about prosthesis-as-
sociated infections, the biomaterial was given a secondary and 
passive role, with greater importance being given to the mi-
cro-organism and the patient’s defence mechanisms. Nowa-
days, however, there are many data available that highlight the 
importance of the nature of the biomaterial, since adhesion is 
also decisively influenced by the surface and characteristics of 
the biomaterial. In fact, initial adhesion will depend on phys-
icochemical interactions such as electrostatic interactions, van 
der Waals forces or hydrophobic interactions [44,45]. These 
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most of them aim to prevent microbial adhesion and infection. 
There are two main strategies for this. The first involves surface 
coatings or treatments that kill microbes as soon as they ap-
proach the surface. The second is to prevent the accumulation 
of microbes through their repellent or antifouling properties. 

Nosocomial (hospital-acquired) infections are caused by 
bacterial colonisation of different surfaces of biomedical de-
vices and systems and can affect 4-10% of hospital admissions 
(and more than 15% in less developed countries), reaching 
sixth place among causes of death [77]. 

Biomaterials with antiinfection properties that have been 
approved by the FDA have increased in recent years, demon-
strating their clinical need. Currently the group of biomaterials 
with antibacterial properties is far superior to those with anti-
fungal properties.

The sequence of biological events that take place in the 
process of infection by microbial attack is complex and in-
cludes adsorption of proteins, adhesion of bacteria, prolifera-
tion, formation of biofilms with polysaccharide-based extracel-
lular matrix, reaction with inflammatory cells and subsequent 
inflammation and infection. All this leads to complications, im-
plant failure and, depending on the degree of infection, even 
death of the patient [77-79]. 

Antimicrobial coatings can be based either on the release 
of various antibacterial agents or on coatings that have an-
tibacterial properties themselves. The former release agents 
such as antibiotics, silver ions, antiseptics, furanones or nitric 
oxide. They are applied to the biomaterial by techniques such 
as physical adsorption, impregnation in a biodegradable poly-
mer matrix, complexation or conjugation. The latter are based 
either on polymers, which themselves have antibacterial prop-
erties, or on photoactive metal oxide nanoparticles. The first 
category includes cationic polymers with biocidal properties, 
either of natural origin such as chitosan, or of synthetic ori-
gin such as polyethyleneimine (highly cytotoxic), polyurethane 
or cationic silicones, while the second category includes metal 
oxides such as TiO2, CuO or ZnO, which generate reactive oxy-

The studies we have found on all these aspects are, how-
ever, scattered and partial [47-53]. As examples we can say 
that costs range from around $4000 to $6000 for expanda-
ble aorto-iliac prostheses [54] to figures of around £10,000 
to £30,000 for uncomplicated knee prostheses [55] 18,000 to 
€20,000 for breast reconstruction after cancer resections in 
data from Spain [56]. Table 2 provides some guidance on pros-
thesis procurement costs.

In patients with heart valve replacements, the cost-ef-
fectiveness of having the valve replaced either by TAVI or im-
plantation after open surgery in patients with severe aortic 
stenosis has been compared, with cost differences between 
the procedures ranging from $11,000 to $18,000[57]. In the 
case of mitral surgery, the episodes in which the natural mi-
tral valve can be repaired versus those in which it has to be 
replaced represent a cost difference of between 34,000 and 
55,000 € in favour of the conservative procedure in each ep-
isode [58].

WHAT IS THE CURRENT SITUATION OF 
PROSTHESES WITH NON-ADHESION MATERIALS 
AND WHAT IS THEIR FUTURE?

Antiadhesion biomaterials usually refer to materials 
whose surface has repellent properties that prevent adhesion 
or embedding of micro-organisms or cells. In general, this in-
volves modifying the surface of biomaterials with coatings or 
treatments that impart these properties. One can speak in gen-
eral terms of antifouling properties, but in many cases a spe-
cific antimicrobial action is also, or above all, sought. 

The service life of implants depends in particular on the 
rejection reaction they receive inside the human body and the 
risk of infection. Surface modification processes for biomateri-
als aim to provide solutions to these problems by altering the 
physical, chemical and biological properties of their surfaces. 

