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     Foreword 

   The authors of this book are outstanding experts on implant-associated complica-
tions. This has quali fi ed them to write a well-structured and singularly interesting 
contribution on the subject. 

 To begin with, the history of implants is reviewed and the biomaterials used for 
them are described. This leads on to a special section devoted to the in fl uence of 
wear particles on the local and systemic immune system emphasizing that for metal-
on-metal articulations, for example, the effects on the entire body need to be consid-
ered over and above local responses like corrosion particles and lymphocyte 
in fi ltration. These are, no doubt, less dramatic with ceramic-on-ceramic articula-
tions than with cross-link articulations. However, the ultimate effects of the cross-
link particles generated are, for instance, not yet predictable. 

 The differential diagnosis of septic and aseptic complications and the entire bat-
tery of microbiologic tests are given extensive attention. All diagnostic approaches 
including histology, cytology, microbiologic sampling, and microbial spectra as 
well as newest state-of-the-art modalities like molecular biology tests are described 
and discussed at great length. Based on these diagnostic tests, the most recent 
insights into antibiotic medication, dosage, and adverse events are addressed. 
Interactions between bacteria and biomaterials and those between implant materials 
and peri-implant tissues in both septic and aseptic complications are also reviewed 
and more sophisticated diagnostic modalities like imaging techniques including iso-
tope studies are described. 

 All of these subjects make the reader aware of the complexity of the problem and 
the potential of diagnostic studies. In a similar approach, potential treatments are 
described and an easily comprehensible algorithm associating diagnosis and treat-
ment is de fi ned. This should guarantee optimal function achieved with the most 
effective therapeutic modalities in terms of permanent infection control. The use of 
bone grafts and bone substitutes in one- or two-stage procedures for infected hip 
implants is also addressed. 



vi Foreword

 Arranged in clearly structured sections, this book thus offers helpful guidelines 
for diagnosing and treating implant-associated problems. The different aspects of 
the problem are given equal weight so that the reader can expect a well laid out, 
wide-range and – more important still – user-friendly practical guide to decision-
making. 

 Karl Zweimuller                
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  Keywords   Processes  •  Errors  •  Controlling           

 With the advent of low-friction total hip replacements in the 1960s, total joint 
replacements (TJR) have become predictable and reliable procedures. Although 
infections have been present throughout the history of TJR the major focus of devel-
opment, in the  fi eld was concentrated on improvements in the design and the materi-
als of implants. Despite the fact that prosthetic joint infections (PJI) have been, 
since the early days of the alloarthroplasty era, a main area concern for both ortho-
pedic surgeons and patients the prevention and treatment of such infections was 
never the primary focus of scienti fi c research. era    (Fig.  1.1 ).  

 Surgeons had (and still have) the tendency to hide the problem or to inadver-
tently misdiagnose the condition until the development of purulent discharge that 
can not be ignored or misinterpreted. Dif fi cult and disappointing treatment as well 
as frequent and frustrating communication with the affected patients and their 
relatives, led to the tendency for the treating surgeon to provide treatment even if 
he was not actually interested in it and did not have the appropriate experience to 
administer it, not to mention, the team, and knowledge (and general support). 

 As a result the problem was traditionally solved radically by removal of the 
implant and radical debridement accompanied by the predictable control of sepsis 
even in cases of suboptimal antibiotic support. Although the infection was brought 
under control, the patient was frequently left with no joint and limited function. 
The issue and the timing of reimplantation become a matter for discussion between 
the treating surgeon and the patient based on historical practice in the hospital. 

 Over time, this issue has improved but not suf fi ciently. Making matters more 
dif fi cult, the condition is generally treated by low volume surgeons who, because of 
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their limited experience and knowledge, tend to cause proportionately more compli-
cations in joint replacement procedures, as the incidence of infection is highly cor-
related to the surgical volume of both surgeon and hospital. 

 There are nearly no randomized studies in this  fi eld, and strong unequivocal evidence 
is being gathered very slowly. Only a few centers have adopted any consistency in terms 
of diagnostic and therapeutic processes involved. Comparisons are thus very dif fi cult. 

 During the period of rapid industrialization, the process of industrial quality control 
developed with the aim to identify mistakes and remove defective products to decrease 
costs and to improve performances and customers’ satisfaction. The consistent analyses 
of defective products provided a basis for introducing corrective measures to improve 
quality. The introduction and implementation of standards (such as ISO) was relatively 
slow and costly, but the improvements have been substantial. 

 Contemporary industrial standards are based on preventive measures. The insti-
tutions adopt strictly de fi ned measures including meticulous analysis of the incom-
ing products (subjects), activities, and potential risks, which can affect the quality of 
the product or the service. 

 In medicine, we lag far behind industry in this respect. All doctors occasionally 
make terrible mistakes  [  1,   2  ] , but it is the lack of institutionalized preventive processes 
and  measures that allow the repetition of errors and malfeasance within a hospital. The 
complexity of biological processes in medicine has provided excuse for avoiding the 
standardization of our procedures. One of the  fi rst radical improvements in process 
control in medicine was achieved by anesthesiologists who in the 1990s implemented 

  Fig. 1.1    Pain (By Dr. 
Silvester Fonda, Orthopedic 
Hospital, Valdoltra, Slovenia)       
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 regulations in their working processes, which resulted in dramatic improvements of the 
safety of their work  [  3,   4  ] . The medical community found it dif fi cult to accept the 
implementation of these processes, but the results have been outstanding and in the end 
were appreciated by all those involved. 

 In recent years, changes have been under way to implement standards in hospi-
tals similar to those implemented by industry decades ago. Some hospitals have 
succeeded controlling many processes, particularly those not directly involving 
medicine, but the standardization of the pure medical  fi eld is still relatively undevel-
oped in large part because of the variety views that doctors have on what is correct, 
appropriate, and acceptable and what is not. 

 There have always been studies in medicine that enabled us to accumulate a great 
deal of knowledge, and yet the appropriate and widespread implementation of that 
knowledge within real clinical setting has not been successful. In recent years, due to 
the increased expectations of patients and insurance providers, there has been a 
 movement to institute quality control even in the dif fi cult and variable  fi eld of clinical 
work in order to improve results and reduce mistakes. By making use of precise 
de fi nitions of processes that govern treatment, identifying and focusing on potential 
risks, analyzing of protocol deviations, medicine, similarly to industry, can augment 
the safety of the patients and improve treatment outcomes. The downside is increased 
administration and work burden for medical personnel, especially doctors. 

 Total joint arthroplasty surgery has just exited the exponential growth period and 
is entering a steady phase. In the developing world, and to a certain extent even in 
the West, projections still show considerable growth in this important orthopedic 
 fi eld. The problem of PJI, which causes much suffering, distress, and considerable 
costa, is thus becoming even more pressing. 

 The concept of this book is to objectively present the basic knowledge regarding 
microprocesses that are involved in the evolution of a PJI, to present the current clini-
cal evidence regarding established treatment options, and, based on this presentation 
to comprehensively de fi ne appropriate procedures for diagnostic evaluation and 
patient allocation to de fi ned treatment options and  fi nally to describe the speci fi c treat-
ment protocols involved. 

 It is our goal to contribute to the efforts to establish standards of treatment for PJI. 
Only when we are able to set a standpoint it will it be possible to study the variations that 
will eventually lead to substantial improvements in treatment.     

   References 

   1.    Brennan TA, et al. Incidence of adverse events and negligence in hospitalized patients: results 
of Harvard Medical Practice study I. N Eng J Med. 1991;324:370–6.  

   2.    Localio AR, et al. Relation between malpractice claims and adverse events due to negligence: 
results of Harvard Medical Practice Study III. N Eng J Med. 1991;325:245–51.  

   3.    Cooper JB, et al. Preventable anesthesia mishaps: a study of human factors. Anesthesiology. 
1978;49:399–406.  

   4.    Pierce EC, et al. The 34th Rovenstine Lecture: 40 years behind the mask – safety revisited. 
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  Abstract   Joint diseases have troubled people since the ancient times. Many devoted 
surgeons have introduced numerous surgical techniques and  important progress 
was made in the development of materials and implant designs. Prosthetic joint 
infections were the main reason for poor success of the early implants.  

  Keywords   Arti fi cial joints  •  History  •  Development  •  Surgeons           

 Joint diseases, their wear in particular, and bone fractures have troubled people 
since the ancient times, as proved by numerous excavations from different time 
periods  [  1–  3  ] . Even Hippocrates in his texts considered sprains and fractures sepa-
rately. From the ancient times until present days, many different and innovative 
attempts of bone disease treatments have been invented with many successes as well 
as terrible failures  [  4  ] . 

 The history of arti fi cial joints and internal  fi xation of fractures is already very 
long and infections, were present from the very beginnings. Already the  fi rst doc-
umented arti fi cial joint had to be removed because of this complication. 
Historically, infections were the most common cause of failure and very fre-
quently fatal. They represented the main obstacle in the widespread development 
of bone surgery  [  5  ] . 

 In London in 1822 Anthony White (1782–1849) from Westminster Hospital per-
formed the  fi rst excision joint arthroplasty  [  6  ] . The  fi rst surgical principles and tech-
niques for bone fracture treatment developed in the eighteenth and nineteenth century. 
The  fi rst  fi xation plate was made by Hansmann from Hamburg in 1886. In the early 
times very cumbersome instruments were used for fracture stabilization, and usually, 
highly unstable osteosynthesis followed open reduction of the fracture  [  7  ] . 

 Arti fi cial joints appeared during this period, too. They were fully unsuccessful in 
almost all cases, mainly due to septic complications. Professor Themistocles Glück 
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(1853–1942) from Berlin implanted the  fi rst arti fi cial knee in 1890 and manufactured 
and implanted the  fi rst arti fi cial hip in 1891 as well. The ivory head was  fi xed to the 
bone with a nickel plate and screws  [  8  ] . He is also credited for introducing the term 
arthroplasty in 1902. In 1893 the French surgeon Pean implanted the  fi rst arti fi cial 
shoulder joint. The implant, made of natural, biological materials, lasted for 2 years 
which is almost incredible  [  9  ] . 

 Before Charnley’s “low-friction arthroplasty,” hip implants were predominat-
ing, and most of the development was also concerning the hips. Typically the 
implants were used as an interposition arthroplasty and made from various mate-
rials with unpredictable results. The pioneer of these surgical procedures was 
renowned American surgeon of Norwegian origins, Marius Smith Petersen 
(1886–1953). With the introduction of Vitallium ®  interposition implant 
(Co-Cr-Mo alloy), he achieved the  fi rst predictable and lasting results of this 
type of surgery  [  10  ] . 

 In this period surgeons experimented with real bone-joint replacements from 
various materials. The acrylic implant from brothers Robert (1901–1980) and Jean 
(1905–1995) Judet from Paris achieved the greatest popularity. It was introduced in 
1948. This implant holds the current world record in the implant in vivo durability 
– 51 years  [  11  ]  (Fig   .  2.1 ).  

 Arti fi cial knees were developed in the same period but they were less successful 
if compared to hip implants. The reason for the inferior results was probably not in 
the implants but resulted from inadequate surgical technique. Contemporary prin-
ciples of mechanical axis balance and the importance of joint stability evolved only 
in the mid-1980s. Following the example of Smith-Petersen, Boyd introduced 
Vitallium (Co-Cr alloy) femoral coating. Similar implants for femoral and tibial part 
were tested also by others, including Smith Petersen, but without success  [  12  ] . In 
1957 Walldius published his comparison of hinge knee endoprostheses and resec-
tion arthroplasties (Fig.  2.2 ). Good results of the hinged knee implant opened a new 
era of total knee replacements, which prevailed for the next 30 years, in some cen-
ters almost to the present days. The study was a landmark for another reason. It was 

  Fig. 2.1    The explanted Judet 
acrylic hemi hip arthroplasty 
51 years after implantation       
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the  fi rst one with pain as the indication for the implantation of an arti fi cial joint  [  13  ] . 
Until then, limited range of movements was virtually the only  appropriate 
indication.  

 Following the example of J. Charnleya, in Wrightington Hospital Gunston was 
the  fi rst to used polyethylene against metal in his knee replacement which  represented 
the predecessor of the contemporary condylar type of knee replacements  [  14  ] . 
Gunston devoted considerable attention to the kinematics of the knee but neglected 
ef fi cient  fi xation, which made his implant unsuccessful. 

 Only in 1974, following the example of Freeman’s implants (Fig.  2.3 ), Insall 
introduced the  fi rst successful total condylar knee replacement and developed a 
surgical technique that was indispensable for this type of knee replacement to func-
tion effectively  [  15  ] .  

 In the same fashion, implants for other joints were developed. These are, how-
ever, much less frequently used today, although the incidence is increasing, 
 especially for the shoulders. 

 Further development of the implants was based on the introduction of new mate-
rials, different ways of  fi xation, advances in implant design, properties and coatings, 
and new, less invasive surgical techniques  [  16  ] . Today the list of materials used for 
production of arti fi cial joints is very extensive.     

  Fig. 2.2    X-ray of a failed 
early hinged total knee 
replacement 25 years after 
implantation       
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  Abstract   Prosthetic joint infection is by de fi nition a disease determined by the 
presence of a foreign body. Since the materials used for joint implants vary consid-
erably, it is important to have a basic knowledge of the characteristics of the materi-
als used in joint replacement technologies. An overview of the biomaterials and 
their characteristics is presented in this chapter, focusing on the features important 
for infection development. Orthopedic metals, ceramics, and polymers are described 
in some detail as well as novel approaches to functionalize the surfaces to prevent 
bacterial colonization and subsequent infection.  

  Keywords   Metals  •  Polymers  •  Corrosion  •  Mechanical proprieties      

    3.1   Introduction 

 Biomaterials are substances used for medical applications in the human body. Their 
use is increasing rapidly. In the developed world nearly every aged person was car-
rying some sort of device during the life span. The biomaterial market is valued as 
more than $300 billion US Dollars and increasing by 20 % per year  [  4  ] . 

 Biomaterials have many limitations. They must satisfy biofunctionality and 
 biocompatibility requirements. The real and potential hazards must be acceptable 
and in line with the purpose. The production and handling are strongly regulated 
with special emphasis on the proprieties, production, testing requirements, toxicity, 
sterilization, traceability, and others. The core standards that regulate biomaterials 
have been published in EN ISO 10993 series, which includes many criteria. 

 According to their chemical composition, biomaterials can be classi fi ed as metals, 
ceramics, polymers, composites, and substances from biological origin. According 
to the host reaction, the biomaterials are:
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    Biotolerant , like bone cement. These biomaterials are in the body usually cov-
ered with a  fi brous membrane.  
   Bioinert , which can in certain conditions form direct chemical bonds with 
 tissues, like Ti and Al oxides.  
   Bioactive , which directly incorporate in the bones hydroxyapatite or bioglass.  
   Bioresorbable , which undergo partial (Ca phosphate) or full (polyglycolides) 
resorption.    

 According to surface reactivity biomaterials can be divided as:

    1.    Almost inert – smooth surface  
    2.    Almost inert – porous surface  
    3.    Those having chemically reactive surfaces  
    4.    Bioresorbable materials     

 Metallic joint implants belong to group one or two depending on the surface  fi nish. 
Mostly they become covered with a  fi brous membrane that represents a result of the 
foreign body reaction to metal. The material is in this case considered biotolerant. 
Metals can be bioinert, too. Especially titanium and its oxides can make bonds to 
bone in appropriate conditions. Surface reactive materials directly bind to bone. The 
examples are bioglasses and hydroxyapatite. 

 In bone surgery  [  8  ]  the most important biomaterials are metals, ceramics poly-
mers, and, to a smaller extent, other materials. Among the metals, surgical steel, Co 
and Cr alloys, commercially pure titanium (CPT), Ti alloys, aluminium, and tanta-
lum alloys prevail. Silver, and other noble metals are rarely adopted. 

 The features that are important for their applications include biocompatibility, elas-
ticity, toughness, fatigue resistance, corrosion resistance  [  21  ] , and allergic diathesis.  

    3.2   Metals for Joint Replacements 

  Surgical steel  (AISI 316 L) is an alloy of steel, carbon, and at least 11 % of chrome. 
Chrome on the surface forms the durable passive oxide layer that protects the  surface 
against corrosion. Although the corrosion resistance of surgical steel is high, other 
materials like cobalt or titanium alloys perform better in this term. Being relatively 
sensitive to pit and crevice corrosion steel should not have a porous coating. 
Anticorrosive properties of steel may be further improved by the addition of nickel 
and molybdenum. Nickel also stabilizes the austenitic organization of the material 
which is responsible for nonmagnetic nature of the material that allows for magnetic 
resonance imaging. Stainless steel is in use already for a long time, and today it is 
mainly used for the implants that are intended to be subsequently removed, although 
the organism tolerates well the metal ions that are slowly released from the material. 
Good fatigue resistance of 350/400 MPa/10 7  walking cycles makes it lasting 
inde fi nitely. Adverse conditions with improper design, material defects, and corro-
sion resulted in occasional failure (Fig   . 23.5). With the elastic modulus of 200 GPa, 
it is approximately ten times stiffer than bone. Fixation of steel with bone cement, 
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which serves for stress distribution, reduces the stress-shielding effect due to much 
lower elastic modulus of bone cement.   

  Co and Cr alloys (like CoCr29Mo5, F-75)  usually contain 30–60 % Co and 
20–30 % Cr, and the rest is mainly Mo and sometimes Ni. They are the most fre-
quently used materials for arthroplasty components for  fi xation with cement. 
Fixation with cement is necessary due to its low elastic modulus of 200–300 GPa 
(10–15 times stiffer than diaphyseal bone). As in surgical steel, cement serves for 
stress distribution and reduction of stress-shielding effect. Due to the formation of 
a passive layer of Cr oxides  [  21  ] , on their surface these alloys are very resistant 
to corrosion. High resistance of these alloys also to galvanic corrosion makes it 
 possible to combine Co and Ti alloy components. 

  Titanium (commercially pure titanium) and its alloys (mainly TiAl  
 6 
  V  

 4 
  , rarely 

TiZr  
 13 

  Nb  
 13, 

   and others)  have better corrosion resistance than steel- or cobalt-based 
alloys. Ti oxide that forms on the surface provides the passive protection layer 
against corrosion. In case this passive surface is abraded; the surface is spontane-
ously repassivated. Ti oxides accumulated around the implant in abrasion conditions 
stain the tissues black (metallosis). Aluminium has been associated with osteomala-
cia and dementia. Ti alloys contain aluminium that is uniformly distributed and does 
not accumulate on surface. There are no reports of dementia or osteomalacia linked 
to the use of aluminum containing Ti alloys. Excellent corrosion resistance allows 
the use of porous surface (pore size, e.g., 50–400  m m, pore interconnectivity, 
e.g., 75–150  m m), which facilitates biological ingrowth (Fig.  3.1 ). 

  Fig. 3.1    Bone ongrowth on 
CPT Allofi t cementless cup 
removed for infection       
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 Ti and its alloys are the most frequently used material for cementless application 
because of their lower elastic modulus (110 GPa) that matches more closely that of 
the bone, high fatigue resistance (500–650 MPa at 10 7  cycles), and osteoconductive 
proprieties. These alloys are very tough, corrosion resistant, and biocompatible. 
They are not applicable for cemented applications in circumstances where micro-
motions are considerable, because of the deleterious tribocorrosive phenomena that 
may happen in these occasions  [  8,   9  ] . 

    3.2.1   Corrosion and Infections 

 Gradual degradation of metals that occurs in electrolytic solutions like body 
 fl uids due to the electrolytic attack represents corrosion. All metals are subject to 
corrosion, although to a different extent. Different types of corrosion occur 
in vivo. Crevice corrosion occurs between two closely approximated metal 
 surfaces (like head-neck taper junction) with  fl uid in between. The lack of oxy-
gen in this microenvironment impairs the protective passive oxide surface layer, 
accelerating the corrosion process (Fig.  3.2 ). Pitting corrosion is guided by the 

  Fig. 3.2    Revision Ti alloy cementless stem failed due to crevice corrosion. Radiography showing 
the implant after breakage and after revision through a transfemoral approach       
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same principles. Galvanic corrosion results from different electrochemical poten-
tials between two metals  [  21  ] . Corrosion products alter the chemical environment 
around the joint implants and may have negative in fl uence on the local innate 
and adaptive immune capability. The possible consequence is the increased inci-
dence of infections in metal-on-metal (MOM)  [  9  ]  total hip arthroplasty where cor-
rosion of metal micro-and nanoscale debris with extremely large total surface area 
produces increased amounts of toxic corrosion products (Chap. 13).      

    3.3   Polymers 

 Among the polymers by far, the most successfully and frequently encountered 
in total joint replacement is polyethylene (PE). Te fl on  [  3  ]  and polyacetal  [  20  ]  
were used as well, but rather unsuccessfully. Ziegler in Natta received a Nobel 
Prize award in the 1963 for the invention of the polymerization of ethylene  [  17  ] . 
There are many types of PE on the market. In the recent past the most employed 
was the ultra-high molecular weight PE (UHMWPE), with acceptable tribologi-
cal features. Wear with particulate debris formation, resulting in development of 
osteolyses and resultant loosening, presented an important drawback  [  22  ] . 

 UHMWPE is formed from simple carbon backbone chain with hydrogen atoms 
attached. It is a homopolymer of ethylene gas (C 

2
 H 

4
 ) with large number of units and 

an average molecular weight of 3.5–6 × 10 6  g/mol   . As the length of the molecule 
increases, branching and complexity increase as well. Higher density is associated 
with lower wear. Its mechanical characteristics (impact resistance, ductility, and 
toughness), wear resistance, and oxidative degradation resistance make it an excel-
lent material for use in joint replacements. 

 Native UHMWPE is supplied in the form of a resin. Today two resins known as 
GUR ( G ranular,  U HMWPE,  R hurchemie) 1020 and 1050 predominate, but others 
are in use as well (GUR 1120 and 1150). If the  fi rst number of the code is 1, it indi-
cates that the PE is designated for orthopedic devices. The second speci fi es the 
presence (1) or absence (0) of Ca stearate, the third (2 or 5) stands for molecular 
weight either 2 × 10 6  g/mol or 5 × 10 6  g/mol   , and the fourth digit (0) is internal 
Hoechst (the company that used to produce PE) code  [  11  ] . 

 GUR resins are successors of the resin that was used by Sir J. Charnley in the 
1960s. With the implementation of PE cup and surgical steel (EN 58J) stem, Charnley 
set the fundamentals for the modern joint arthroplasty era  [  1  ] . The survivorship of 
this implant was hardly surpassed. 

 Advanced PE treated with gamma or beta irradiation to increase cross-linking 
and consecutive wear resistance are mostly in use today. Already in the 1970s 
Oonishi introduced irradiated polyethylene cups to reduce particulate wear debris 
and subsequent osteolyses. Contemporary heat-treated cross-linked PE (XLPE) 
was introduced late in the 1990s  [  13  ] . To produce XLPE, standard UHMWPE 
(GUR 1020 or 1050) is irradiated with beta or gamma rays. The irradiation splits 
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the long PE chains, generating free radicals that combine among themselves and 
produce cross-linking covalent bonds between long PE molecules. The resulting 
material is more wear resistant but very prone to oxidation due to residual free 
radicals locked within the material. To improve oxidative stability various postir-
radiation processes are applied, including annealing or remelting. With anneal-
ing the irradiated PE is heated below the melting point. The number of free 
radicals is greatly reduced, but they are not fully annihilated. The advantage of 
the annealed material is that the mechanical proprieties are retained, but oxida-
tive stability is not perfect. Remelted material has no residual free radicals 
because all of them combine among themselves, but the mechanical proprieties 
are considerably reduced. The remelted XLPE is more brittle  [  15  ] . Novel strate-
gies are being developed to eliminate free radicals but retaining the mechanical 
proprieties. Vitamin E doping of the resin and sequential annealing are among 
the most promising  [  15  ] . In general XLPE has shown excellent results with only 
a few concerns  [  15  ] .  

    3.4   Ceramics 

 Ceramics have been introduced in the hip arthroplasty surgery in the early 1970s 
 [  2  ] . The material has been gradually improved after the introduction of ISO 
6474 standard  [  7  ] , especially the structural density that has nowadays reached 
near theoretical values with 3.98 g/cm 3  and the grain size below 2  m m. The 
improvements have been achieved in the level of impurities and surface  fi nish. 
Currently third-generation alumina is produced using modern technologies such 
as clean room processing, hot isostatic pressing subsequent to sintering, laser 
engraving instead of mechanical engraving, proof testing, and total quality 
 management  [  23  ] . 

 There are two types of ceramics, alumina (Al 
2
 O 

3
 ) and zirconia (Zr 

2
 O 

3
 ). 

Contemporary alumina ceramics have shown excellent wear resistance and excel-
lent survivorship curves with the only major drawback being ceramic components 
fractures  [  16  ] . The incidence of this complication is decreasing, and the reported 
rate was 0.16 % in 2006  [  14  ] . Especially in Asian population in some recent papers, 
authors reported that the fracture incidence reached even >3 %  [  5,   15  ] . Zirconia 
ceramics has been abandoned because of high failure rates related to the in vivo 
phase transformation issue and consequent high wear. Recently composite high-
performance ceramic material (Biolox Delta ®  – zirconia toughened alumina [ZTA]) 
has been introduced with improved mechanical proprieties and fracture resistance 
(ISO 6474-2). It is composted from high-purity alumina (80 %) and reinforcing 
 elements like zirconia (17 %) strontium aluminate (3 %) and some other minor con-
stituents like Cr and Yt. Chromium is included to increase hardness (it is also 
responsible for the pink color), and small amount of Yttrium (Y 

2
 O 

3
 ), to partly stabi-

lize zirconia  [  10  ] .  
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    3.5   Antibacterial Coatings 

 Conventional    systemic drug delivery has many shortcomings like potential systemic 
toxicity and the need for hospitalization and monitoring of serum drug levels, not to 
mention other problems discussed in detail in Appendix A. Local delivery of antibi-
otics and other bioactive molecules maximizes their effect where needed the most 
and concomitantly reduces the potential for side effects and other application-related 
disadvantages. 

 The presence of an implant decreases the minimal infecting dose of  Staphylococcus 
aureus  up 100,000-fold  [  24  ] . If bacterial adhesion is faster than host tissue regenera-
tion, host defenses are unable to remove bacteria from the surface, and a device-related 
infection occurs and persists under the protection of bio fi lm layer. Preventing bacterial 
adhesion is thus crucial to prevent implant-associated infection because mature bio fi lm 
is dif fi cult to destroy and remove both for the immune system and antibiotics. 

 It is known for a long time that different types of surfaces have different af fi nity 
for bacterial attachment. The variability is mainly resulting from different hydropho-
bicity, electrical charge, surface chemistry, and porosity. The differences were how-
ever not substantial. The trend today is to functionalize the surfaces of the implants to 
retain the potential for biological  fi xation but to implement strong bacterial repellent 
functionalization as well. Recently inorganic and organic–inorganic composite coat-
ings were developed to functionalize the surfaces of the implants to have a potential 
for delivery of drugs to combat infections. 

 The coatings of interest include polymeric coatings, inorganic coatings, and 
recently nanoceramics. Polymeric coatings have some disadvantages like limited 
chemical stability, local in fl ammatory reaction, and uncontrolled drug-release kinet-
ics. Consequently inorganic coatings like bioceramics and bioactive glasses become 
interesting. The most sophisticated, recently introduced surface delivery systems 
are nanoceramics. Surface nanostructuring provides improved cellular adhesion, 
surface osteoblast proliferation, and differentiation with increasing biomineraliza-
tion. By combining biopolymers and bioactive ceramics that can mimic bone struc-
ture, scientists developed composite coatings that can carry different functional 
biomolecules for local delivery  [  19  ] . 

 Antibiotic    impregnation of the coatings capable of binding to different sur-
faces, coatings with antimicrobialy active metals like silver and copper, and nitric 
oxide (NO)-releasing materials are among the most promising  [  19  ] . Nanostructured 
HA coatings including silver nanoparticles in combination with biocompatible 
polymers and TiO 

2
  nanotubes have proven ef fi cient in some studies. Coatings 

with NO-loaded silica and gold nanoparticles have shown antimicrobial activity 
with controlled release of NO. 

 Nanostructured coatings have already shown great promise for the development 
of novel biomedical coatings and implants. Nano fi lms, nanocoatings, and nano-
structured surfaces are being widely exploited for biomedical applications  [  12  ] . The 
advantages are reduced in fl ammation and controlled drug-release kinetics. The 
most promising nano-surface modi fi cations are TiO 

2
  nanotubes  [  18  ] , which can be 
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loaded with different substances like (gentamycin) and have controllable drug-
releasing kinetics by controlling the size of the tubes. Nanodiamonds (ND) are the 
new promising materials because of their biocompatibility and low toxicity for 
many cell types. The ND drug-loaded micro fi lms (2–8 nm) embedded in a polymer 
matrix can release drugs for months. Another possibility for local antibiotic release 
is HA-based nanostructured bioactive inorganic coating and silica-based sol-gels, 
being biocompatible and bioactive with controlled release potential  [  19  ] . 

 Nanotechnology carries its inherent known and unknown risks that need to be 
addressed before wide implementation of this technology on implants  [  6  ]  intended 
for human wide-scale use. Further research should evaluate in detail the effect of 
nanostructures on healthy tissues.      
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  Abstract   It seems simple to de fi ne what a PJI is. The problem is that de fi nitions 
vary depending on the author involved. It has become accepted that the PJI diagno-
sis is con fi rmed when there is purulence around the joint, there is a communication 
between the skin and the implant, and when causative agent(s) are isolated in mul-
tiple samples. In this chapter each of these criteria is discussed in some detail to help 
in diagnosing PJI as unambiguously as possible.  

  Keywords   De fi nitions  •  Pseudotumor  •  Diagnostic criteria  •  Metallosis      

    4.1   The De fi nition of PJI 

 Before proceeding to the details of the procedures that are necessary in the evaluation 
of a PJI, it is useful to de fi ne the pathologic process in a way that is clear and can 
serve as a basis for determination of diagnostic and treatment decisions (Table     4.1 ).  

 Generally speaking, living microorganisms on or around an arti fi cial joint are the 
necessary condition for PJI. Occasionally they can be dif fi cult to isolate and iden-
tify. For clinical purposes a symptomatic arti fi cial joint is infected if at least one or 
more of the following conditions is fulfi lled  [  1–  3  ] :

    1.    There is a sinus tract ( fi stula) communicating with the implant.  
    2.    There is purulence around the joint (see boxes).  
    3.    Microorganisms are isolated from the liquids or tissues around the joint implant 

or from the implant itself.     
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    4.1.1   Sinus Tract Communicating with the Implant 

 In all instances where there is a communication between the implant and the skin, we 
can diagnose infection even if we are not able to  fi nd the causing agent. It is however 
dif fi cult to exactly de fi ne when early wound-healing problem with drainage trough 
stitches or drain hole becomes a  fi stula. Persistent drainage ten or more days after 
surgery may be de fi ned as a  fi stula which needs assessment and revision. In the case 
of a super fi cial infection, the subcutaneous sinus tract is not communicating with the 
joint. Fistulography is helpful to determine the extension of the communicating 
sinus. If  fi stulography    does not con fi rm the communication with an arti fi cial joint, it 
does not necessarily mean that the communication does not exist. In super fi cial infec-
tions sinus excision during revision usually results in complete healing.  

    4.1.2   Purulence Around the Joint 

 Purulence around the joint can be diagnosed: macroscopically, in high-grade pro-
cesses, by tissue histology and/or pseudosynovial  fl uid cytology. Acute in fl ammation 
in tissue histology is de fi ned when there are  ³ 1 to  ³ 10 neutrophils/high-power  fi eld 
(refer to Chap.    16). Pseudosynovial  fl uid can be obtained preoperatively by joint 
aspiration or during the surgery if preoperative aspiration was dry  [  4 ]. In case of 
intraoperative aspiration and assessment, it is necessary that the laboratory is pre-
pared to provide the values as soon as possible still during the surgery to help with 
the decisions on how to proceed with the operation. The cutoff value for diagnosing 
infection by counting leucocytes in pseudosynovial  fl uids  [  2,   5  ] :

      Knee and hip:  ³ 1.7 × 10 9 /L leukocytes,  ³ 65 % neutrophils.               In the case of a 
metal-on-metal (MOM) articulation (Figs.  4.1  and  4.2 ) or in any case where there 
is attrition between two hard implant parts (Figs.  4.3  and  4.4 ), like screw rubbing 

   Table 4.1    Overview of diagnostic criteria for PJI   

 Sinus tract ( fi stula) 
  Acute in fl ammation in tissue histology  
   ³ 1 to  ³ 10 neutrophils/high-power  fi eld 
  Leukocytes in synovial  fl uid  a  
  Knee and hip arthroplasty:  ³ 1.7 × 10 9 /L leukocytes and/or  ³ 65 % neutrophils 
  Purulence  b  
  Puss around an arti fi cial joint 
  Microbial growth  
  Positive culture from sinovial  fl uid aspiration 
  Growth of the same organism in 2 or more periprosthetic tissue samples from 3 or more collected  
  Sonication  fl uid (>50 CFU/mL) 

   a  Not validated in the Early postoperative (3 months) and in case of in fl ammatory joint diseases 
  b  Except in the cases with “pseudopus” which is sterile and caused by a foreign body reaction. 
(see box)  
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against a plate or if the prosthesis or a metal part of the joint implant has worn 
through the plastic, the interpretation of puss around the joint must be very cautious. 
The resultant metallosis may be associated with a so-called pseudotumor or 
pseudoinfection. The process is frequently associated with production of massive 
granulomas (Fig.  4.5a, b ), and the pseudosynovial  fl uid may macroscopically look 
exactly like pus, but it is mostly sterile  [  6  ] .      

 The exact cause of the phenomenon is not yet fully understood, but it is thought 
to be either an allergic or a toxic reaction to metal particles formed by the abrasive 
process. Although it may be found in any metal to metal or ceramic to metal attri-
tion case  [  7  ] , it is most frequently encountered in failed resurfacing arthroplasties 
with unacceptable component position and a resultant poor tribology  [  8  ] . Recently 
it has been proposed that the purulent reaction is due to corrosion of metal particle 
debris. Fagocitosed metal particles are prone to corrosion within the lysosomes and 
release ions that are toxic for the cell. Ions and alarmins are released from the lysed 
cell. High ion concentration drive the in fl ux of water and alarmins stimulate 
the innate immune system and the in fl ammation process with the consequent 
in fl ammatory cell accumulation.  

    4.1.3   Isolation of Microorganisms from the Arti fi cial Joint 

 Joint aspiration (Fig.  4.6 ) is the most frequently employed diagnostic procedure 
for evaluation of PJI. There is a lot of evidence con fi rming that joint aspiration for 
culture and synovial  fl uid cell count and differential are strongly recommended in 
the evaluation of PJI  [  2,   9,   10  ] . Any growth from the sample obtained by joint 
aspiration is enough for the diagnosis of infection because its speci fi city is high. 
It is however wise to con fi rm the presence of the same organism during surgery by 
tissue cultures or implant sonication. Aspiration is not enough to rule out infec-
tion in cases where clinical history, patient examination, and other diagnostic 
modalities indicate infection because of its variable sensitivity that ranges from 
11 to 100 %  [  11,   12   ], but it is in general around 70 %, as shown recently by 
Meermans in a meta-analysis  [  13  ] . Limited sensitivity is explicable by the bio fi lm 
growth pattern of the bacteria. Only a small share is released into a planktonic 
form and can be obtained by aspiration  [  14  ] . Intraoperative tissue biopsies are 
recognized as a gold standard for diagnosing PJI. Two or more out of three or 
more samples growing the same bacteria with the same antibiogram are consid-
ered diagnostic  [  15  ] . For high-virulence organisms such as  Staphylococcus aureus , 
one positive culture suf fi ces. Recently sonication  [  1  ]  of the explanted material is 
gradually replacing the tissue biopsies as the gold standard for etiologic diagnosis 
of PJI. The diagnostic threshold was set at 50 CFU/mL of sonicate  fl uid. Lower 
counts are being considered for low-grade infections, especially with 
 Propionibacterium acnes  isolates.  

 It must be emphasized to avoid swabs, especially swabs from sinus tract exu-
dates. There is always something growing from these samples, but only rarely the 
organism is the same as within the infected joint  [  3,   16  ] . 
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  Fig. 4.1    McKee–Farrar early MOM 
total hip arthroplasty       
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  Fig. 4.2    Contemporary 
MOM resurfacing THA       

  Fig. 4.3    Worn metal surface 
from a MOM THA       

  Fig. 4.4    Ceramic particle 
third-body wear of the metal 
head after previous ceramic 
on ceramic bearing fracture       
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       Pseudopus  can be similar, but it is not caused by an infection .  Many joint aspirates 
of MOM bearings look like puss, but microscopic examination of fresh joint aspi-
rates and cyt ological sediment assessment of stained aspirate smears show a differ-
ent picture. Macroscopically they may be milky, yellow, grayish, chocolate brown, 

a b

  Fig. 4.5    ( a ,  b)  Giant granuloma in MOM THA       

  Fig. 4.6    Pus-like 
pseudosynovial  fl uid       

 Puss by de fi nition  is a collection of whitish-yellow, sometimes greenish, blue 
(pyocyanin), or bloody, generally viscous protein-rich in fl ammatory exudate 
formed within the tissues consisting of polymorphonuclear (PMN) leukocytes, 
necrotic lique fi ed tissues, microorganisms, and tissue  fl uids. It accumulates 
around the source of infection.
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brown grayish, metallic grey (Fig.  4.7 ), or even black and bloody. Sometimes the 
aspirate is  fi lled with metal debris visible by naked eye.  