Although there are antiadhesion materials whose prima-
ry function is not antiinfective, which will be described below, 

Type of prosthesis Acquisition cost Implantation cost References

Hip 2.500-7.000 $ 15.000-40.000 $ [59, 60, 61]

Knee 3.000-9.000 $ 20.000-50.000 $ [62, 63, 64]

Elbow 5.000-15.000 $ 20.000-50.000 $ [65, 66]

Shoulder 5.000-20.000 $ 20.000-50.000 $ [67, 68]

Implantable Cardiac Electronic Devices (ICED) 2.500 $-10.000 $ 10.000-50.0000 $ [69, 70]

Heart valves 5.000-15.000 $ 50.000-150.000$ [71, 72]

Mammary 1.000-3.000 $ 5.000-20.000 $ [73]

Penis 5.000-20.000 $ 5.000-20.000 $ [74]

Hernia meshes 50-500 $ 2.000-10.000 $ [75, 76]

Table 2	� Some estimates of the cost of acquisition and implantation of various 
prostheses in different countries.



New materials and complications of prostheses in humans: situation in SpainM. Vallet-Regí, et al.

Rev Esp Quimioter 2024;37(5): 369-386 377

they undergo adsorption of serum proteins, this effect loses 
its value, so other strategies have been developed, such as the 
use of biomaterials coated with antimicrobial substances. One 
of the oldest and proven effective is polymethylmethacrylate 
(PMMA) bone cement, which can be added with antimicrobi-
als to achieve high concentrations of these drugs after elution. 
Acrylic cements were developed a long time ago, in the 60s of 
the last century, and their function is to ensure the fixation of 
the implant (usually made of metal) to the bone. On the other 
hand, they also transmit the loads that the prosthesis has to 
bear, achieve a mechanical locking in the bone interstices and 
also compensate for imperfections associated with the surgi-
cal technique. These cements were subsequently added with 
antimicrobials to reduce the risk of infection. This can be done 
manually, but there are also commercial preparations contain-
ing gentamicin, vancomycin, ciprofloxacin, and combinations 
with other antimicrobials. These preparations have demon-
strated efficacy over many years and are cost-effective when 
used in joint revision procedures (where the risk of infection is 
much higher) and in the eradication of active periprosthetic 
infection [87]. However, it should be noted that the addition 
of antimicrobials to these cements can interfere with the me-
chanical properties (mainly strength) of the material by almost 
25%. 

Interference with materials could be largely avoided by 
constructing natural polymers that are reabsorbed once their 
mission is accomplished. An example of this is tryptophan 
polymers containing antimicrobials, which have been used to 
wrap the generators of electrostimulation devices that are 
usually implanted under the subcutaneous cellular tissue of 
the pectoral region. These devices release high concentrations 
of antimicrobials in situ for several days, while degrading nat-
urally, showing a reduction in the incidence of infection of 
almost 50%, which would make their use cost-effective in pa-
tients at high risk of infection [88]. Another strategy would be 
to inject antimicrobials in the target area (e.g. a joint with an 
infected prosthesis or in the ocular vitreous humour) with a 
controlled release, such as would be obtained with their vehi-
cleisation by means of nanospheres.

However, from a microbiological point of view, the use of 
these antimicrobial-impregnated materials always involves the 
risk of resistance or even an increase in the generation of bio-
films, so it is necessary to ensure adequate release in optimal 
quantities. It has been shown, for example, that sub-inhibitory 
concentrations of certain antimicrobials can activate the ica 
gene responsible for biofilm formation in S. epidermidis [89]. 
For this reason, polymer coating strategies are also being de-
veloped with substances that have a biocidal action other than 
antimicrobials. Thus, there are designs with anti-fibronec-
tin antibodies, blocking agents of the messengers involved in 
the quorum sensing phenomenon or even components active 
against genes that regulate adhesion phenomena [90,91]. This 
opens up a hitherto unimaginable field of therapeutic possi-
bilities that will change our old patterns. On the other hand, 
we should not be overconfident without first reflecting on 
the fact that bacteria have been on Earth for many millions of 

gen species capable of damaging organic biomolecules such as 
carbohydrates, lipids, proteins or DNA [78,79]. 