 The cytological examination is dif fi cult to interpret. The leukocyte count is some-
times dif fi cult to perform because of various particles and artifacts present in the 
sample (joint tissue and prosthesis remnant). Leucocytes are few, almost always 
below the cutoff value for PJI. For differential cell count examination, the joint aspi-
rate cytological sediment smear is stained according Pappenheim. In the MOM 
smears we can  fi nd lymphocytes, PMN (3–85 %), which are almost all vacuolized or 
lysed, and monocytes-macrophages (3–27 %) with phagocytized deep violet-stained 

  Fig. 4.7    Grayish pseudopus 
obtained from MOM THA       

  Fig. 4.8    Microscopy of pseudopus with PE and metal particles       
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metal particles. Occasionally in some samples with gross metallosis, eosinophils 
appear in 3–13 %. Besides violet-stained metal particles all around the smear, 
PE  particles are also present in some samples. They appear as transparent, slightly 
blue-stained plaques (Fig.  4.8 ).         
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  Abstract   This chapter presents the development of classi fi cation systems for PJI 
and the rationale behind them. Their features are discussed and compared for the 
reader to understand the strengths and the weaknesses. The most important and 
widely used is presented and discussed in some detail.  

  Keywords   Classi fi cation  •  Infections  •  Symptoms  •  Presentation      

    5.1   Introduction 

 Clinical presentation of prosthetic joint infections (PJI) is highly varied. The dis-
ease may present as a fulminating sepsis immediately after the implantation or 
anytime later during the implant life, or it may be clinically completely silent. 
Frequently PJI is an accidental  fi nding during the evaluation or revision of a pre-
sumably aseptically failed arti fi cial joint. Because of diverse clinical presenta-
tions and courses and different approaches to diagnosis and treatment, PJI need 
to be classi fi ed into groups. Despite the presence of various clinical variables that 
could have been used for classi fi cation, it seems that time between primary 
implantation and the development of symptoms is the most clinically useful 
determinant for grouping since it guides the treatment mode selection. Mode of 
infection development is the second most important element for classi fi cation 
systems (Table     5.1 ).   
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    5.2   Classi fi cation Systems 

 First classi fi cation of PJI was published by Coventry  [  1  ] . It was based on analysis of 
THA infections. He divided infections into acute postoperative, resulting from con-
tamination during surgery; delayed, developed at least 8 weeks after surgery, usually 
silent and clinically poorly expressed; and late-hematogenic, which can develop at 
any time after the surgery and are generally acute in nature. The classi fi cation system 
was later supplemented by Fitzgerald  [  2  ] . It is currently the most frequently used 
system  [  9  ] . This classi fi cation is based on symptom duration which means that pre-
cisely speci fi ed onset of symptoms is necessary. This is sometimes dif fi cult to deter-
mine. The system is thus less suitable for silent or “low-grade” infection, where 
symptoms are not signi fi cant in the beginning and the onset time is dif fi cult to de fi ne. 
Silent infections are inoculated during surgery and can cause only pain and early 
loosening or not even this. Frequently there are no laboratory signs of in fl ammation. 

 The classi fi cation ignores infections attained in other ways like those acquired 
through stab wounds or by propagation from a nearby septic focus, such as infection 
of the hip through psoas abscess originating from the spine, or those caused by skin 
necrosis or wound breakdown over an implant. 

 Presently the modi fi cation of the classi fi cation by Toms  [  7  ]  seems to be more appro-
priate. Early, acute infections are de fi ned as infections that develop within the  fi rst 
6 weeks after implantation. Delayed infection includes silent, chronic, and clinically ill 
expressed, regardless of the time of onset. Late infections begin with sudden onset in 
patients who had previously not had any problems with the arti fi cial joint. Tsukajama 
et al. suggested additional fourth type, unexpectedly positive intraoperative microbio-
logical samples, if, during the presumed aseptic revision of arti fi cial hip, at least  fi ve 
samples were taken and at least two of them were positive with the same germ  [  8  ] . 

   Table 5.1    Classi fi cation of prosthetic joints infections   

 Classi fi cation  Features 

 Depending on the source of infection 
  Perioperative  Inoculation of the organism during surgery or 

immediately after it 
  Hematogenous  Inoculation from remote source via blood or lymph 

vessels 
  From nearby focus (contiguous)  Direct inoculation from nearby focus (e.g., stab 

wound, adjacent osteomyelitic focus, skin and 
soft tissue infections, psoas abscess) 

 Depending on the time of development of symptoms 
  Early infections (<1 month)  Obtained during surgery or in the  fi rst after days, 

usually highly virulent organisms (e.g., 
 Staphylococcus aureus  or Gram-negative germs) 

  Delayed and/or silent infections 
(1–24 months) 

 Mostly perioperative, low virulent organisms (e.g., 
KNS or  Propionibacterium acnes ) 

  Late infections (>24 months)  Mostly hematogenic or lymphogenic from remote 
sources, including silent perioperative 
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 To improve the accuracy of the diagnosis of PJI and for determination of its 
severity, Zimmerli has developed a scoring system that included also radiologic, 
laboratory, and other parameters. It was intended to upgrade the classi fi cation sys-
tems and become a basis for the analysis of treatment successes. The scoring system 
has not become widely accepted in clinical practice and research work. The reason 
lays probably in its low speci fi city  [  9  ] .  

    5.3   The Classi fi cation According to Fitzgerald 

 Considering the time of development and clinical presentation, we classify infec-
tions of arti fi cial joints after Fitzgerald’s classi fi cation into three groups: 

    5.3.1   Early Infections 

 Early infections develop in the  fi rst month after surgery and are usually manifested 
by severe pain in the affected joint, elevated body temperature, and effusion. Wound 
healing may be impaired early after the development of infection, with redness, 
swelling, and warmness in implant surroundings. During infection clinically impor-
tant cellulitis or tissue necrosis with purulent discharging  fi stula can develop in the 
proximity of the implant. With time the  fi stula epithelizes and chroni fi es. Mobility 
and function of the joint are greatly impaired, and the condition may also limit 
patient ambulation ability if lower limb joint is involved. After the discharging 
 fi stula has formed, systemic symptoms usually subside. Only in rare occasions sep-
ticemia develops in the presence of an open  fi stula. Untreated infection with  fi stula 
can persist for years, and occasionally it may even heal spontaneously  [  4  ] . PJI leads 
to gradual loosening of the arti fi cial joint with pain. Loosening is not evident in all 
patients. Tsukajama reported loosening in 59 % out of 106 infected hips  [  8  ] . Rarely, 
systemic signs of sepsis emerge before the local signs and symptoms develop, espe-
cially in immunocompromised patients and virulent microbes of exogenous origin.  

    5.3.2   Delayed Infections 

 Delayed infections can develop at any time, by de fi nition between 1 and 24 months 
after surgery. Such a patient is usually never completely free of pain since the early 
postoperative period. With time pain may (but not necessarily) escalate, and it is 
often dependent on the level of joint exertion. In some cases the infection develops 
later, at any time after implantation, and is manifested by gradual pain development 
and limited mobility. There may be also a gradual development of a discharging sinus 
and/or implant loosening.  Low-grade infections  may present with pain only without 
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other symptoms and/or early loosening, or there is only loosening. They are clinically 
and by laboratory examination very dif fi cult to distinguish from aseptic implant loos-
ening  [  6  ] . Poorly virulent microbes such as coagulase-negative  staphylococci  and 
anaerobes like  P. acnes  are the usual causative agents. Delayed infections can poten-
tially be clinically silent with no laboratory manifestation. They may not cause even 
an early loosening and can be an occasional  fi nding at revision decades after primary 
implantation  [  8  ] .   

    5.3.3   Late Infections 

 Late infections usually develop two or more years after implantation of the arti fi cial 
joint or at any time and are mostly of hematogenous origin. The most common 
source of bacteremia are the microbes from the skin, respiratory, urinary tract, and 
periodontal tissue.  Sreptococci ,  S. aureus , and Gram-negative germs are the most 
frequent causative agents. Clinical presentation is usually fulminant, resembling 
early postoperative infections. 

 In a recent retrospective study, Giulieri et al. reported 29 % early, 41 % 
delayed, and 30 % late infections in a series of 63 infected arti fi cial joints pre-
senting within 16 years of study period  [  3  ] . Murdoch demonstrated that  S. aureus  
bacteremia caused implant infection in 15 out of 44 patients with arti fi cial joint 
and that it can occur at any time during the lifetime  [  5  ] . According to some cal-
culations the incidence of such an infection is supposed to be around 0.2 % per 
arti fi cial joint per year.       
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  Abstract   Prosthetic joint infection (PJI) is a rare occurrence following joint arthro-
plasty, which has a signi fi cant impact on the patient population. This chapter criti-
cally reviews the literature to form a consensus on the epidemiology of PJI within 
total joint arthroplasty. PJI occurs in 0.7–1.1 % of total knee (TKA) and hip arthro-
plasty (THA) cases in the USA and internationally but is projected to grow to 6.5–
6.8 % by 2030. The infection rate for TKA is higher than for THA and is performed 
almost twice as much. Infection is diagnosed within the  fi rst year for 60 % of  primary 
surgeries, and the vast majority of cases occur within 2 years. Among  reasons for 
revision, infection is projected to become the most frequent and is currently around 
25 % of revisions for TKA and 15 % for THA. Infection is also more prevalent after 
previous revision for infection and can occur in 10–33 % of those cases. The largest 
risk factors for concern were found to be gender, BMI > 50, extended length proce-
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dures, lack of antibiotic bone cement, and comorbidities. Other arthroplasty proce-
dures such as total disk replacement and total shoulder arthroplasty have similar 
infection rates to TKA that range from 1.3 to 3.8 %. In contrast though, total elbow 
arthroplasty can have infection rates as high as 12 %, which may be a result of the 
subcutaneous nature of the elbow joint and its  surrounding thin soft tissue envelope.  

  Keywords   Projections  •  Incidence  •  Hip  •  Knee  •  Elbow  •  Shoulder      

    6.1   Introduction 

 Total joint arthroplasty (total knee [TKA], total hip arthroplasty [THA], etc.) is 
one of the most cost-ef fi cient and effective clinical procedures in terms of reduc-
ing pain and enhancing mobility and function of patients with advanced arthritis. 
Implant designs and surgical techniques are continuously being advanced to 
extend implant life while reducing negative outcome to the patient  [  1–  4  ] . Despite 
these improvements, the burden of revision for TKA and THA (de fi ned as the 
percentage of revisions as function of the total number of primary and revision 
arthroplasties performed) has not lowered with time and even increased with some 
procedures  [  5–  8  ] . A number of factors are related to the increase in revision, 
which include increasing volume of primary procedures, better implant longevity, 
and increasing number of procedures in younger and more active patient popula-
tions  [  9,   10  ] . Additionally, recent studies by Kurtz et al. project the number of 
primary and revision THA to double and TKA to grow substantially by a factor of 
5 by 2030  [  7,   11  ] . 

 As discussed previously throughout this book, revision of an implanted total 
joint replacement for infection is a rare but devastating complication that is associ-
ated with longer hospital stay, increased hospital cost, and higher morbidity. Due to 
how the infection manifests, it is dif fi cult to cure and is nonresponsive to systemic 
antibiotics. While short-term infection risks were originally reported as low as 0.2 
and 0.4 % for THA and TKA, respectively  [  12,   13  ] , thousands of patients are still 
presented with a painful complication and are an economic burden for hospitals 
because of inadequate reimbursement  [  14,   15  ] . To further understand the complete 
impact infection revisions have on society, it is crucial to de fi ne its incidence and 
risk. Information on infection incidence in regard to total joint arthroplasty has 
been analyzed from various sources ranging from single-center studies to large-
scale multi-institution studies and national registries. 

 Other chapters in this book have and will discuss the development and progres-
sion of total joint infection across implanted devices, but the purpose of this chap-
ter is to catalogue the incidence of infection in total joint arthroplasty within 
populations across the globe and de fi ne what risk factors have the highest in fl uence 
on infection revision in the future. Databases and international registries are the 
largest sources for documenting clinical utilization and procedures performed, and 
thus are  fi rst summarized and compared for infection rates. We also review the 
in fl uence of various risk factors, antibiotic cement use, and device type on  infection 
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 development. Finally, infection rates after revision surgeries are summarized to 
compare with their primary counterparts.  

    6.2   Registries 

 International registries represent a vast and consistent source of data regarding the 
utilization of total joint replacement in Australia and Europe. A registry is more than 
a data repository for basic clinical, patient, and implant data regarding the implanta-
tion and revision of total joint replacements. Where registries have been established, 
the information is a tool providing continuous feedback to clinicians to drive the con-
stant enhancement of surgical procedures. Sweden  fi rst established orthopedic implant 
registries in the 1970s, which later spread across Europe and to Australia. Early estab-
lishment allows the Swedish registry to currently be able to chronicle the growth of 
knee arthroplasty from the start of the procedure within their hospital system. 

 National registries are signi fi cant in providing perspective on the current use and 
outcome of total joint replacement across the globe; however, registries are not the only 
tool to measure the utilization of arthroplasty procedures. For example, neither the 
United States nor Germany currently has in place a national registry for joint replace-
ments. In the following section, administrative databases for countries without a full 
registry are described. These databases provide necessary information concerning the 
current use of total joint arthroplasty that is otherwise unavailable in these countries.  

    6.3   Public Data Sources 

 Administrative claims databases are an important source of data for total joint replace-
ments, even in countries with an established registry. An administrative claims data-
base can collect a sampling of electronic hospital discharge records, or as with the 
Medicare database, the complete insurance claim history for individual patients. 
Speci fi c hip and knee replacement procedures are classi fi ed in these databases by 
hospitals in accordance with the codes from the 9th Revision of the International 
Classi fi cation of Diseases, Clinical Modi fi cation. Claims  fi led by surgeons and clin-
ics often use Current Procedural Terminology (CPT) codes. In the United States, 
three public sources of administration claims data are available and are summarized 
in the following sections. 

    6.3.1   National Hospital Discharge Survey 

 The National Hospital Discharge Survey (NHDS) [  16  ]  is a survey conducted annually by 
the National Center for Health Statistics (NCHS). This survey program was started in 
1965 and has continuously recorded a statistically representative sample of hospitalization 
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from nonfederal and nonmilitary short-stay community hospitals across the United States. 
It is currently the oldest and most well-established inpatient discharge database available 
in the USA. NHDS has grown in the past decade to include from 430 to 490 hospitals and 
collect ~300,000 discharge records sampled per year. The NHDS database includes 
patient demographics (e.g., age, gender), disease diagnosis, performed procedure, resource 
utilization, and institutional characteristics.  

    6.3.2   Nationwide Inpatient Sample 

 Established in 1988 by the Healthcare Cost and Utilization Project (HCUP) of the 
Agency of Healthcare Quality and Research (AHRQ), the Nationwide Inpatient 
Sample (NIS) has a far larger sample size in terms of both discharge records and 
number of hospitals in comparison to the NHDS  [  17  ] . Speci fi cally, the NIS includes 
twice the number of hospitals and collects 25 times more records with an average of 
 fi ve to eight million records per year. The NIS annually samples 20 % of US inpatient 
hospital stays. NIS    is able to capture patient, payer, and hospitalization factors, includ-
ing charges, cost, and reimbursement information during hospitalization, which facil-
itates the evaluation of economic impact of speci fi c diagnoses and procedures.  

    6.3.3   Medicare 

 Made available by the Center for Medicare and Medicaid Services (CMS), the 5 % 
Medicare Limited Data Set (LDS) consists of seven components: hospital inpatient, hos-
pital outpatient, home health agency, skilled nursing facility, hospice care, physician car-
rier (Part B), and durable medical equipment. LDS also tracks the date of death or the rare 
withdrawal of a patient from the program with a denominator  fi le. Medicare bene fi ciaries 
in the LDS are identi fi ed with an encrypted identi fi cation number that is link through all 
aspects of the database as well as time. For this reason, utilization of healthcare resources 
by a patient can be traced through different systems such as inpatient, outpatient, or home 
hospice care. Medicare data is also available in the 100 % format, i.e., for all Medicare 
bene fi ciaries. Of the seven  fi le components, the inpatient, outpatient, home health agency, 
skilled nursing facility, and hospice care data are available in the 100 % format, but not 
the physician carrier and durable medical equipment data.   

    6.4   Infection Incidence 

    6.4.1   Infection Incidence in Primary Joint Arthroplasty 

 Historically, the number of total knee arthroplasty procedures has been greater than 
the number of total hip arthroplasties performed, and thus, when Kurtz et al. analyzed 
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NIS data from 1990 to 2004 in the USA, it was expected that the number of infections 
would follow similar trends. By 2004, which is the last year incorporated in this study, 
~5,838 knee arthroplasties were revised for infection, while only an estimated 3,352 
hip arthroplasties were revised for infection (Tables  6.1  and  6.2 )  [  18  ] .   

 Kurtz et al. also calculated the revision burden for infections as a proportion of the 
total number of primary and revision arthroplasties performed, and in 2004, the infec-
tion burden for THA and TKA were 1.23 and 1.21 %, respectively. In addition, NIS 
data revealed that the infection burden for both hip and knee arthroplasties almost 
doubled from 1990 to 2004. The trend of increasing infection burden with time was 
statically signi fi cant ( p  < 0.0001) and grew annually at a rate of nearly 5 % (Fig.  6.1 ) 
 [  18  ] . The average infection burden across the sampled years was similar at 0.88 % for 
THA and 0.92 % for TKA; however, the burden was signi fi cantly lower for THA  [  18  ] . 
Further analysis of the NIS data yielded model projections of this trend continuing in 
the near future and infection burden reaching 6.5 % for THA and 6.8 % for TKA by 
2030 (Fig.  6.2 )  [  19  ] . The NIS data also showed a steep decline in length of hospital 
stay for patients, which could in fl uence the chance of discovering an early infection 
within the initial hospital stay and delay the infection to a revision procedure  [  18  ] .   

 Single institution studies in the USA indicated similar incidence of infection in 
their patient groups. Pulido et al. monitored 9,245 patients and measured an overall 
incidence of 0.7% with joint speci fi c incidence of 1.1% for TKA and 0.3% for THA 
(Tables  6.3  and  6.4 )  [  20  ] . Malinzak et al. reported infection rates of 0.52 and 0.47 % 
for TKA and THA, respectively, after monitoring 8,494 cases from 1991 to 2004 
 [  21  ] . When speci fi cally looking at the Medicare LDS and thus limiting the popula-
tion to ages over 65, infection occurred in 2.01 % of TKA  [  22  ]  and 2.22 % for THA 
 [  23  ] . This could indicate higher risk for infection with increasing age, which will be 
discussed further in the next section.   

 Internationally, hospitals and clinics were also subjected to a incidence of infection 
at nearly 1 % (Tables  6.3  and  6.4 )  [  24–  27  ] . In the case of total knee arthroplasty, infec-
tion occurred in 0.8–0.9 % of cases in Finland when observed from single institution 
studies or analysis of the Finnish Arthroplasty Register from 1997 to 2006  [  25,   26  ] . 
Similarly, a single institution study in Japan from 1995 to 2006 had infection occur in 
0.8 % of TKA procedures  [  27  ] . For THA, an analysis of the Norwegian Arthroplasty 
Register data from 2005 to 2006 revealed an infection incidence of 0.7 %  [  24  ] . Studies 
in the United States and abroad suggest that infection rates for the general population 
are similar and are estimated to range from ~0.7 to 1.1 %. Overall, infections are still 
rare occurrences but have a signi fi cant impact on morbidity and resource utilization. 
As number of revisions meet or exceed projected increases, infection will have an 
increasing impact on the population of arthroplasty patients  [  18  ] .  

    6.4.2   Time to Revision 

 Infection can develop at various times after primary joint replacement surgery 
and can range from 2 weeks postoperatively to over 3 years  [  20,   23,   24,   27,   28  ] . 
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Nonetheless, it is crucial to understand in which periods most infections occur 
to accurately enhance future preventative measures. In a study of 9,245 patients 
in the USA, Pulido et al. reported that 27 % of infected total joint arthroplasties 
occurred within the  fi rst 30 days, while 65 % of infection diagnoses were revised 
within the  fi rst year. The average time to diagnosis was ~1.2 years  [  20  ] . In the 
retrospective analysis by Malinzak, 83.7 % of infections were diagnosed within 
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2 years with an  average time to infection of 9.6 months  [  21  ] . For patients over 
65 years of age, the 5 % Medicare sampling showed 73–77 % of all THA and 
TKA were diagnosed with infection within 2 years of primary surgery  [  22,   23  ] . 
Speci fi cally for TKA, the incidence of infection was 1.55 % within 2 years but 
dropped to 0.46 % between 2 and 10 years post-surgery  [  22  ] . In congruence 
with the US data on TKA, the Finnish Arthroplasty Register had 68 % of patients 
from 1997 to 2004 diagnosed with periprosthetic joint infections within the  fi rst 
year  [  25,   26  ] . Though not reporting analysis of diagnosis in terms of years, 
Suzuki et al. found that infection developed within 3 months in 65 % of primary 
TKA cases at their institution in Japan  [  27  ] . In Norway, the Norwegian 
Arthroplasty Register noted a median time to revision for infection with pri-
mary THA of 47 days (range 4–1,782 days)  [  24  ] . The incidence of revision for 
infection also increased rapidly in the  fi rst year after surgery in the population 
observed by the Australian Joint Replacement Registry, yet declined beyond 
1 year  [  29  ] . Even though the sources of the data range in region and scope, the 
consensus shows that greater than 60 % of infections are detected within 1 year 
of surgery and an overwhelming majority is diagnosed    within 2 years.  

   Table 6.3    Infection rates for total hip arthroplasty   

 Country  Infection rate (%)  Time period analyzed  Literature source  Data source 

 USA  0.88  1990–2004  Kurtz et al.  [  18  ]   NIS 
 USA  1.23  2004  Kurtz et al.  [  18  ]   NIS 
 USA  0.3  2001–2006  Pulido et al.  [  20  ]   Single institution 
 USA  0.47  1991–2004  Malinzak et al.  [  21  ]   Single institution 
 USA  2.22  1997–2006  Ong et al.  [  23  ]   Medicare 5 % 
 Norway  0.7  2005–2006  Dale at al.  [  24  ]   Norwegian 

registry 

   Table 6.4    Infection rates for total knee arthroplasty   

 Country 
 Infection 
rate (%) 

 Time period 
analyzed  Literature source  Data source 

 USA  0.92  1990–2004  Kurtz et al.  [  18  ]   NIS 
 USA  1.21  2004  Kurtz et al.  [  18  ]   NIS 
 USA  1.1  2001–2006  Pulido et al.  [  20  ]   Single institution 
 USA  0.52  1991–2004  Malinzak et al.  [  21  ]   Single institution 
 USA  2.01  1997–2006  Kurtz et al. 2010  [  22  ]   Medicare 5 % 
 Finland  0.8  2002–2006  Jamsen et al.  [  26  ]   Single institution 
 Finland  0.9  1997–2006  Jamsen et al.  [  25  ]   Finnish Arthroplasty Register 
 Japan  0.8  1995–2006  Susuki et al.  [  27  ]   Single institution 
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    6.4.3   Infection Incidence Within Revision Surgery 

 Again, these rates may seem low, but when comparing infection to other reasons for 
implant failure, infection is projected to be one of the dominant reasons for revision 
in both total knee and total hip arthroplasties. Based on NIS data from 1990 to 
2003, Kurtz et al. modeled the growth of infection as a cause for revision surgery. 
The number of infections after THA was predicted to increase from 3,400 in 2005 
to an estimated 46,000 in 2030. Since, historically, knee arthroplasty is performed 
in larger numbers, infections after TKA were predicted to increase from 6,400 in 
2005 to 175,500 in 2030. In addition to number of revisions, the model projected 
the fraction of revisions performed for infection of THA to increase from 8.4% in 
2005 to 47.5% in 2030. Likewise, the model projected the fraction of revisions 
performed for infection of TKA to increase from 16.8% in 2005 to 65.5% in 2030 
(Fig.  6.3 )  [  19  ] . The model suggest that, if the present trend is maintained, by 2016, 
50% of the hospital expenditure on revisions would be spent on revising infected 
cases, and by 2025 for THA  [  19  ] .  

 A later analysis of NIS data from 2005 to 2006 revealed that infection was the 
third most frequent reason for revision for THA with 14.8 % of revisions and the 
most frequent for TKA with 25.2 %  [  30,   31  ]  (Table  6.5 ). Infection was the most 
common indication for arthrotomy and removal of prosthesis for THA (74.3 %) and 
TKA (79.1 %). For both arthroplasty types, the incidence within revision was larger 
than originally projected in the model by Kurtz et al. and may indicate faster growth 
rate than expected  [  19,   30,   31  ] . The Australian National Joint Replacement Registry 
2010 annual report indicated infection as the third most prevalent revision reason 
for THA at 15.4 % and the second most for TKA at 17.1 %  [  29  ] . Similarly, 15–20 % 
of THA revisions in Norway from 2007 to 2010 were due to infection  [  32  ] , and 
17 % of THA in Sweden in 2008 were due to infection  [  33  ] . An estimated 20 % of 
TKA revisions were caused by infection in the Swedish population in 2001  [  34  ] . 
Although, compared to other revision reasons in Sweden, incidence of infection 
decreased from 25.9 % during the  fi rst 2 years postoperatively to 2.9 % after 
10 years.  
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 The same trends are also observed in revised ultra-high-molecular-weight poly-
ethylene (UHMWPE) hip cup liners. In a study of 212 revised acetabular liners, the 
most frequent reason for revision was loosening (35 %), instability (28 %), and 
infection (21 %)  [  28  ] . In almost all cases and sources of data represented, infection 
is preceded by aseptic loosening as a more frequent cause of revision. The only 
exception is the Bozic et al. study in which infection was the most common reason 
for TKA revision (25.2 %) and was followed by loosening (16.1 %). Recently, 
researchers proposed that in some cases of aseptic loosening and poor  fi xation, 
subclinical infections are the real cause  [  35–  37  ] . Loosening has been suspected as 
septic loosening when bacteria were recovered from aseptically loose implants by 
more vigorous methods for detecting surface bacteria like polymerase chain reac-
tion assays and implant sonication  [  35–  37  ] . With more accurate techniques for 
diagnosis of infected arthroplasty components, infection may become the primary 
cause of revision surgery. However, even without these methods, within two 
decades, periprosthetic infection has the potential to become the most prevalent 
implant failure mode for total joint replacement procedures in the United States 
and abroad.  

    6.4.4   Infection After Revision Surgery 

 Infection of a primary arthroplasty device is already a taxing ordeal because of pain, 
increased hospital stay, and the two-stage exchange process. In addition to these 
consequences, infection is also associated with higher reinfection rates  [  25,   38–  40  ] . 
Revised TKA, regardless of revision reasons, is linked to lower infection-free sur-
vival rates than primary procedures and have an infection rate of ~8.25 % (based on 
the Finnish Arthroplasty Register)  [  25  ] . Knee arthroplasty devices speci fi cally 
revised for infection, however, have infection rates ranging from 10 to 33 %  [  38–  40  ] . 

   Table 6.5    Incidence of infection in reasons for revision   

 Country  Hip/knee  % of revisions  Time period  Source  Data type 

 USA  Hip  8.4  1990–2004  Kurtz et al. 2007  [  19  ]   NIS 
 USA  Hip  14.8  2005–2006  Bozic et al.  [  31  ]   NIS 
 Australia  Hip  8.2  2010  National Arthroplasty 

Registry  [  29  ]  
 Registry 

 Norway  Hip  15–20  2009  National Arthroplasty 
Registry  [  32  ]  

 Registry 

 Sweden  Hip  10.8  2008  National Arthroplasty 
Registry  [  34  ]  

 Registry 

 USA  Knee  16.7  1990–2004  Kurtz et al. 2007  [  19  ]   NIS 
 USA  Knee  25.2  2005–2006  Bozic et al.  [  30  ]   NIS 
 Australia  Knee  15.4  2010  National Arthroplasty 

Registry [  29  ]  
 Registry 

 Sweden  Knee  ~20  2011  National Arthroplasty 
Register  [  34  ]  

 Registry 
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Many studies on reinfection suffer from small cohort sizes, which may explain the 
variability in infection rate. The largest study thus far was conducted at the Mayo 
Clinic and focused on 368 patients from 1998 to 2006 who had TKA revised previ-
ously for infection  [  40  ] . 15.8 % of the patients developed reinfection, and 86 % of 
cases were categorized as late chronic infections. The median time to reinfection was 
3.6 years (range: 0.01–7.82 years), and the only signi fi cant risk factor associated was 
chronic lymphedema  [  40  ] . The  fi ndings fall in the ranges previously reported for 
reinfection and highlight the long-term effects of developing total joint infection.   

    6.5   Risk Factors 

 Various patient risk factors have been associated with periprosthetic joint infection 
ranging from gender to allogenic blood transfusion (Table  6.6 )  [  13,   14,   20–  27,   41,   42  ] . 
Previously in this chapter, TKA was noted to have a slight but signi fi cantly higher 
infection rates than THA  [  18,   20,   21  ] , yet a more commonly found risk factor was 
gender. In eight studies reviewing risk factors for infection and in multiple international 
registries, males were at higher risk than their female counterparts  [  13,   22–  27,   33,   34, 
  43  ] . The Australian Hip and Knee Registry 2010 report found that at 9 years, the cumu-
lative incidence of infection was 1.3 % for males and only 0.6 % for females  [  29  ] . In a 
retrospective review of 2022 primary TKA, Suzuki et al. suggested the difference in 
infection rates could be due to difference in the pH level of the skin, sebum induction, 
and skin thickness between genders  [  27  ] . Dale et al. proposed the disparities could be 
cause by differences in referral thresholds or bacterial  fl ora between sexes  [  24  ] .  

 Elevated body mass index (BMI) was also commonly listed as a risk factor for 
PJI  [  20,   21,   23,   27,   41,   42  ] . In the retrospective analysis of 6108 THA and TKA 
patients by Malinzak et al., BMI greater than 50 was associated with an infection 
rate of 7.0 %, BMI greater than 40 but less than 50 was 1.1 %, and less than 40 was 
0.47 %. If isolating TKA patients, BMI over 40 was 3.3 times more likely to become 
an infection when compared to BMI less than 40. The exact cause of this increased 
odds ratio for knee surgery is currently unknown but is signi fi cantly linked with 
BMI and obesity  [  21  ] . 

 Longer duration procedures have also increased the risk of PJI in arthroplasty 
patients and could possibly be due to increased wound exposure to bacteria 
( Staphylococci ,  Escherichia. coli , etc.) and other virulent organisms that are caus-
ative agents for PJI  [  20,   22,   23,   44  ] . Patients, who were receiving public assistance, 
were also at higher risk of infection  [  18,   22,   23,   45  ] . Ong et al. suggested that the 
patient’s socioeconomic status could indicate nutritional level, obesity, and exis-
tence of comorbidities that would predispose patients for risk of PJI  [  23  ] . Similarly, 
revision infection rates of primary TKA were increased at large nonteaching urban 
hospitals as opposed to rural and teaching institutions  [  18,   30  ] . However, it is more 
likely attributed to treatment patterns for revision surgery instead of directly to the 
institution. Urban nonteaching hospitals are often referral centers for revision 
(including infection) where primary surgery was performed elsewhere  [  18  ] . 
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 The use of bone cement can likewise impact the chance of infection in both hip 
and knee arthroplasty  [  24–  26,   46  ] . For TKA, the exclusion of antibiotic bone cement 
is one of the strongest determinates for revision of either primary or revision proce-
dures  [  25  ] . Analysis of the Finnish Arthroplasty Registry observed fewer infections 
when antibiotics were delivered from bone cement and IV in combination, although, 
lack of bone cement alone showed a much more dramatic effect  [  25  ] . Multiple 
reviews of clinical results for THA have also shown up to a 50 % higher chance on 
infection when antibiotic bone cement was excluded  [  24,   46  ] . Antibiotic cement has 
even been shown to reduce infection rate in elbow arthroplasty from 11 to 5 % in 
certain cases  [  47  ] . Bone cement allows for the direct delivery of antibiotics to the 
surface of implants and local tissue, while antibiotics administered intravenously 
may not be adequate enough to reduce infection. 

 Diabetes has been listed as a risk factor in multiple studies; however, a review of 
751,340 primary and revision hip and knee arthroplasties by Bolognesi et al. discov-
ered no increase in occurrence of infections in diabetic patients  [  21,   23,   48,   49  ] . 
Diabetes has been highly correlated with high BMI, and glucose levels can be ele-
vated after surgery or trauma, which may in fl uence diabetes as a risk factor  [  21  ] . 
Patient management of the disease may also explain the discrepancy between 
 diabetes as a risk factor. Marchant et al. retrospectively compared patients from 
1998 to 2005 in the NIS with controlled and uncontrolled diabetes mellitus and 
found a much higher chance of developing a wound infection when the diabetes was 
inadequately controlled (odds ratio: 2.28)  [  49  ] . Management of diabetes was not 
 factored in to risk analysis in other studies in the literature. 

   Table 6.6    Risk factors that are commonly associated with periprosthetic joint infection summa-
rized from the literature   

 Male gender 
 BMI/obesity 
 Longer duration procedures 
 Receiving public assistance 
 Diabetes 
 Larger urban nonteaching hospitals 
 Lack of antibiotic bone cement 
 ASA risk score >2 
 Preexisting comorbidities 
 Postoperative complications 
 Rheumatoid arthritis 
 Revision TKA 
 Increased blood loss 
 Age 
 Emergency vs. planned surgery 
 Previous open reduction/internal  fi xation 
 Preop nutritional status 
 Urinary tract infection 
 Allogenic blood transfusion 
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 The American Society of Anesthesiologists physical status classi fi cation sys-
tem (ASA) assesses the physical  fi tness of a patient prior to surgery. In the litera-
ture, ASA scores greater than 2 have been linked as a risk factor for infection 
 [  20,   24,   26  ] . ASA being a risk factor signi fi es that the incidence of infection 
increases with even minor comorbidities. Preexisting comorbidities previously 
have been connected to poor functional outcomes and more complications postop-
eratively  [  22,   23  ] . Ong et al. and Kurtz et al. also identi fi ed comorbidities as one of 
the primary risk factors for increased incidence of PJI as measured by the modi fi ed 
Charlson index  [  22,   23  ] . Interestingly, postoperative complications, which were 
linked to comorbidities of a patient prior to surgery, were also a risk factor for PJI 
in studies by Bozic and Ries and Jamsen et al.  [  14,   25  ] . 

 The Norwegian and the Finnish Arthroplasty Registers both listed a diagnosis of 
rheumatoid arthritis (RA), as compared to osteoarthritis (OA), as a signi fi cant risk 
factor for infection  [  25,   26,   32  ] . One study of 2,647 patients reported an incidence 
of infection of 2.45 % for RA and 0.82 % for OA from 2002 to 2006  [  26  ] . Other 
noted risk factors for PJI mentioned in the literature were increased blood loss  [  14  ] , 
increased age  [  24  ] , emergency vs. planned surgery  [  24  ] , revision TKA  [  25  ] , race 
 [  13  ] , previous open reduction or  fi xation surgery  [  27  ] , nutritional status  [  50  ] , uri-
nary tract infection  [  20  ] , and allogenic blood transfusion (Table  6.6 )  [  20  ] . 

 Many studies of risk factors in the literature utilized the Charlson comorbidity 
index to identify the presence of patient comorbidities, but Bozic et al. proposed 
that the Charlson index does not help de fi ne the impact of speci fi c diseases on 
patient outcomes, especially in elderly populations  [  51  ] . The limitation with using 
this index is patients with different combinations of preexisting conditions may still 
have similar Charlson scores. To alleviate this limitation in elderly populations, 
Bozic et al. used the 5 % national sample of the Medicare database to detect associa-
tions between infection and speci fi c preexisting medical comorbid conditions for 
TKA patients. A Cox regression was used to evaluate the link between infection and 
29 separate comorbidities. After adjusting for the effects from all 29 comorbidities, 
13 conditions showed a signi fi cant effect on risk of infection following TKA. In 
order of signi fi cance, the conditions with the highest risk of PJI were congestive 
heart failure, chronic pulmonary disease, preoperative anemia, diabetes, depression, 
renal disease, pulmonary circulation disorders, obesity, rheumatologic disease, psy-
choses, metastatic tumor, peripheral vascular disease, and valvular disease 
(Table  6.7 ). The 5 % Medicare sample, compared to other databases, allowed for the 
identi fi cation of speci fi c disorders as risk factors for infection. The focus of this 
research was to provide a basis for superior clinical decision-making between sur-
geons and patient populations over 65 years in age  [  51  ] .  

 Since bearing surfaces for hip replacements are made from multiple material 
types, Bozic et al. was also able to compare infection rates between material cou-
plings used for bearing surfaces  [  41  ] . Bearing surfaces for replacement hips are 
typically either metal on polyethylene (M-PE), metal on metal (M-M), or ceramic 
on ceramic (C-C), and these three bearing types were compared using the 2005–
2007 100 % Medicare inpatient claims. After adjusting for patient and hospital fac-
tors, M-M bearings were at a higher risk for infection when compared with C-C 
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bearings (0.59 % vs. 0.32 %, respectively). The infection risks between M-M and 
M-PE bearings and between C-C and M-PE bearings were not found to be 
signi fi cantly different. Although the  fi ndings between bearing cohorts were 
signi fi cant, the clinical impact remains uncertain  [  41  ] .  

    6.6   Additional Total Joint Replacements: 
Spine, Shoulder, and Elbow 

 By far, hip and knee arthroplasties are the most common form of total joint replace-
ments and thus have the largest amount of data collected on the incidence of infec-
tion. Nonetheless, studies have emerged cataloging the development of infection 
following total disk replacements (TDR), total shoulder arthroplasty (TSA), and 
total elbow arthroplasty (TEA). Late infection on TDR is a rare occurrence even 
when compared to THA and TKA  [  52,   53  ] . In a review of 7170 TDR procedures 
using the NIS from 2005 to 2006, only 1.3 % of revision cases (2/165 revisions) 
were device-related infections. Incidence of infection was signi fi cantly lower than 
reported for THA (9.6 % of revisions) and TKA (17.4 % of revision) in the same 
period of data. Admittedly, the demographics and overall health status of the patient 
groups vary considerably between arthroplasty procedures. Nonetheless, the NIS 
data still suggests that the infection burden for disk replacement surgery is lower 
than other arthroplasty procedures. 