On the other hand, antifouling coatings that either show 
repellent properties towards micro-organisms or affect the bi-
ofilm architecture should be considered. In the first catego-
ry are hydrophilic polymers, especially in polyethylene glycol 
(PEG), zwitterionic materials that also provide hydrophilic sur-
faces [80-82] and superhydrophobic surfaces with low surface 
energy and nanostructured surface topography. The availabil-
ity of nanotechnology tools has enabled progress in the pro-
duction of superhydrophobic surfaces with antibacterial activ-
ity [83,84]. Their clinical application does not seem immediate, 
although the successes achieved in paints and fabrics with 
superhydrophobic properties allow optimism for the future. 
In the second category are coatings based on enzymes that 
can degrade the polysaccharide-based extracellular matrix of 
the biofilm, or by inhibiting bacterial Quorum Sensing (QS), re-
sponsible for the regulation of gene expression and chemical 
signalling among the cell population, which should prevent 
biofilm formation [77-79].

As stated above, among the antiadhesion biomaterials, 
those whose function is not antiinfective but to prevent adhe-
sions between tissues should also be considered. In abdominal 
surgery, almost 80-90% of patients suffer from post-surgical 
adhesions and this is a complication that can lead to bowel 
obstruction, chronic pelvic pain, infertility or the risk of hav-
ing to operate again, and in the case of the intervertebral disc 
to paraplegia. The general strategy is to use barrier materials 
that block or prevent the connection between the surgical site 
and nearby organs or tissues. Gels, liquid solutions or films are 
used for this purpose. Anti-attachment strategies aim either to 
create physical barriers using hydrogels or films, or to create 
chemical barriers using anti-inflammatory agents, anti-co-
agulant agents or fibrinolytic agents. Natural polymers such 
as polysaccharides, gelatine, hyaluronic acid or alginate with 
short resorption times, or chitosan or carboxy methyl cellulose 
with longer resorption times, as well as biodegradable syn-
thetic polymers such as polylactic acid, polyvinyl alcohol, poly-
caprolactone or polyethylene glycol with longer degradation 
times, modulable and non-toxic, can be used for this purpose 
[85,86].

The future of non-adherent materials will be strongly 
linked to the industrial scalability of some of the technologies 
proposed, as well as the demonstration of their effectiveness 
and cost-efficiency.

TO WHAT EXTENT CAN LOCAL ANTIBIOTICS 
ATTACHED TO THE STRUCTURAL MATERIALS 
OF THE PROSTHESIS BE USED TO PREVENT 
INFECTIONS?

Work is currently underway to develop biomaterials that 
prevent the initial adherence of the micro-organisms. One 
possibility is to coat the material with hydrophilic substanc-
es (which repel bacteria) such as polyethylene oxide, but once 
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curing Parkinson’s and Alzheimer’s diseases, minimising the 
after-effects of a thrombus by neuronal repair, cell therapy 
for diabetes (only 3,000 pancreas transplants are available 
for every 35,000 potential patients), access to new carti-
lage, muscle, tendons, ligaments, intervertebral discs in 
adulthood, reversing disc degeneration in the spine, kidney 
regeneration (living without dialysis), universal repair of all 
bone fractures, spinal fusion through bone regeneration, 
new teeth.....

If all this is achieved, the panorama will undoubtedly 
change and the alternative to current prostheses will be spec-
tacular [26,92-94] (Figure 1).

WHAT IS THE FUTURE OF PHAGE THERAPY IN THE 
TREATMENT OF INFECTIONS ON PROSTHESES 
THAT CANNOT BE REMOVED AND DO NOT 
RESPOND TO ANTIBIOTICS?

When removal of biofilm and prosthetic material is not 
technically possible, antibiotics alone often fail to treat pros-
thetic infections. Bacteriophages are a possible alternative and 
complement to the use of antibiotics in these circumstances.

Bacteriophages (phages) are viruses, both DNA and RNA, 
abundant in nature, that have the ability to infect bacteria and 
can sometimes lyse them. They are harmless to humans and 
can be administered systemically or locally [95].