 Though there is a lack of large multicenter or national database studies, a system-
atic review of 84 articles in English, French, German, and Spanish recapitulated the 
results of clinical complications for TSA  [  54  ] . The analysis uncovered that infection 
occurred in 30 cases in 14 studies for an incidence of infection of ~3.8 %. Infection 
was the second most common complication and was only preceded by instability at 

   Table 6.7    Risk factors in elderly Medicare patients with TKA compiled from Bozic et al.  [  51  ]    

 Risk factor for PJI  Adjusted hazard ratio 

 Congestive heart failure  1.28 
 Chronic pulmonary disease  1.22 
 Preoperative anemia  1.26 
 Diabetes  1.19 
 Depression  1.28 
 Renal disease  1.38 
 Pulmonary circulation disorders  1.42 
 Obesity  1.22 
 Rheumatologic disease  1.18 
 Psychosis  1.26 
 Metastatic tumor  1.59 
 Peripheral vascular disease  1.13 
 Valvular disease  1.15 
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4.7 % of cases  [  54  ] . Even though the review was a summation of results from 
 multiple sources, infection rates for shoulder replacements were comparable to 
other forms of arthroplasty. 

 Infection rates reported after primary elbow replacement range from as low as 1 
to as high as12.5% and are generally regarded as higher than other major joint 
arthroplasty procedures  [  47,   55,   56  ] . Infection rates are considerably increased as 
the result of the subcutaneous nature of the elbow joint residing within a thin soft 
tissue envelope  [  55,   56  ] . In addition, large portions of patients undergoing TEA are 
immunocompromised as well as having poor soft tissue quality as a side effect of 
medication used in treatment for rheumatoid arthritis, traumatic arthritis, or from 
previous surgeries  [  56  ] . Known risk factors for PJI include previous elbow opera-
tions, a history of infections, rheumatoid arthritis (Class IV), psychiatric disorders, 
and wound drainage postoperatively. To a lesser degree, patients with psoriatic 
arthritis, immunocompromised conditions, and diabetes are at a high risk  [  55  ] . 
Infection rates as high as 31 % have been recorded for patient groups diagnosed 
previously with  multiple comorbid risk factors such as rheumatoid arthritis and 
prior surgical  intervention  [  55,   57  ] .  

    6.7   Economic Impact of Infections 

 In addition to being dif fi cult to treat and growing in incidence among revision rea-
sons, data has shown there is also a greater economic burden for infected revisions 
than other common revision reasons. In a retrospective study of arthroplasty patients 
from March 2001 to December 2002, Bozic and Ries found that, compared to pri-
mary arthroplasty or revision for aseptic loosening, infected hip arthroplasty was 
associated with signi fi cantly higher number of days in the hospital, total hospital 
costs, and total outpatient charges  [  14  ] . Speci fi cally, the direct medical costs for 
revision of THA because of infection were 2.8 times higher than revision for aseptic 
loosening and 4.8 times higher than primary THA  [  14  ] . Similar results were reported 
in France, where Klouche et al. reported that revision of septic THA was 2.6 times 
more costly than aseptic revisions and 3.6 times more than primary THA  [  58  ] . Kurtz 
et al. analyzed the NIS from 1990 to 2004, and for both TKA and THA, the ratio of 
hospital charges for infected arthroplasty was 1.52 and 1.76 times higher than unin-
fected arthroplasty, respectively, and was associated with 1.87 and 2.21 times longer 
length of stay, respectively  [  18  ] . 

 The economic burden of infection arthroplasties is also felt directly by hospitals. 
A study by Hebert et al. uncovered that infected TKA utilized two times more 
 hospital resources than their revision counterparts, while inadequate reimburse-
ments resulted in a net loss to the hospital of $30,000 per Medicare patient and 
$15,000 per standard patient  [  59  ] . Furthermore, the costs discussed are direct medi-
cal costs, and only one piece of the economic impact of infected THA. In most 
cases, infection was linked to longer hospital stay and increased outpatient visits, 
which would require a longer-term leave of absence from work and impact daily 
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activities and quality of life of the patients  [  18  ] . Increased costs only further eluci-
date the severity and wide-reaching impact of infection as compared to other arthro-
plasty complications.  

    6.8   Summary 

 In summary, a thorough review of the literature discovered infection currently 
af fl icts ~1 % of joint arthroplasty patients worldwide and is expected to grow as 
patient populations increase in size and expand into younger cohorts. Infection is 
poised to be the most frequent reason for revision and is associated with higher 
hospital costs and longer inpatient stay. As this number of arthroplasty patients 
begins to multiple in the coming years, the  fi nancial impact of infected revisions 
will be felt through the health community because of inadequate reimbursement 
procedures. New devices and technology will hopefully help to curb the increasing 
trends of infection, and thus it is critical to identify the primary factors that in fl uence 
infection to design techniques and methods to speci fi cally address these problems. 
The most commonly reported risk factors were found to be gender, BMI > 50, 
extended length procedures, lack of antibiotic bone cement, and comorbidities. 
With the information available, physicians can begin to target effective strategies to 
reduce infection in higher risk groups and with preexisting patient conditions.      
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  Abstract   In the present chapter incidence of revision in primary and revision total 
hip and knee arthroplasty is presented mainly based on registry data. The informa-
tion is then discussed separately for primary and revision arthroplasty focusing on 
the septic reasons for revision. Infl uence of registries on improvement of joint 
arthroplasty outcomes is discussed as well.  

  Keywords   Complications  •  Hip  •  Knee  •  Infection          

    7.1   Introduction and Risk Factors for Infection 

 Septic complications are very burdensome to the patient, and the therapy involves 
high costs for the health care system. 

 On-topic statements from large datasets can only be made on the basis of average 
values, whereas a wide range of variation has to be taken into account in the assess-
ment of individual situations. 

 The risk of infection depends on several risk factors. Apart from a reduced immune 
response due to steroid therapy, HIV, advanced age, alcoholism, renal or hepatic impair-
ment, diabetes mellitus, or rheumatoid arthritis, obesity and prior knee surgery are also 
risk factors for increased rates of complications  [  1–  8  ] . Increased rates of infection must 
of course also be expected in patients after a septic incident or osteomyelitis.  
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    7.2   Epidemiology 

    7.2.1   Primary Arthroplasty 

 Clinical studies report revision rates of between 0.39 and 0.7 % due to septic com-
plications after total arthroplasty interventions  [  3,   9–  11  ] . 

 Direct comparison of data from clinical studies and register data is not possible 
in all respects. The most essential difference is the de fi nition of the case of failure. 
In registers the removal or exchange of at least one part of the implant is a prerequi-
site so that – in contrast to some clinical studies – debridement and soft tissue 
 surgery are not included. 

 Nevertheless the average rates are higher in registers. Tables  7.1  and  7.2  show the 
average value from high-quality registers worldwide, adjusted for number of cases 
and follow-up period of the respective datasets.   

 Following aseptic loosening, the most frequent reason for revision, septic loos-
ening is the second most common cause after total knee replacement. This compli-

   Table 7.1    Risks and reasons for revision after primary total hip arthroplasty   

 Reason for revision 

 Reason for 
revision in (%) 
of all revisions 

 Frequency after 
primary surgery 
in (%) 

 Absolute frequency risk after primary 
surgery 1/ x  patients 

 Aseptic loosening  55.24  7.94  13 
 Dislocation  11.79  1.69  59 
 Septic loosening  7.45  1.07  93 
 Periprosthetic fracture  6.07  0.87  115 
 Wear  4.18  0.78  128 
 Pain for no other 

reason 
 3.74  0.52  193 

 Implant fracture  2.48  0.31  323 

   Source : All most recent National Arthroplasty Register reports worldwide in 2009 that publish the 
actual reason of revision (Sweden, Norway, Canada, Finland, Australia)  

   Table 7.2    Risks and reasons of revision after primary total knee arthroplasty   

 Reason for revision 

 Reason for revision 
in (%) of all 
revisions 

 Frequency after 
primary surgery in 
(%) 

 Absolute frequency risk after 
primary surgery 1/ x  patients 

 Aseptic loosening  29.83  2.44  41 
 Septic loosening  14.93  1.63  61 
 Pain for no other 

reason 
 9.49  0.89  112 

 Wear  8.15  0.65  153 
 Instability  6.23  0.50  200 
 Implant fracture  4.73  0.43  234 
 Periprosthetic 

fracture 
 3.07  0.24  417 

   Source : All most recent National Arthroplasty Register reports worldwide in 2009 that publish the 
actual reason of revision (Sweden, Norway, Canada, Finland, Australia)  
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cation occurs in 1.63 % of patients after primary implantation in the course of their 
lives. That means that 1 out of 61 patients is affected. 

 The incidence after total hip replacement is slightly lower at 1.07 %, which cor-
responds to 1 out of 93 patients. After aseptic loosening and dislocation, septic com-
plications rank third among the most common causes of revision surgery of the hip. 

 Chronologically, the occurrence of complications is not at all a linear process. 
There is an accumulation of infections and dislocations in the  fi rst few years after 
primary surgery. About 20 % of all revisions within the  fi rst 3 years have to be per-
formed due to septic complications, which are therefore approximately as frequent 
as dislocations after hip arthroplasty. 

 In Sweden, which has one of the best quality monitoring systems in the world, 
the timeline shows a signi fi cant reduction in complication rate initially after launch 
of the register (see Table  7.3 ). However, after a low in revision frequency of about 
0.5 % for those patients who had undergone primary surgery in 1987, a slight 
increase in complication rates was subsequently observed.  

 Owing to stringent quality improvement measures, a marked decrease in compli-
cation rate was achieved from 4 % around 1980 down to approximately 0.5 % nowa-
days. However, it seems that in the last few years, further improvement has hardly 
been feasible (see Figure  7.1 ).  

 Unicompartmental knee replacements on average exhibit considerably lower 
rates of septic complications than total knee or hip replacement (see Figure  7.2 ).  

 Differences between the sexes have been observed particularly for knee arthro-
plasty. Males are more frequently affected than females; in the case of total knee 
arthroplasty, the differences are statistically signi fi cant (see Figure  7.3 ).   

    7.2.2   Septic Complications at Revision Surgery 

 The recording of septic complications after revision surgery involves methodologi-
cal challenges. To ensure correct statistical evaluation, the patients’ previous medi-
cal history must be captured. Since the end point for analyses is a re-revision   , large 
and well-controlled patient collectives are a basic requirement. In practice, this can 
only be achieved by means of high-quality national or regional arthroplasty regis-
ters. The initial situation of individual patients may vary considerably, which again 
can only be taken into consideration through the large number of patients covered 
in registers. 

 The probably best paper in this context was published by the Norwegian 
Arthroplasty Register  [  12  ] . Even though the issue of septic complications is not the 
main focus of this publication and septic complications were excluded from further 
evaluation, a few essential data can be derived from the facts given. 5,137 out of 
78,534 patients after primary total hip arthroplasty had to undergo revision surgery. 
375 of them had to be excluded from further analysis due to septic complications. 
This corresponds to an incidence of 7.3 %. 

 After revision of 599 patients, 76 new infections (= 12.7 %) occurred. Out of the 
98 patients who even had to undergo a third reoperation, another 12 had to be revised 
once again for newly developed infections (= 12.2 %). 
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 If we add these values and assume a complication rate of 1 % after primary sur-
gery, we would have to suppose that septic complications occurred in one third of 
patients after the third revision. 
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  Fig. 7.1    Risk for revision 
after THA due to deep 
infection over time in Sweden 
( Source : Swedish National 
Hip Arthroplasty Register, 
Annual Report 2008)       
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 An older publication by the Norwegian Register suggests that there are an 
unknown number of chronic septic loosenings which are documented as aseptic 
revisions. Otherwise, it would hardly be explicable why different antibiotic regimes 
are associated with a different risk of revision for aseptic loosening as the end point 
 [  13  ] . 

 Evaluation of these data should also consider the diagnostic options available in 
1997. It should, however, be critically analyzed whether all low-grade septic com-
plications can be safely diagnosed nowadays. 

 Regarding the success rates of the different treatment methods, only rough esti-
mations can be made based on the data available.  

    7.2.3   Treatment of Infections 

 A recently published meta-analysis provides a good overview of the literature deal-
ing with this topic  [  14  ] . 

 Basically, there are several treatment options which are primarily used according 
to the symptoms. 

 Debridement with simultaneous implant retention is most commonly used in the 
case of short-term symptoms; published eradication rates range from 26 to 71 %. 

 One-stage revisions are mainly performed using antibiotic-loaded bone cement, 
with good published success rates of more than 90 %. However, this procedure puts 
high demands on surgeons and microbiologists during the entire therapy. 

 Two-stage revisions represent the gold standard among treatment options. The 
published success rates are similar to those of single-stage revisions, whereas 
the inclusion criteria for patients usually vary. The treatment regimens in the time 
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interval until reimplantation differ as well. However, in most cases high-dose, 
antibiogram-adapted antibiotic regimens are recommended for 6 weeks. The 
majority of studies recommend reimplantation after 6–12 weeks, depending on the 
extent of pathogen eradication. 

 Spacers of antibiotic-loaded cement or articulating spacers are a sensible option 
to achieve high local antibiotic levels, maintain the patient’s mobility as far as pos-
sible, and reduce soft tissue contraction. Nevertheless, impaired mobility is still a 
frequent, long-term, and restricting outcome of two-stage revision, particularly in 
the case of knee arthroplasty. 

 Excision arthroplasty or enucleation may be used as a salvage procedure in case 
of severely damaged bone substance and multiple therapy failure, but only few com-
parative studies are available on the outcome. Ganse et al., however, report on 
largely identical clinical outcome of about 60 points in the HHS for each group at 
52 months for two-stage revisions and excision arthroplasty of the hip  [  15  ] . 

 As a general rule, methodological weaknesses should be considered in quite a 
number of clinical studies dealing with this topic. The numbers of cases are mostly 
relatively small; statistical power is often low. The parameters collected sometimes 
show considerable deviations and interobserver variability. 

 An established standard can therefore not be derived from the data currently 
available, not even for clearly de fi ned patient groups.   

    7.3   Conclusions 

 Comprehensive analysis of the data available reveals considerable differences in 
outcome after primary arthroplasty in various countries. Owing to stringent quality 
control and regular feedback to the treating physicians, Sweden managed to halve 
the revision rate within a decade. This is true for both the overall revision rate and 
septic complications. Recently founded registers, where these mechanisms have not 
fully developed yet, show higher absolute values. Relative risk data analyses reveal 
that in nearly all countries approximately 10 % of all revisions are due to septic 
complications. 

 However, even under favorable circumstances about one revision after primary 
implantation must be expected in consequence of septic complications per 200 pri-
mary interventions. Bio fi lm-forming bacteria represent a particular challenge  [  16  ] . 

 In the past few years, an increasing occurrence of multiresistant pathogens and 
small colony variants have been observed that will probably be a continuing chal-
lenge in diagnosis and therapy also in the future and can only partly be compensated 
by improved laboratory techniques. 

 Apart from advances in the diagnosis and therapy of infections, ancient surgi-
cal principles should not be forgotten either. The operation time, the number of 
persons present in the operating theater, the observance of hygienic guidelines, or 
the soft tissue trauma following the intervention – all these factors have an 
in fl uence on the complication rate as well. Standardized procedures, as well as the 
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good collaboration of all persons involved, can make a substantial contribution to 
improving the results. The surgeon’s awareness and willingness to act as a model 
are essential in this process. 

 However, the most important impact factor for septic complications is the num-
ber of revision surgeries required – regardless of their causes.      
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  Abstract   In this chapter an overview is given about the rationale of perioperative 
antibiotic prophylaxis in total joint arthroplasty. Currently there are only level 1a 
recommendations for primary joint replacements, while the recommendations for 
revision joint replacements are still missing because of complexity and heterogene-
ity of this cases and lack of randomized controlled trials as well. Current literature 
and available data are reviewed, and recommendations are summarized.  

  Keywords   Antibiotic  •  Prophylaxis  •  Timing  •  Prosthetic joints      

    8.1   Background 

 Surgical site infection (SSI) is a healthcare-associated infection in which a wound 
infection occurs after a surgical procedure. The infection may range from super fi cial 
to deep and organ-space infection  [  1  ] . According to the National Healthcare Safety 
Network report between the years 2006 and 2008, the SSI rate in hip replacements 
varied from 0.67–2.4 % to 0.58–1.6 % in knee replacements in the United States  [  2  ] . 
European Centre for Disease Prevention and Control reports a cumulative incidence 
of surgical site infections in hip prosthesis of 1.2 % in Europe for the year 2007  [  3  ] . 
Rates of SSI for ankle replacement have been reported as high as 15 %, 1.2 % for 
elbow replacement, and 0.7 % for shoulder replacement  [  4–  6  ] . 

 SSI after orthopedic surgical procedures is one of the most costly complications 
due to hospital readmissions, extended hospital length of stay, need of additional 
surgical procedures, convalescent or nursing home care between procedures and 
outcomes that are worse than those in uninfected cases  [  5,   7  ] . Whitehouse and col-
leagues estimate that orthopedic SSIs prolong total hospital stay by a median of 
2 weeks per patient, double rehospitalization rates, and increase healthcare costs by 
more than 300 %. Patients with orthopedic SSIs have substantially greater physical 
limitations and signi fi cant decrease in their quality of life  [  8  ] . 
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 Supported by strong evidence the perioperative antibiotic prophylaxis is highly 
recommended for primary total joint arthroplasty  [  1,   9–  14  ]  to limit the incidence of 
serious infectious consequences. The majority of the available data supporting anti-
biotic prophylaxis is derived from studies that included patients undergoing total 
hip or total knee arthroplasty. There is a lack of data regarding the ef fi cacy of the 
antibiotic prophylaxis for elbow, shoulder, and ankle arthroplasty. By analogy we 
assume that the same antibiotic prophylaxis can be applied  [  5  ] . 

 It must be emphasized that perioperative antibiotic prophylaxis is not intended to 
sterilize tissues, but to reduce the microbial burden of intraoperative contamination 
to a level that cannot overwhelm host defenses  [  14  ] . From this point of view, it is 
clear that surgical antibiotic prophylaxis consists of a brief course of antibiotics that 
begins before the start of a surgical procedure and is discontinued very shortly post-
operatively, if continued at all, after the procedure. 

 The ef fi cacy of perioperative antibiotic prophylaxis is achieved only with appropriate 
administration of prophylactic antibiotic and includes the correct antibiotic selection, tim-
ing, dosing, and discontinuation. Nevertheless other factors, such as surgeon’s experience 
and technique, instrument sterilization issues, preoperative preparation, and underlying 
medical conditions of the patient, may have a strong impact on SSI rates  [  15  ] .