For a phage to be able to lyse a bacterium, it must be incor-
porated into the bacterium after binding to a surface receptor, 
be replicated by the bacterial machinery and its progeny must 
have lytic capacity against the bacterium. When the bacterium 
has been lysed by the phage, the cycle and propagation of the 
phage ceases. In contrast to lytic phages, temperate phages can 
remain quiescent as prophages and integrate into the genome. 

Phage therapy has some important limitations such as the 
specificity of phages for certain bacterial species with a very 
narrow spectrum of action, the need to obtain and maintain 
phages, and the development of resistance. Fortunately, phage 
therapy has not been associated with major adverse effects.

Phage therapy was first used in 1917 and has been a 
therapeutic weapon applied safely and effectively to thou-
sands of patients ever since [96-102], mainly in Eastern Eu-
ropean countries where access to antibiotics was not easy. 
Phage therapy has even been used as monotherapy in urinary 
tract infections, but it is usually used in association with an-
tibiotics [103]. 

The current status of phage therapy in the Western world 
is that of an experimental treatment in need of systematisa-
tion and prospective, randomised clinical trials. This treatment 
has not yet been approved by the FDA.

Phages could be particularly useful in infections on pros-
thetic material that cannot be removed, but the available 
studies very often publish only isolated cases or series with 
very small sample sizes.

The causative microorganisms most frequently treated 

years before us and that we will always be surprised by their 
ability to evolve in the face of threats, so that the fight has on-
ly just begun. However, small advances in both prevention and 
treatment will undoubtedly be cost-effective and will, above 
all, prevent much suffering. 

TO WHAT EXTENT WILL TISSUE REGENERATION BE 
AN ALTERNATIVE TO CURRENT PROSTHESES? 

Tissue regeneration aims to restore, replace and increase 
the ability of a tissue to reproduce. Different animal species 
differ markedly in their ability to recover injured tissues. Re-
generation requires significant plasticity in terms of changes 
in cell cycle, proliferation, dedifferentiation and transdifferen-
tiation.

Regeneration occurs by transformation of pre-existing 
body parts or tissues into new structures, which involves ded-
ifferentiation followed by proliferation, and requires a subse-
quent stage of differentiation into specialised cells to com-
plete tissue reconstruction. 

Regeneration mechanisms occur in the complete recovery 
of amputated limbs in salamanders, starfish, and other animal 
species, but do not occur spontaneously in humans.

However, in mammals, therefore, in humans, repair of 
some tissues such as liver regeneration, and self-regeneration 
of hair, nails, skin, mucous membranes, endometrium, blood, 
muscles, and bones does occur, achieving the reproduction of 
the original structure. 

In the absence of injury, human tissues regenerate natu-
rally, replacing aged cells with new cells. The regeneration time 
is different for each tissue; for example, uninjured skin tissue 
regenerates in two weeks while a bone takes 10 years to fully 
regenerate.

When a tissue is injured, the body responds with an emer-
gency reaction that leads to scar tissue formation rather than 
a regenerative response. The possibility of self-regeneration 
depends on the size of the injury. In the skin, wounds small-
er than 2 mm can regenerate naturally before healing occurs. 
In contrast, if wounds larger than 3 mm are to be prevented 
from healing, a bridging material must be inserted to induce 
regeneration.

In the case of bone, when the injury exceeds a certain di-
mension, a critical defect, tissue repair becomes more difficult 
or even fails to occur. In addition, with age, the regenerative 
response becomes less and less effective.

Regeneration generally describes the process by which 
lost tissue is restored through the proliferation of specialised 
cells. The aim of regenerative medicine is to regenerate pri-
marily by supplying cells, in particular stem cells that can stim-
ulate regeneration. 

Some major goals in regenerative medicine are:

Reversing and preventing paralysis, blindness or hear-
ing loss by regenerating bone marrow, optic nerve, retina, 
auditory nerve, cardiac regeneration after a heart attack, 
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dotracheal tubes or urinary catheters [108,109] and could 
potentially have a prophylactic application but information 
in this regard is still very limited and partial. 

In most cases a local strategy is used with administra-
tion of the phages at the surgical site either during surgery 
or via a catheter left in situ. Intravenous therapy has been 
used either alone or in combination with local treatment 
but experience is limited.