  Practice Points 

  Perioperative antibiotic prophylaxis is a standard for all patients undergoing pri-• 
mary total joint replacement.  
  The ef fi cacy of perioperative antibiotic prophylaxis is achieved only with appro-• 
priate antibiotic selection, timing, dosing, and discontinuation.  
  Surgical antibiotic prophylaxis is an adjunct, not a substitute, for good surgical • 
technique.  
  Routine prophylactic antibiotic should not be used for antibiotic treatment.    • 

 Patients with joint replacements who are having invasive procedures are at 
increased risk of hematogenous seeding of their prosthesis. The most critical period 
is during the  fi rst 2 years after surgery. According to the American Academy of 
Orthopedic Surgeons (AAOS), all patients with joint replacement should receive 
antibiotic prophylaxis before high-risk dental procedures in 2 years after the 
replacement, and high-risk patient should receive antibiotic prophylaxis before 
high-risk dental procedures for the lifelong period. AAOS also generally recom-
mends antibiotic prophylaxis before gastrointestinal or genitourinary tract proce-
dures  [  16,   17  ] .  

    8.2   Common Surgical Pathogens 

 SSIs following total joint arthroplasty are primarily caused by skin  fl ora or exogenous 
airborne microorganisms. The most common pathogens are  Staphylococcus aureus , 
 Staphylococcus epidermidis , and other types of coagulase-negative staphylococci, 
while  Enterococcus ,  Streptococcus,  and Gram-negative organisms such as  Pseudomonas  
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species and  Klebsiella  species are less common  [  18  ] . A contributing factor for SSIs in 
joint arthroplasty surgery is the ability of  Staphylococcus  species to create the bacterial 
bio fi lm on the surface of the orthopedic implant. The bio fi lm shields bacteria from 
antibiotic action and increases their antibiotic resistance capabilities. 

 The agents chosen for antibiotic prophylaxis should have excellent activity 
against the most common surgical pathogens. The selection is in fl uenced by the 
development of resistance and patient colonization. The prevalence of methicillin-
resistant  S. aureus  (MRSA) and especially methicillin-resistant coagulase-negative 
staphylococci (CoNS) is increasing steadily. Preoperative mupirocin decolonization 
as an adjunction to perioperative antibiotic prophylaxis showed signi fi cant decreases 
in SSIs after joint replacements  [  5  ] .  

    8.3   The Choice of the Antibiotic 

 There is no data supporting superiority of one class of antibiotics over another for 
antibiotic prophylaxis in total joint replacements  [  9  ] . The selection of prophylactic 
antibiotic should be based on its spectrum of action, pharmacokinetics and safety 
pro fi le, local resistance patterns, availability, and nevertheless cost. 

 Cefazolin, the  fi rst-generation cephalosporin, is the most commonly studied and 
used for perioperative antibiotic prophylaxis in primary total joint replacement. Recently 
cefuroxime, the second-generation cephalosporin, has been recommended for total hip 
arthroplasty  [  19  ] . In generally cefazolin is preferred because of its greater intrinsic 
activity against staphylococci; narrower side-effect pro fi le and antimicrobial spectrum; 
excellent distribution pro fi les in the bone, muscle, and synovia; and much lower cost. 

 In case of a serious allergy or adverse reaction to  b -lactams, clindamycin is cur-
rently the preferred alternative  [  18,   20  ] , although there are few data supporting its 
use for routine prophylaxis  [  13  ] . However, clindamycin provides less reliable cov-
erage against CoNS. In case of high institutional incidence of infections due to 
methicillin-resistant CoNS, vancomycin should be used for antibiotic prophylaxis 
in patient with con fi rmed  b -lactam allergy  [  5,   19  ] . 

 History    consistent with “true allergy” (i.e., urticaria, hypotension, bronchospasm, 
angioedema) or of a serious drug reaction (i.e., drug fever, toxic epidermolysis) to  b -lac-
tams is the key information to obtain because they represent the absolute contraindica-
tion to administration of cephalosporins. However, if patient reports a drug fever or 
rush, in the absence of anaphylaxis, with penicillins, then cephalosporins can be given 
safely  [  21  ] . Use of intraoperative “test dosing” is not supported by the literature and will 
not prevent potential anaphylaxis. It should be emphasized that anaphylaxis is not dose 
dependent; the test dose can result in anaphylaxis up to 1 h after the application  [  22  ] .

  Practice Points 

  You need to distinguish between nonimmune-mediated drug reactions and • 
immune-mediated reactions.  
  If patient reports a drug fever or rush, in the absence of anaphylaxis, with • 
 penicillins, then cephalosporins can be given safely.  
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  If a history of a severe penicillin allergy (i.e., hypotension, dif fi culty breathing) • 
exists, the alternative antibiotic such as clindamycin should be used.  
  It is unfair to label a patient as “penicillin allergic” when the history is • 
equivocal.    

 In patients with previous history of MRSA infection, at institutions with high 
rate of MRSA (>10 %) and methicillin-resistant  Staphylococcus epidermidis  
(MRSE) (>20 %) orthopedic SSIs, and in patients colonized with MRSA, vanco-
mycin should be used as prophylactic antibiotic  [  5  ] . Vancomycin has adequate 
activity against the most common high-resistant pathogens involved in orthope-
dic SSIs and reaches high concentrations in the bone, synovia, and muscle within 
minutes after administration  [  23  ] . On the other hand, vancomycin does not cover 
Gram-negative pathogens and anaerobes. The use of vancomycin along with 
cefazolin or gentamicin is in practice in some institutions, but is not supported by 
relevant data  [  12  ] . 

 Patients at high risk for carriage of MRSA should be screened before elective 
joint arthroplasty, while universal screening is controversial. Preoperative decoloni-
zation with intranasal mupirocin may be used as adjunctive measure in patients 
undergoing elective joint arthroplasty who are known to be carriers or infected with 
MRSA  [  5,   20,   24  ] .

  Practice Points 

  The selection of the prophylactic antibiotic should be based on antimicrobial • 
data, local resistance patterns, and patient allergies and consistent with current 
recommendation.  
  Vancomycin should be reserved for treatment of known infections, not for rou-• 
tine prophylaxis.  
  Vancomycin for antibiotic prophylaxis should only be used for patients with • 
known colonization with MRSA or in facilities with recent MRSA outbreaks.  
  In case of con fi rmed  • b -lactam allergy type I, vancomycin should be used for 
antibiotic prophylaxis only in high institutional incidence of infections due to 
CoNS.    

 The intravenous administration of prophylactic antibiotic is unambiguous while 
it assures rapid, reliable, and predictable serum and tissue concentration.  

    8.4   Timing of Initial Dose 

 There is ample data in literature to support the recommended timing of the  fi rst 
parenteral dose of antibiotic within 60 min prior to surgical incision  [  25  ] . It is 
imperative to administer the antibiotic in this time range to achieve adequate serum 
and tissue concentration at the incision site at the time of incision and throughout of 
the procedure. The adequate concentration means concentration above minimal 
inhibitory concentration (MIC) of the likely pathogens for the procedure. 
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Pharmacokinetic properties of antibiotic must be taken in consideration to complete 
infusion within the target time. 

 Standard practice in the clinical settings is the application of parenteral cefazolin 
at the induction of anesthesia as intermittent infusion over 20–30 min. The principle 
is valid for application of parenteral beta-lactam and clindamycin. Vancomycin 
solution must be administered at a rate of 10 mg/min or less to avoid infusion-
related events (i.e., “red man” syndrome). For prophylaxis vancomycin should be 
started 1–2 h before initiation of operation (usually already on the ward) as intermit-
tent infusion over 60 min. It is imperative to completely infuse antibiotic solution 
before surgical incision. 

 When a proximal tourniquet is used, the antibiotic infusion has to be completely 
infused before in fl ation of the tourniquet. Some authors suggest waiting 10 min 
before tourniquet in fl ation  [  18  ] .  

    8.5   Dosing 

 It is generally accepted that the dosage of an antibiotic required for prophylaxis is 
the same as that for the therapy of infection. Based on available date there is no 
conclusive recommendation for weight-based antimicrobial dosing for antimicro-
bial prophylaxis  [  5  ] . 

 The recommended dose for cefazolin is 1 g i.v. for patients who weigh < 80 kg 
and 2 g i.v. for patients who weigh > 80 kg. In case of sever renal impairment (crea-
tinine clearance < 35 mL/min), the dosage must be half of the usual dose  [  26  ] . 

 The recommended dose for clindamycin is 600 mg i.v. No dosage adjustment is 
required in renal impairment  [  27  ] . 

 The recommended dose for vancomycin is 1 g i.v. (10–15 mg/kg body weight). 
In renal impairment, start with usual dose; re-dosing interval, if needed, must be 
adjusted  [  28  ] .  

    8.6   Intraoperative Repeat Dose 

 Intraoperative re-dosing is based on serum and tissue concentration-time pro fi le of 
prophylactic antibiotic  [  5,   26–  28  ] . The concentration of prophylactic antibiotic 
must be above MIC on the incision site throughout of the procedure for continued 
effect. Additional intraoperative doses of antibiotic are recommended if the opera-
tion exceeds two half-lives of the antibiotics administered preoperatively: cefazolin 
every 3–5 h, clindamycin every 3–6 h, and vancomycin every 6–12 h. Re-dosing 
may not be warranted in patients with prolonged half-life because of renal 
impairment. 

 Intraoperative re-dosing is also warranted if prolonged or excessive bleeding 
occurs (>1500 mL)  [  5  ] .  
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    8.7   Duration 

 The duration of antibiotic prophylaxis in total joint arthroplasty is still  controversial. 
Evidence is mounting that continuation of antibiotic prophylaxis beyond 24 h after 
surgery is not likely to be bene fi cial. However, since there is insuf fi cient evidence to 
support single-dose regimens, the current recommendation is that the duration of 
prophylaxis should not exceed 24 h  [  5,   10  ] . According to their pharmacokinetic 
pro fi les, a 24-h regimen in patients with normal renal function for cefazolin is 1–2 g 
i.v. every 6–8 h, for clindamycin 600 mg i.v. every 8 h, and for vancomycin 1 g 
(10–15 mg/kg body weight) i.v. repeated once after 12 h. 

 There is no evidence to support the bene fi t of prolong antibiotic prophylaxis until 
all drains are removed  [  19  ] .  

    8.8   Antibiotic-Loaded Bone Cement 

 While antibiotic-loaded bone cement (ALBC) has not been shown to be superior to 
intravenous antibiotics, there is evidence that their combination is more effective 
than i.v. prophylactic antibiotic alone in reducing the risk of SSI  [  29  ] . Premixed com-
mercial ALBCs are standardized in accordance to speci fi c scienti fi c and technical 
requirements and have superior mechanical and elution properties relative to hand-
mixed ALBC. Therefore, only industrial preparations are appropriate for this pur-
pose. The aminoglycosides (gentamicin and tobramycin) and lincosamides 
(clindamycin and erythromycin) are the only antibiotics available in commercial 
ALBC. They have appropriate physical and elution pro fi les, with broad antimicrobial 
coverage and a low incidence of allergy. There is no evidence to support superiority 
of one antibiotic in bone cement over another. The U.S. Food and Drug Administration 
(FDA) has approved premixed antibiotic bone cements only for use in second-stage 
revision of total joint arthroplasty, but not as prophylaxis in routine primary joint 
arthroplasties. There are different opinions about the routine use of ALBC in primary 
joint arthroplasty  [  5,   13,   30  ] . However, due to lack of controlled trials, the clinical 
ef fi cacy of ALBC in primary implantation remains uncertain. Nevertheless ALBCs 
in conjunction with i.v. antibiotic prophylaxis are widely used worldwide for the 
prevention of infection in primary joint arthroplasty  [  20,   31–  33  ] .  

    8.9   Antibiotic Prophylaxis in Revision Joint Arthroplasty 

 There is no evidence to guide antibiotic prophylaxis in the revision joint arthro-
plasty. It has become common practice to withhold administration of prophylactic 
antibiotics before obtaining intraoperative cultures during revision joint arthro-
plasty in patients with a presumed PJI if the pathogen has not been identi fi ed by 



698 Perioperative Antibiotic Prophylaxis in Total Joint Arthroplasty

 preoperative aspiration  [  34  ] . There is a concern that the use of perioperative 
 antibiotic  prophylaxis will result in false-negative intraoperative culture results, 
leading in suboptimal diagnosis and treatment of infection for these patients. 
Delaying antibiotics after the optimal period may on the other hand predispose 
not-infected patients for an infection or already infected cases for an additional 
infection  [  25  ] . Recent data showed that the administration of perioperative antibi-
otics in cases with known infection did not interfere with the isolation of the 
infected organism. The authors suggest the perioperative antibiotic prophylaxis 
should not be withheld in cases with known infection or those without clinical 
evidence of infection. Withholding antibiotic prophylaxis may be of bene fi ts in 
those with clinical suspicion of infection in which preoperative aspiration has been 
negative. Still the practice of withholding prophylactic antibiotics remains theo-
retical and warrants further study  [  35–  37  ] . 

 Another issue is the choice of prophylactic antibiotic in revision joint arthro-
plasty. There is a concern about ef fi cacy of cephalosporins (i.e., cefazolin), usually 
used for antibiotic prophylaxis in primary joint arthroplasty, because of changed 
resistance pattern. Some authors suggest adding vancomycin i.v. or gentamicin i.v. 
to routine prophylactic antibiotic protocol  [  38  ] . However, it should be kept in mind 
that the role of perioperative antibiotic prophylaxis is to prevent the intraoperative 
contamination to progress in SSI and not for treatment of current infection. The 
choice of prophylactic antibiotic in revision joint arthroplasty should be based on 
the same principles as in primary procedures, i.e., on antimicrobial data, local resis-
tance patterns, and patient allergies. 

 Combining intravenous antibiotic prophylaxis with antibiotic-impregnated bone 
cement seems advisable in revision joint arthroplasty  [  39  ] . 

 The recommendations for perioperative antibiotic prophylaxis are summarized 
in Table  8.1 .   

    8.10   Conclusions 

 Supported by strong evidence the perioperative antibiotic prophylaxis is highly 
 recommended for primary total joint arthroplasty. The majority of available sup-
porting data include total hip or total knee arthroplasty. There is a lack of data about 
the ef fi cacy data for elbow, shoulder, and ankle arthroplasty; however, the same 
antibiotic prophylaxis can be applied. 

 The ef fi cacy of perioperative antibiotic prophylaxis is achieved only with appro-
priate administration of prophylactic antibiotic and includes appropriate antibiotic 
selection, timing, dosing, and discontinuation. The anesthesiologist should be 
responsible for administering the antibiotics to optimize appropriate timing. 

 Choice of prophylactic antibiotic should be consistent with current recommenda-
tions; however, it should consider the institutional range of antimicrobial suscepti-
bility patterns. Sound clinical judgment must be exercised to recognize the unusual 
cases in which alternative approach is necessary. 
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 Nevertheless surgical antibiotic prophylaxis is an adjunct, not a substitute, for 
good surgical technique. 

 There are different opinions about the routine use of ALBCs in primary joint 
arthroplasty. However, ALBC in conjunction with i.v. antibiotic prophylaxis are 
widely used worldwide for the prevention of infection in primary joint arthroplasty. 

 Currently due to the heterogeneity and complexity of most revision cases as well 
as a lack of randomized controlled trials, there are no clear recommendations for 
antibiotic prophylaxis for hip revision arthroplasty. The choice of prophylactic anti-
biotic in revision joint arthroplasty should be based on the same principles as in 
primary procedures, i.e., on antimicrobial data, local resistance patterns, and patient 
allergies. Based on recent date perioperative antibiotic prophylaxis in revision joint 

   Table 8.1    Recommendations for perioperative antibiotic prophylaxis in TJA   

 Choice  Cefazolin  If patient reports a drug fever or rush, in the 
absence of anaphylaxis, with penicillins, then 
cephalosporins can be given safely 

 Clindamycin  In case of  b -lactam allergy type I and low 
institutional incidence of methicillin-resistant 
CoNS 

 Vancomycin  In case of  b -lactam allergy type I and high 
institutional incidence of methicillin-resistant 
CoNS 

 Known colonization with MRSA or in facilities 
with recent MRSA outbreaks 

 Timing  Cefazolin, clindamycin  At the induction of anesthesia as intermittent 
infusion over 20–30 min (completely infused 
before in fl ation of the tourniquet) 

 Vancomycin  1–2 h before initiation of operation (usually 
already on the ward) as intermittent infusion 
over 60 min (completely infused before 
in fl ation of the tourniquet) 

 Dosing  Cefazolin 1 g i.v. 
weight < 80 kg 

 Half of the usual dose in creatinine clearance 
<35 mL/min 

 Cefazolin 2 g i.v. 
weight > 80 kg 

 Clindamycin 600 mg i.v.  No dosage adjustment needed in renal 
impairment 

 Vancomycin 1 g i.v.  In renal impairment, start with usual dose; 
re-dosing interval, if needed, must be adjusted 

 Intraoperative 
re-dosing 

 Cefazolin after 3–5 h  Re-dosing needed in case of: 

 Clindamycin after 3–6 h   Prolonged surgery 

 Vancomycin after 6–12 h   Blood loss > 1500 mL 

 Duration  Cefazolin 1–2 g i.v./6–8 h  Duration should not exceed 24 h! 

 Clindamycin 600 mg i.v./8 h 

 Vancomycin 1 g (10–
15 mg/kg) i.v. repeated 
once after 12 h 
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arthroplasty should not be withheld in cases with known infection or those without 
clinical evidence of infection. 

 Combining intravenous antibiotic prophylaxis with antibiotic-impregnated 
cement seems advisable in revision joint arthroplasty. 

 The cephalosporins (cefazolin) are currently preferred antibiotics with proven 
ef fi cacy and safety pro fi le for antibiotic prophylaxis in total joint arthroplasty. 

 In case of proven type I allergy to  b -lactams, clindamycin should be used. 
Vancomycin should be limited for cases of MRSA colonization or previous history 
of MRSA or MRSE infection and outbreaks of MRSA or MRSE surgical site infec-
tions. Vancomycin would be an acceptable alternative in case of proven type I 
allergy to  b -lactams only in high institutional incidence of infections due to methi-
cillin-resistant CoNS.         
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  Abstract   Prosthetic joint infection (PJI) is one of the most devastating  complications 
in the  fi eld of orthopedic surgery. Risk factors for PJI can be divided in two groups: 
patient-related risk factors and procedure-related risk factors. This chapter presents 
and discusses the most important risk factors in both groups. Recommendations 
about the measures to reduce the risk for PJI to the lowest  possible level are pre-
sented and argued.  

  Keywords   Patient  •  Immunosuppression  •  Risk factors  •  Diabetes  •  Body mass 
index      

    9.1   Introduction 

 It is important to identify and investigate risk factors for surgical site infections 
(SSI) because infections have adverse affects on health and functional status of 
the patients and use up valuable health care resources. Investigators have 
identi fi ed and examined risk factors for SSI using univariate and multivariate 
analyses. Consequently multiple risk factors for orthopedic SSI have been 
identi fi ed. 

 Risk factors for total joint infection can be divided in two groups. In the  fi rst 
group, there are risk factors that are in direct conjunction with patient condition – 
patient-related factors (Table  9.1 ). In the second group, there are factors that are 
related to the operative procedure, divided in preoperative and intraoperative – 
 procedure-related factors (Table  9.1 ).  

 In every surgical wound there is a con fl ict between bacteria that invade the surgi-
cal wound and patient’s defense mechanisms that rely on his   /her immune system. 
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Altemeier and Culbertson  [  1  ]  have pointed out that wound infection is the result of 
the equation:

     

Doseof bacterialcontamination virulenceRiskofSSI
Resistanceof patient

×
=

   

For most SSIs, the source of pathogens is the endogenous  fl ora of the patient’s 
skin, mucous membranes, or hollow viscera  [  1  ] . Exogenous sources of SSI patho-
gens include surgical personnel (especially members of the surgical team)  [  2,   3  ] , 
operating-room environment (including air), and all tools, instruments, and materi-
als brought to the sterile  fi eld during an operation  [  4  ] . On the other hand, endoge-
nous sources include diseases and physical conditions that can adversely in fl uence 
the immune system of the patient and in this respect increase the risk for SSI. 

 Many of these risk factors in both groups can be eliminated or modi fi ed to reduce 
the risk for SSI. It is important that not only orthopedic surgeons but also other mem-
bers of medical teams are instructed about the measures to reduce the risk factors for 
SSI as much as possible.  

 Patient-related factors  Procedure-related factors 

 Age  Preoperative shaving 
 Obesity  Preoperative skin antisepsis 
 Diabetes mellitus and 

hyperglycemia 
 Hand scrubbing and washing 

 Smoking  Surgical drapes 
 Malnutrition  Surgical gloves 
 Compromised immune 

system 
 Surgical face masks 

 Rheumatic or autoimmune 
diseases 

 Surgical foot wear and theater 
 fl oors 

  Nonsteroidal anti-
in fl ammatory drugs 
(NSAIDs) 

 Surgical gowns 

  Corticosteroids 
  Disease-modifying 

antirheumatic drugs 
(DMARDs) 

  Biologic agents 
 Coexisting infection in a 

remote body site 
 Operating-room environment 
 Movement of medical personnel 

in operating room 
 Surgical instruments 
 Surgical technique 
 Duration of operation 
 Antibiotic prophylaxis 

 Table 9.1    Patient-related 
and procedure-related factors 
that may increase the risk for 
SSI  



779 Risk Factors for Prosthetic Joint Infections

    9.2   Patient-Related Factors 

 Patient characteristics may affect the incidence of SSI. We can identify patients at 
increased risk for developing SSI during the operation by identifying the following 
patient-related factors. 

    9.2.1   Age 

 Many studies reported increased risk of SSI with increasing age  [  5–  7  ] . Immune system 
dysfunction and accumulation of comorbid conditions with increasing age may be the 
reason for the  fi nding. Other studies concluded that age alone was not an independent 
risk factor for SSI  [  8,   9  ] . A study performed by Kaye et al.  [  10  ]  revealed that risk of 
infection is linearly increasing until age of 65 years. After this age, risk of infection is 
decreasing by 1.2 % for each additional year. The explanation for this phenomenon 
could be that frail old patients are less frequently treated by surgical interventions than 
their healthy peers. This may have resulted in the selection of a relatively healthy group 
among older patients at decreased risk of SSI, compared with the group of younger 
patients where healthy and sicker peers are operated on. These  fi ndings can lead us to a 
conclusion that biological age, determined by comorbidities and immune competence, 
is more important than chronological age when considering the risk for infection.  

    9.2.2   Obesity 

 Several studies have shown that obesity, de fi ned as body mass index (BMI) of  ³ 30 kg/
m 2 , represents a risk factor for infection in joint replacement surgery  [  11–  15  ] . A study 
performed by Namba et al. demonstrated that the risk of an infection was 6.7 times 
higher in obese patients who underwent total knee replacement and 4.7 times higher 
in those selected for total hip replacement  [  16  ] . Waisbren    et al. showed in their study 
that body fat share (BFS) is more sensitive and the precise measure for determining 
SSI risk than BMI because it re fl ects more accurately body composition  [  17  ] . In their 
study they de fi ned obesity if BFS in men was higher than 25 % and in women, higher 
than 31 %. Obesity de fi ned by those BFS criteria was associated with a  fi vefold 
increased SSI risk. There are several hypotheses that explain how obesity is related to 
increased rate of SSI. Increased frequency of hematoma formation and subsequent 
prolonged drainage due to greater extent of surgical dissection  [  15  ] , low tissue levels 
of prophylactic antibiotics due to improper dose adjustment to weight  [  18  ] , fat tissue 
hypoperfusion with decreased tissue oxygenation and reduced oxygen tension with 
consequent decreased oxidative killing potential of neutrophils against pathogens 
 [  19  ]  are among the most important. Killing potential of neutrophils against pathogens 
in combination with antibiotic prophylaxis is especially important for reducing risk 
for SSI at the time of bacterial contamination following skin incision. 
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 It is possible to reduce the SSI risk for patients in this group by controlling 
weight, applying an appropriate dose of perioperative prophylactic antibiotics, and 
controlling serum glucose level in those with diabetes.  

    9.2.3   Diabetes Mellitus and Hyperglycemia 

 Diabetes has been associated with an increased risk of SSI in all orthopedic  fi elds 
 [  20–  22  ] . The reason for higher SSI risk may lay, in part, in the impact of the disease 
on patient’s physiology, but it is more likely that particularly the effects of periop-
erative hyperglycemia are even more detrimental  [  21,   23,   24  ] . The study performed 
by Jämsen et al. revealed that patients with glucose levels higher than 7 mmol/L had 
a fourfold higher risk for total knee replacement infection when compared to patients 
with glucose levels below 6.1 mmol/L  [  21  ] . Further research is needed to evaluate 
the optimal perioperative glucose levels. We think that patients with uncontrolled 
diabetes mellitus are not appropriate candidates for elective orthopedic surgery 
before their blood glucose level is under control.  

    9.2.4   Smoking 

 Tobacco use is a very important risk factor for serious postsurgical complications, 
especially for complications related to wound healing  [  25  ] . Tobacco use delays pri-
mary wound healing and may increase the risk of SSI  [  26  ] . Tobacco products cause 
microvascular vasoconstriction and together with carbon monoxide found in ciga-
rette smoke, which generates nonfunctional carboxyhemoglobin by binding to 
hemoglobin, contribute to tissue hypoxia  [  27  ] . According to the recommendations 
of US Center for Disease Control and Prevention (CDC), patients undergoing elec-
tive surgery should abstain from using tobacco products for at least 30 days before 
surgery  [  4,   28  ] . Our recommendation stands that cessation should be lifelong or at 
least until the operative wound is healed.  

    9.2.5   Malnutrition 

 Poor nutritional status is a well-known risk factor for deep infection after a variety 
of orthopedic surgical procedures  [  27,   29  ] . Optimizing nutrition is important to 
ensure proper immune function and postoperative wound healing  [  18  ] . Patients at 
risk for malnutrition are those who have gastrointestinal diseases, renal failure, and 
cancer; who are abusing alcohol; and especially group of patients with advanced 
age. Some useful and readily available parameters which de fi ne malnutrition are a 
BMI lower than 18.4 kg/m 2 , a total lymphocyte count of <1,800/ m L, a total serum 
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albumin level of <35 g/L, or a total serum transferrin level of <180 g/L  [  30  ] . Green 
et al. revealed in their study that patients who matched the criteria for malnutrition 
have been associated with an increased rate of wound complications  [  29  ] . German 
hospitals’ malnutrition study revealed that every fourth hospitalized patient in their 
country is malnourished  [  31  ] . This important  fi nding revealed that malnutrition is 
an underestimated issue even in developed countries. When there is objective evi-
dence of malnutrition in patient undergoing elective orthopedic procedure, preop-
erative and postoperative nutritional support should be provided. The aim is to 
improve the total lymphocyte count and to increase the albumin and transferrin 
levels which positively in fl uence wound healing potential and consequently reduce 
the risk of infection. In perioperative period patients should obtain suf fi cient protein 
intake and daily vitamin and mineral supplementation  [  18,   32,   33  ] .  

    9.2.6   Human Immunode fi ciency Virus (HIV) 

 Basic science studies have shown that impaired immune defenses make patients sus-
ceptible to common surgical pathogens and opportunistic microorganisms  [  34  ] . 
However, most of the clinical studies did not demonstrate a greater incidence of early 
postoperative complications in asymptomatic HIV-positive patients in comparison to 
HIV-negative patients  [  35  ] . HIV-positive patients may be at increased risk for late 
hematogenous infection as host immune defense diminishes with the progression of 
the disease  [  35  ] . Therefore, regular medical attention; prophylactic antibiotic therapy 
prior to dental, orthopedic, or other invasive procedures; and early recognition and 
treatment of possible infections are essential. Studies from non-orthopedic surgical 
 fi elds have suggested that speci fi c risk factors exist and include an absolute lympho-
cyte CD4 count of <200 cells/ m L and viral load of >10,000 copies/mL  [  18  ] . 

 HIV-positive patients who are candidates for elective orthopedic procedures 
should be carefully assessed, focusing particularly on their immune status, includ-
ing CD4 lymphocyte count, history of opportunistic infection, serum albumin level, 
nutritional state, and general health  [  35  ] . The risk is reduced if patient has no history 
of opportunistic infection, CD4 lymphocyte count of >200 cells/ m L, polymorpho-
nuclear leukocyte count of >1,000 cells/ m L, serum albumin concentration of 
>25 g/L, and no signs of cutaneous anergy  [  35  ] .  

    9.2.7   Rheumatic Disease 

 Patients with rheumatoid arthritis (RA) who are scheduled for total joint arthro-
plasty have a two- to threefold greater risk of acquiring a postoperative infection 
than patients with primary osteoarthritis  [  18,   36–  38  ] . Those patients are frequently 
treated with complex drug regimes that include NSAIDs, corticosteroids, metho-
trexate, DMARDs, and biologic agents. All of those drugs have direct or indirect 
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in fl uence on wound healing and potential risk of infection. Because of complexity 
of the  disease and complexity of drug treatment regimens, there are yet no evidence-
based recommendations about perioperative drug administration protocols. 
According to the available data, we suggest the following:

    • NSAIDs  decrease in fl ammation and pain through two known mechanisms. By 
inhibiting cyclooxygenase (COX)-1 and (COX)-2, NSAIDs inhibit the transfor-
mation of arachidonic acid to prostaglandins, prostacyclin, and thromboxanes 
 [  37  ] . With this mechanism they are inhibiting platelet function and increasing 
risk of intraoperative and postoperative bleeding, which may lead to increased 
risk of a postoperative infection. The second known mechanism of action is the 
inhibition of white cell activation which may lead to decreased cell immunity. 
Use of these medications should be discontinued according to their half-lives 
before elective orthopedic surgery. It is recommended that they should be dis-
continued three to  fi ve half-lives before surgery  [  39  ] .  
   • Corticosteroids  are very frequently used medications in treatment of RA. 
Perioperative management of corticosteroids is a very important issue in reduc-
tion of infection risk. It involves setting a balance between the minimal amount 
of corticosteroids necessary to reduce joint in fl ammation and unnecessarily high 
levels that might lead to perioperative complications. Excessive use can produce 
immunosuppression, increased protein catabolism, and sti fl ed in fl ammatory 
response, all of which can lead to poor wound healing and increased risk of 
infection. Conversely, inadequate levels can lead to disease  fl ares and adrenal 
insuf fi ciency  [  37,   40  ] . We recommend all patients on chronic corticosteroid ther-
apy to receive their regular dose of corticosteroids perioperatively. The use of 
stress-dose corticosteroids remains controversial  [  41  ] . To our knowledge, there 
are no evidence-based guidelines about the use of stress-dose corticosteroids. 
Our recommendation stands that stress-dose corticosteroids should not be pre-
scribed routinely, but individually, according to the length of steroid treatment 
time, cumulative steroid dose, and anticipated stress level of surgery.  
   • DMARDs  are de fi ned as medications that retard or halt the progression of rheu-
matic disease  [  42  ] . This group of medications consists of methotrexate, 
le fl unomide, sulfasalazine, hydroxychloroquine, intramuscular gold, and pen-
icillamine.  Methotrexate  administration is a mainstay of therapy in RA because 
of its long-term ef fi cacy, tolerability, low cost, and response rate exceeding 60 % 
 [  43  ] . It is most often selected DMARD for initial therapy in RA  [  44  ] . Methotrexate 
is a folate analogue with anti-in fl ammatory properties resulting from a decrease 
in cytokine production, including interleukin IL-1, IL-8, and tumor necrosis fac-
tor (TNF)  [  37  ] . When the medication is discontinued, the patient runs the risk of 
 fl ares within 4 weeks. In general, use of methotrexate should not be discontinued 
perioperatively. Only in patients with renal insuf fi ciency, uncontrolled diabetes 
mellitus, and liver or lung disease methotrexate should be discontinued periop-
eratively for 1 week  [  37  ] . In patients with RA and no other associated chronic 
disease mentioned above, treatment with methotrexate is not associated with 
greater risk of infection  [  45,   46  ] .  Le fl unomide  is an inhibitor of pyrimidine syn-
thesis and targets rapidly dividing cells, such as lymphocytes. Its half-life is 
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approximately 2 weeks. Large placebo-controlled studies comparing le fl unomide 
and methotrexate suggest that both drugs have similar ef fi cacy  [  47  ] . There is 
little evidence in the literature about le fl unomide in fl uence on potential infection 
risk. One study revealed that le fl unomide increases the risk of early wound heal-
ing complications  [  48  ] , but another study revealed that there is no association 
with higher infection risk  [  49  ] . Because of its mechanism of action and its half-
life, we recommend that le fl unomide should be discontinued 2 weeks prior elec-
tive orthopedic surgery. There is no evidence-based data available when to restart 
le fl unomide therapy after surgery. We recommend to reintroduce it as late as pos-
sible after surgery, but not before patient is stable and operative wound is healed. 
Further well-designed trials are needed to get more precise data about infection 
risk and perioperative therapy regimes.  Other DMARDs  are usually used as 
potential adjuncts to  fi rst-line RA medications. They have usually low potency 
and low toxicity and have not been associated with increased infection risk  [  50  ] . 
In general, those drugs should not be discontinued perioperatively.  
   • Biologic agents  are a group of medications acting as tumor necrosis factor alpha 
(TNF- a ) or interleukin-1 (IL-1) antagonists. They are decreasing host’s 
in fl ammatory response and are suppressing host’s defense against infection. 
There are many con fl icting data about perioperative use of biologic agents in 
elective orthopedic surgery. Many studies revealed no differences in wound heal-
ing and postoperative infection rates comparing patients who continued biologic 
agents’ therapy and patients who discontinued therapy  [  51–  53  ] . On the other 
hand, there are many studies which revealed the opposite  [  54–  56  ]  including data 
about late prosthetic joint infections occurring immediately after administration 
of biologic agents  [  57,   58  ] . This may reveal a serious risk of immune suppression 
caused by these drugs. The majority of articles highlighted the need for large, 
good quality trials to be conducted. Current evidence base is poor and insuf fi cient 
to enable de fi nitive guidelines regarding the use of biologic agents periopera-
tively with regard to postoperative infection and wound healing problems. We 
recommend that biologic agents should be withdrawn for about four half-lives 
preoperatively  [  59  ] , but the optimal time period for withholding therapy is still 
undetermined  [  60  ] . According to available data and immunosuppressive nature 
of these drugs, we recommend that the therapy should not be started before the 
patient is stable, out of anergic phase, and the wound is healed.     

    9.2.8   Coexisting Infection in a Remote Body Site 

 Coexisting infection in a remote body site is thought to be a risk factor for prosthetic 
joint infection. An elevated leukocyte count with left shifted differential and elevated 
C-reactive protein (CRP) level should raise the suspicion of an underlying infection 
in patients with no known in fl ammatory disease. Particularly important are 
in fl ammations and bacterial foci in oral cavity. All of them can progress into poten-
tial sources of infection in early postoperative period and for many years following 
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implantation, as well  [  61–  63  ] . Other potential sources of PJI are urinary, respiratory 
and gastrointestinal tract infections, chronic osteomyelitis, bacterial skin infections, 
and venous ulcers. We recommend postponing the elective orthopedic surgery until 
the remote body site infection is healed, if at all possible. Additional recommenda-
tion is to adopt a proper antibiotic prophylaxis prior to planned invasive procedures 
in patients with orthopedic implants.   

    9.3   Procedure-Related Factors 

 In 1867 Lister  [  64  ]  published the  fi rst reports of antisepsis in surgery, demonstrating 
the immediate clinical bene fi t from reduction of airborne organisms. In the 1960s 
Charnley  [  65  ]  introduced the concept of ultraclean air systems. In order to prevent 
or to minimize perioperative infection, we must consider the available evidence 
regarding the use of preoperative antibiotics, preoperative skin preparation of the 
patient and the surgeon, operating-room issues, theater discipline and protocols, 
wound closure, operative drainage, and use of dressings. 

    9.3.1   Preoperative Shaving 

 Preoperative shaving of the surgical site is a common practice. However, we must 
be aware of micro-abrasions of the skin caused by shaving which may support the 
multiplication of bacteria, particularly if undertaken several hours before surgery. 
A meta-analysis by the Cochrane group  [  66  ]  showed that the relative risk of a surgi-
cal site infection following hair removal with a razor was signi fi cantly higher than 
that following hair removal with clippers (relative risk, 2.02; 95 % con fi dence inter-
val, 1.21–3.36)  [  66  ] . Furthermore, the analysis showed no difference in the rate of 
postoperative infections between procedures preceded by hair removal and those 
performed without hair removal. Shaving immediately before the operation com-
pared to shaving within 24 and >24 h preoperatively was associated with decreased 
SSI rates  [  67  ] . Whenever hair is removed, clippers, rather than a razor, should be 
used at the time of surgery  [  68  ] .  

    9.3.2   Preoperative Skin Antisepsis 

 Skin antiseptics are used to reduce the number of microorganisms on the skin around 
the incision in order to reduce the probability of SSI. Several antiseptic agents are 
available for preoperative preparation of the skin. Most commonly used agents are 
iodophors, alcohol-containing products, and chlorhexidine gluconate solution. 
A meta-analysis from Cochrane group  [  69  ]  showed no difference in ef fi cacy among 
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skin antiseptics used in clean surgery. Also Adams et al.  [  70  ]  demonstrated that all 
compared antiseptics achieved a log10 reduction factor of 5. Important is also the 
effect on wound healing process. Cooper et al.  [  71  ]  found that povidone-iodine is 
extremely toxic to  fi broblasts and keratinocytes. According to the recommendation 
of Fletcher et al.  [  72  ] , chlorhexidine surgical scrub provides a prolonged reduction in 
skin contamination with less toxicity and skin irritation compared with povidone-
iodine. The same was also concluded in a recent meta-analysis from Noorani  [  73  ] .  