Neither ideal dosages nor ideal duration of phage ther-
apy have been established. In published cases the amounts 
ranged from 1x107 to 1x1011 plaque-forming units and 
the frequencies of administration varied from daily every 
8 hours to once a week. The duration of the process of 
searching for, selecting and preparing the phages for ad-
ministration lasted in the work of Suh et al. between 28 and 
386 days, which implies that it is a treatment applicable on-
ly to patients with chronic diseases, who do not respond to 
conventional treatment [104].

Before phage therapy can become a tool for common 
therapeutic use, standardisation of phage preparation pro-
cesses, systematisation of the study of their spectrum of 
antibacterial action and the creation of specific banks for 
therapeutic use are needed [110,111]. At the same time, 
standard monitoring of phage therapy in both tissues and 
blood is necessary to optimise doses and duration of treat-
ment [112].

with phages have been S. aureus, P. aeruginosa, S. epidermidis 
and others. These were almost always patients who had failed 
conventional treatments and were not candidates for radical 
surgery.

Suh et al. [104], in a prospective, open-label, non-ran-
domised study in patients with osteoarticular prosthesis infec-
tions who received combined therapy with phage and antibi-
otics, collected 23 cases that were compared to 22 historical 
controls who received antibiotics alone. The relapse rate in 
those treated with antibiotics alone was 8 times higher than in 
those receiving phages [104]. 

In another recent paper, Fedorov et al. from Russia 
publish a non-randomised, prospective, open-label, histor-
ically controlled study on the use of combined phage and 
antibiotic treatment of periprosthetic joint infection (PJI) 
in 45 adult patients with deep PJI of the hip joint, with a 
12-month follow-up after one-stage revision surgery. All 
23 patients in the study group were treated with a specific 
phage preparation and etiotropic antibiotics, while 22 pa-
tients in a retrospective comparison group received anti-
biotics only. The relapse rate of PJI in the phage group was 
4.5% and in the control group 36.4% [105].

Experience with phage therapy in patients with infec-
tions of prosthetic material other than osteoarthritic ma-
terial is even more limited and contradictory and does not 
allow for clear conclusions [106,107]. Phages can reduce 
bacterial colonisation of surfaces such as catheter tips, en-

Figure 1	 �Diagram showing how tissue engineering and cell and gene therapies will 
change the world of prosthetics today. Figure taken from Vallet-Regí [93]. 
Copyright © 2022 Vallet-Regí.
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Genome Initiative” (MGI) programme, which in May 2017 took 
the form of a workshop on “Advancing and Accelerating Ma-
terials Innovation Through the Synergistic Interaction among 
Computation, Experiment, and Theory: Opening New Frontiers”. 
It is therefore an initiative that seeks to innovate in Materials 
Science and Engineering for the development of materials in 
all industrial fields using all the tools available: modelling and 
computation, experimental tests and theoretical foundations 
[121]. It is already at the beginning of the second decade of 
the present century that seminal works appear that bet on the 
development of data libraries obtained through the evaluation 
of cellular interactions with structured surfaces/materials by 
means of nanotechnological techniques [121-123]. The possi-
bility then arises of asking what genetic responses the materi-
als induce and hence the concept of “Materionomics” appears 
[124,125], i.e. how biomaterials are involved in the different 
omics of cellular responses. The application of AI to biomateri-
als science requires, as mentioned above, databases that comply 
with the FAIR principles, and in recent years these have become 
available in the fields of Materials, Biology and different fields of 
Health Sciences. The concept of “Biomaterialomics” has recently 
appeared [125] which aims to cover all the above aspects and 
lay the foundations for the design and development of new bi-
omaterials using AI. In other words, it is about integrating com-
putational tools such as AI or ML, large and different databases, 
and experimental techniques and tests with the aim of exploring 
and combining basic elements of materials to discover, design 
and develop new biomaterials aimed at obtaining clinical prod-
ucts or devices. We are still at the beginning of a new paradigm 
in innovation in the field of Biomaterials [126,127]. It seems that 
the more holistic vision generated by the “virtual twin” will allow 
the properties of the biomaterial to be adjusted, so that it can 
perform or induce the repair, replacement, integration or regen-
eration functions for which the biomaterial is used [128,129].

IS THERE A NATIONAL INDUSTRY PRODUCING 
COMPETITIVE PROSTHESES? IS THE DESIGN OF 
PROSTHESES ONLY WITHIN THE REACH OF LARGE 
MULTINATIONALS?

Although there are several national companies producing 
successful prostheses, the bulk of joint implants come from 
the USA and other EU countries. The combination of new ideas 
in joint replacement design, materials that make a difference, 
and systematic basic and clinical research are the ingredients 
that encourage innovation in joint replacement. Such a com-
bination of factors, in the highly regulated and competitive 
environment that surrounds us, does not facilitate the emer-
gence of new products that are commercially successful [130]. 
New ideas arise from collaboration between surgeons and en-
gineers, scientists and manufacturers, which is not often the 
case in our country. 

The demand for joint replacements continues to grow, 
due to the success of the technique and the ageing popula-
tion, which is seeking to prolong its active life. The European 
market currently accounts for 20-25% of the world market, 

HOW CAN ARTIFICIAL INTELLIGENCE HELP IN THE 
DESIGN OF PROSTHESES?

Artificial intelligence (AI) is a branch of computer science 
that aims to create intelligent machines capable of performing 
tasks that require human intelligence. It is through the use of 
computer algorithms that AI enables the analysis, understand-
ing and interpretation of complex data sets and from this to 
learn from experience and make predictions or decisions. AI 
is completely transforming economic, industrial and cultural 
sectors. Machine learning (ML) is an AI discipline that uses al-
gorithms to train a machine to identify common patterns in 
large amounts of data in order to make predictions and de-
cisions. Although from a definitional point of view the differ-
ences seem clear, when looking at how AI and ML are applied 
in the literature related to Biomaterials and Bioengineering in 
general, the differences are not so clear-cut in terms of the 
algorithms and computational models used. 

As in other sectors, AI and ML are penetrating all areas of 
the life sciences. In fields such as diagnostic imaging, pharma-
cology or medicine/healthcare, experience is already well ad-
vanced and with tangible successes. In the field of prosthetics, 
apart from exo-implants, there is an abundance of literature 
on dental implants and orthopaedic implants [113]. The pos-
sibility of carrying out these predictive and design studies is 
due to the existence of both reliable databases and published 
works in which both the stress distribution in prostheses and 
their micro-movements have been calculated by means of fi-
nite element models. Therefore, it seems plausible to state that 
the application of AI can be of great help in finding virtual 
models of prostheses that can then be transformed into real, 
clinically usable implants. 

In the cardiovascular field, AI also plays an important role 
in the field of imaging or in the planning of different inter-
ventions [114,115]. There are also studies for the development 
and manufacture of prostheses [116-118], although to a lesser 
extent than in the dental and orthopaedic fields. Without at-
tempting an exhaustive review, it is also possible to find con-
tributions in other clinical fields such as the design of a bionic 
eye [119]. 

The future of the use of AI in the design of prosthetics in 
general and biomaterials in particular is closely linked to the 
existence of reliable and accessible databases. There are an 
increasing number of materials or biological databases that 
comply with the FAIR (Findable, Accessible, Interoperable, and 
Reusable) principles of Open Science [120]. 

The development of new biomaterials that contribute to 
more effective and efficient implants has come about through 
trial and error. ML and AI are tools that can enable more holistic 
views of the material’s working conditions, i.e. take into account 
the complexity of its environment, and eventually produce a 
“virtual twin” of the target material. This reduces the time-con-
suming and costly sequence of tests that could eventually lead 
to the specification of the desired material. In the field of ma-
terials, the US government announced in 2011 its “Materials 
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production on this subject has followed a growing trend. The 
introduction of the word Spain in any field reduces the figure 
to 7,368 documents, which represents 1.77% of this produc-
tion.

If the search is done by the term Prosthe* in the title field, 
PubMed lists 58,514 total documents which when adding the 
term Spain in any field is reduced to 1,073 representing 1.83%.

In an attempt to compare our scientific production with 
that of other developed nations, both in the European Union 
and the United States of America, we have shown in Figure 2 
the evolution of the scientific production of some countries of 
the European Union and the United States of America. It can 
be seen that the scientific output of the 5 largest nations of 
the European Union has evolved very much in parallel over the 
last half century.
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