    9.3.3   Hand Scrubbing and Washing 

 Surgical hand scrubbing and washing is also a usual step in the preparation for sur-
gery. Washing with soaps has become obsolete because much higher reduction of 
bacterial counts is obtained with antiseptics, like alcohol solutions. The optimal 
antiseptic agent for surgical hand scrubbing and washing has not been established. 
Parienti et al.  [  74  ]  found no difference in infection rates when comparing aqueous 
alcohol hand rubs with that of traditional povidone-iodine or chlorhexidine glucon-
ate scrubbing with a scrub brush. Not only the antimicrobial activity but also its 
acceptability by operating-room personnel after repeated use is important. Widmer 
et al.  [  75  ]  favor the use of alcohol-based hand rubs for surgical hand preparation. 
Moreover, operating staff tolerated alcohol solutions better than other antiseptics. 
Although the proper duration for surgical hand rub is also not known, traditional 
practices recommend different time protocols  [  75  ] . Time recommended by the man-
ufacturer, usually 2–6 min, is the time recommended to consider  [  27,   75,   76  ] .  

    9.3.4   Surgical Drapes 

 Sterile surgical drapes are used to create a barrier between the surgical  fi eld and 
potential sources of bacteria. French et al.  [  77  ]  compared the adhesive plastic surgi-
cal drapes and cloth surgical drapes. They found that plastic adhesive drape prevents 
penetration and lateral migration of the skin bacteria and reduces wound contamina-
tion. In use are also impregnated plastic drapes (e.g., iodophor-impregnated plastic 
drapes) to be attached on expected incision site. However, according to the literature 
the use of iodophor-impregnated surgical drapes decreases skin contamination but 
does not appear to reduce infection rates  [  78,   79  ] .  

    9.3.5   Surgical Gloves 

 Initially, gloves were used to protect surgeons, only then they recognized that gloves 
can also protect the patient  [  80  ] . Because of the high incidence of perforation common 
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to orthopedic surgery, surgeons wear two pairs of gloves  [  81,   82  ] . Also changing gloves 
at regular intervals can reduce the incidence of glove perforation and contamination 
 [  83  ] . Moreover, for draping, only a separate pair of outer gloves should be used  [  81  ] .  

    9.3.6   Surgical Face Masks 

 Usage of surgical face mask in the modern operating suite became a standard 
practice (Fig.  9.1 ). It protects both the patient from bacteria expelled from the 
respiratory tract of the wearer and the wearer’s nose and mouth from exposure to 
the patient’s  fl uids. However, some studies questioned the ef fi cacy of surgical 
masks in reducing SSI risk  [  84,   85  ] . But reports, like the report of Gaillard et al. 
 [  86  ] , reinforce the role of surgical masks in SSI prevention. Nevertheless, wearing 
a mask can be bene fi cial due to a greater awareness of HIV and other blood-borne 
viruses.   

    9.3.7   Surgical Foot Wear and Theater Floors 

 Theater shoes and  fl oors represent potential sources for postoperative infections. Up 
to 15 % of bacteria found in the air are re-dispersed  fl oor bacteria  [  87  ] . However, 
Knochen et al.  [  88  ]  believed that frequent disinfection and cleaning of  fl oors is not 
necessary if a laminar air fl ow ventilation system is installed. Surgical shoes have 
been the subject of investigation, too. The use of dedicated theater shoes by surgical 
staff is recommended  [  89  ] . Changing shoes and other clothes should be done as far 
from the operating theater as possible  [  90  ] .  

  Fig. 9.1    Surgical face mask        



859 Risk Factors for Prosthetic Joint Infections

    9.3.8   Surgical Gowns 

 Gowns are worn by all scrubbed surgical team members and are used to prevent 
direct contact transfer of potentially infective agents between surgical team and the 
patient. Surgical gowns are fabricated from either reusable or single-use materials. 
A cost/bene fi t analysis from Baykasoğlu  [  91  ]  shows that single-use gown and drape 
sets provide the highest bene fi t rates. Regardless of the material used, they should 
be impermeable to liquids and viruses  [  4,   92  ] . However, surgeon should avoid repet-
itive touching of the surgical gown with their gloves  [  92,   93  ] .  

    9.3.9   Operating-Room Environment 

 Although many preoperative and intraoperative measures have been shown to 
reduce SSI rates, many consider the operating-room environment to be the most 
important one (Fig.  9.2 ). Laminar air fl ow and use of UV radiation have been sug-
gested as measures that reduce not only bacterial counts but also rates of SSI. 
Laminar air fl ow results in a signi fi cant reduction in rates of bacterial wound con-
tamination  [  94  ] . However, a signi fi cant decrease in infection rate has not been 

  Fig. 9.2    Operating-room environment. Surgical team performing arthroscopic-assisted ankle 
fusion (photo courtesy of Rihard Trebše)       
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shown. Surprisingly, Brandt et al.  [  95  ]  showed that operating room with laminar 
air fl ow did no bene fi t on reducing SSI and was even associated with a signi fi cantly 
higher risk for severe SSI after hip arthroplasty. However, the position of the surgi-
cal team and the wound with respect to the laminar air fl ow unit seems to be impor-
tant, too  [  96  ] . The laminar  fl ow unit can be placed horizontally or vertically.  

 Clean air in the operating room can also result from the use of ultraviolet (UV) 
light. UV light kills bacteria on the surfaces of the operating theater and in the air 
rather than simply decreasing bacteria counts  [  97  ] . Berg et al.  [  98  ]  showed that UV 
light was more effective than the ultraclean air enclosure. As concluded by Ritter 
et al.  [  99  ] , when safety precautions are considered, UV lighting appears to be an 
effective way to lower the risk of infection in the operating room during joint 
replacement surgery.  

    9.3.10   Movement of Medical Personnel in Operating Room 

 Medical personnel including surgeons, anesthesiologists, nurses, and also the tech-
nicians, students, and porters represent a major source of bacterial contamination 
 [  100,   101  ] . Ritter et al.  [  102  ]  also found that microbiological counts increased 
signi fi cantly when the doors of operating room were left open. Moreover, Babkin 
et al.  [  103  ]  recognized signi fi cant traf fi c through the OR door as risk factors for SSI. 
Consequently the number and activity of medical personnel in the operating theater 
should be kept to a minimum level.  

    9.3.11   Surgical Instruments 

 Instrument contamination can also represent a potential route for infection (Fig.  9.3 ). 
Chosky et al.  [  104  ]  showed a 28-fold decrease in contamination of surgical instru-
ments by preparing the instruments in the ultraclean air theater rather than in a 
conventional plenum-ventilated preparation room. A positive correlation between 
the time instruments were left open and their contamination was also proven.  [  105  ] . 
Furthermore, covering the instruments reduced contamination rates  [  104,   105  ] .  

 However, special attention must be given to splash basins, suckers, irrigation 
solutions, and light handles  [  92,   106,   107  ]  because they are frequently contaminated 
objects in the operative  fi eld.  

    9.3.12   Surgical Technique 

 Good surgical technique is believed to reduce the risk of SSI. To explain this con-
cept, there are many issues that need further consideration. One is irrigation of the 
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wound. The main debate is whether to use a high-pressure pulsatile lavage or a low-
pressure and bulb syringe lavage. Several studies have shown that high-pressure 
pulsatile lavage is more effective than low-pressure pulsatile lavage or bulb syringe 
lavage  [  108,   109  ] . However, there is a general concern that high- or low-pressure 
pulsatile lavage may result in deep bacterial seeding in bone that can cause greater 
musculoskeletal damage  [  110–  112  ] . As concluded by Fletcher  [  72  ] , low-pressure 
irrigation should be used if contamination is minimal. Many solutions containing 
bacitracin, neomycin, and soap were tested in comparison with normal saline solu-
tion. The data is confusing. Anglen et al.  [  113  ]  showed signi fi cant advantage of 
soap solution over antibiotic irrigant or saline alone in removing  Staphylococcus 
epidermidis  from metallic surfaces. In contrast, a study by Owens et al.  [  114  ]  
showed that the highest rebound in bacteria counts (120 %) was measured in the 
soap group and the lowest for normal saline solution (68 %). Another remarkable 
issue is the long-lasting debate regarding drainage of the wound. A meta-analysis 
from Parker et al.  [  115  ]  indicated that closed suction drainage increases the transfu-
sion requirements and represent no major bene fi ts. However, Kim et al.  [  116  ]  sup-
port the view that a wound drain reduces drainage, ecchymosis formation, and 
erythema. They agree that either use or nonuse of suction drainage does not affect 
the incidence of wound complication or infection after total hip arthroplasty. 
Drinkwater and Neil  [  117  ]  concluded that if the drain is used, the optimal time in 
place should not exceed 24 h. 

  Fig. 9.3    Surgical instruments for total elbow arthroplasty (photo courtesy of Rihard Trebše)       
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 Other operative steps like maintaining effective hemostasis, proper dead space 
 closure, application of topical antiseptics and antimicrobials to surgical incisions prior 
to their closure, usage of different surgical techniques, etc., may have an effect on devel-
oping SSI, but the discussion about these questions is beyond the scope of this chapter.  

    9.3.13   Duration of Operation 

 Many studies that involved large numbers of cases have shown that duration of 
operation is an independent risk factor for periprosthetic joint infection  [  118–  120  ] . 

    9.3.13.1   Postoperative Issues 

 The risk for developing a SSI does not stop when the operation is over and the 
wound is closed. Proper wound care and dressing technique are necessary to reduce 
the risk for an infection. The dressing should be permeable, waterproof, transparent, 
absorbent, and  fl exible  [  121  ] . The use of antibacterial dressing can limit bacterial 
growth and may reduce the risk of an infection as well  [  122  ] . When the dressings are 
changed, the wound should be cleaned with saline solution or tap water rather than 
with antiseptics  [  71,   123  ] . Overall, it is important to keep the wound clean and dry.    

    9.4   Conclusion 

 There are few issues that can so severely compromise a patient outcome as PJI. PJI 
can lead to severe morbidity and even death of a patient. Despite all the measures 
taken, the risk of infection remains ever present. 

 Infection occurs when the number and virulence of a pathogen overcome the phys-
iologic capability of the host to respond. To decrease the risk of PJI, we must be aware 
of potential extrinsic and intrinsic risk factors (procedure- and patient-related factors). 
Our task is to reduce those risk factors as much as possible to insure the optimal con-
ditions for the conduction of operative therapy and postoperative management.      
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  Abstract   Every wound is contaminated, but not all wounds end with a  prosthetic 
joint infection (PJI). The pathogenic process involves bacterial  adhesion steps 
that are fundamental in the early stage of PJI development and the consecutive 
bio fi lm formation. Bio fi lm development is an essential step in establishment of 
a chronic PJI. Due to its physical and chemical proprieties, it serves as a basic 
structure that protects bacteria from environmental in fl uences like host immune 
defenses and antibiotics. To understand the diagnostic  principles and treatment 
modes, it is imperative to understand the basics of the pathogenesis of PJI.  

  Keywords   Pathogenesis  •  Interactions  •  Bio fi lm  •  Bacteria  •  Host      

    10.1   Introduction 

 Prosthetic joint infections (PJI) can be dif fi cult to diagnose in some cases and 
are dif fi cult to treat in most instances. To understand the value of diagnostic 
tools and treatment modalities and to recognize their inherent limitations, it is 
important to understand the mechanisms of the pathogenic processes that  govern 
the initiation and development of PJI. The condition may evolve into a steady 
state, death of the host, or cure depending on the dynamic interplay between 
host defenses, implant biocompatibility, virulence factors, and medical actions 
(Table  10.1 )   
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    10.2   Bacterial Adhesion 

 Bacterial microorganisms tend to adhere to surfaces since growing on a solid sur-
face is a preferred form of living for majority of them  [  27  ] . Bacteria can reach the 
surface of an implant in different ways: with direct inoculation during surgical pro-
cedure, hematogenously in case of bacteremia, or with dissemination from a proxi-
mate septic focus  [  26  ] . All surgical wounds can be considered contaminated since 
there are always some bacteria present in skin glands independently of means of 
surgical  fi eld preparation and disinfection. In spite of this, not all wounds get 
infected. Clinical infection results from the interaction of microbial invasion and 
host organism’s defense. There are three elements important for the development of 
an infection: dose of inoculated bacteria (normally >10 5  CFU/g of tissue), virulence 
of the invading microorganisms, and defensive capability of contaminated organ-
ism. The dose of bacteria needed for development of infection is greatly diminished 
in presence of a foreign body. The presence of a foreign body can therefore be 
added to the classic triad of factors that determine the potential for development of 
a wound infection  [  25,   26  ]  (Fig.  10.1 ).  

 As soon as a new device gets implanted in a surgical site, a process notoriously 
called “race for the surface” begins  [  10  ] . According to this concept, there is a com-
petition for colonizing the surface between extracellular matrix proteins ( fi brinogen, 
 fi bronectin, vitronectin, trombospondin, bone sialoprotein) and eukaryotic cells 
( fi broblasts, osteoblasts, endothelial cells) on one hand and prokaryotic bacterial 
cells on the other. Matrix proteins are known to cover foreign material as soon as it 
appears in the human body. In the next step,  fi broblasts interact with a layer of matrix 
proteins using speci fi c receptors called integrins. In such a way, the implant becomes 
covered by a viable barrier, capable of defense functions against bacteria. In case 
there are bacteria present at the time of implantation, they enter the competition for 
the surface, and the outcome largely depends on their number and features. 

 Bacterial adhesion is a complex well-governed process in fl uenced by multiple envi-
ronmental factors: type of host surface, presence of protein  fi lm on an adhering surface, 
presence of serum proteins, presence of toxic substances (antibiotics and disinfectants 
 [  17  ] ), duration of exposure, number of pathogens, temperature, and pH. Bacterial 
adhesion to biomaterial surfaces can be described as a two-stage process starting with 

   Table 10.1    Difference between minimal infectious dose in the presence of foreign material and 
without   

 Study (subjects)  Type of foreign 
material 

 Minimal infectious dose  Bacteria 

 No FM  FM 
 Elek 1857 (human)  Suture 8  6 × 10 6    3 × 10   1     Staphylococcus aureus  
 Jame 8 1881 (mice)  Suture 8  10 6    <10   2     Staphylococcus aureus  
 Zimmerli 1832 

(guinea pig 3) 
 Tissue cage 3  >10 7    10   2     Staphylococcus aureus  

 Widmer 1833 (guinea 
pig 3) 

 Tissue cage 3  >10 7    10   3     Staphylococcus 
epidermidis  
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a physical reversible  fi rst phase (phase I) continuing into time-dependent irreversible 
active energy-dependent molecular and cellular second phase (phase II)  [  14  ] . 

    10.2.1   Phase I 

 Inoculated bacteria in planktonic form diffuse through  fl uids propelled by nonspeci fi c 
physical factors like gravity, Braun’s movement, surface tension, and van der Waals 
bonds. Eventually, they come into proximity of an implant. At distances smaller 
than 3 nm, they start interacting with biomaterial by means of hydrogen, ionic, and 
hydrophobic bonds. Energy needed for disruption of these bonds is small; therefore, 
the process can be reversed  [  5,   13  ] . This represents the  fi rst phase of bacterial 
adhesion.  

    10.2.2   Phase II 

 The second phase of bacterial adhesion is characterized by events on molecular level. 
Macromolecules capable of adhering are called adhesins. This is a general name for any 
molecular structure which has an active site being able to bond with a receptive structure 
on an implant surface. Microorganisms appear to have different adhesins for different 

PATHOGENIC ORGANISMS HAVE COMPLEX
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  Fig. 10.1    Graphic depiction of the interactions between host, implant, and pathogenic organism       
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surface materials  [  12  ] . On their surface, bacteria form special polymeric structures 
which help them adhere to surfaces, namely, capsule,  fi mbriae,  fi brillae, and  fl agella. 
Bacterial capsule contains proteins which function as adhesives  [  22  ] . Although there is 
always some negative charge on a protein surface in aqueous solution, the hydrophobic-
ity varies among species. More hydrophobic capsule has stronger adhering capability. 
Fimbriae are polymeric structures of pillin monomers. They have a  fi lamentary shape 
and are present in vast numbers scattered across whole surface of bacteria. Normally, 
 fi mbriae measure 7 nm in diameter but can sometimes reach up to a mm in length. Even 
bacteria that do not form  fi mbriae are capable of adhering, but their virulence is lower 
 [  11  ] .  Pseudomonas aeruginosa ,  Escherichia coli , and other mainly Gram-negative bac-
teria connect to implant surface using  fl agella  [  4  ] . Flagella are protein hooks sized 20 nm 
used for grabbing the surroundings  [  1  ] . Some bacterial species adhere to implant surface 
using more speci fi c means, e.g.,  S. aureus  uses MSCRAMM adhesive molecule (micro-
bial surface components recognizing adhesive matrix molecules) to connect with extra-
cellular matrix proteins covering the implant  [  18  ] . 

 Adhesion to a surface leads to important changes in many aspects of bacterial 
metabolism. Genes needed for bio fi lm development become activated. There are 
also other prerequisites for induction of this process like availability of nutrients, 
temperature, pH, osmolality, availability of iron, and presence of different signal 
molecules from other bacteria.   

    10.3   Bio fi lm 

 Adhesion of bacteria is followed by bio fi lm formation. Bio fi lm forms on a solid 
surface and is composed of bacterial biomass and an extracellular slime (Fig.  10.2 ). 
It is a very common form of bacterial cohabitation in nature, and its presence is not 
limited to implant infections within living systems. Besides bacteria, some fungi 

  Fig. 10.2    Bio fi lm formation in the extracellular space around a bacterial cluster (Photomicrograph 
courtesy of Andrej Trampuž)       
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(e.g.,  Candida albicans ) are also capable of bio fi lm formation. Bio fi lm can be 
 produced by one species of bacteria, but coexistence of different species within the 
same extracellular matrix is more common  [  5  ] .  

 Bio fi lm formation starts with bacterial excretion of slimy material that envelops 
them (Fig.  10.2 ). Its main components are exopolymers – polysaccharides of glu-
cose, galactose, mannose, fructose, rhamnose, amino sugars, polyols, and uronic 
acid  [  1  ] . Secretion of bioslime is followed by other changes in bacterial phenotype, 
probably resulting from oxygen and nutrient shortage and/or higher concentration 
of waste products. Through maturation of bio fi lm, an organized society is formed 
characterized by structural and functional specialization of individual cells. This 
society is tightly bonded to underlying surface. With time, bio fi lm becomes fun-
neled with water channels that allow for  fl ow of nutrients and signal molecules  [  3  ] . 

 Bacteria have developed a mechanism of mutual interaction inside bio fi lm which 
allows for functional and morphological structuring of the colony. They communi-
cate within themselves using signal molecules. The phenomenon of inter-bacterial 
signaling is called “quorum sensing”  [  21,   24  ] . The concentration of signal mole-
cules rises with increasing number of adhered cells. Certain concentration of signal 
molecules is required to induce changes in gene transcription that result in pheno-
type alteration. The signal molecule in Gram-negative bacteria is acyl-homoserine 
lactone, in Gram-positive species, different oligopeptides. 

 Development of bio fi lm is a basic bacterial survival mechanism in a hostile envi-
ronment  [  1,   7  ] . Bacterial cells inside the bio fi lm are well protected from comple-
ment system, neutrophilic granulocytes, killer cells, antibiotic peptides, antibodies, 
phagocytosis, oxidative stress, antibiotics, and disinfectants. Ceri needed a 500-
times increase in minimal inhibitory concentration (MIC) of ampicillin to reduce 
the number of  E. coli  for 3 log inside bio fi lm compared to bacteria in the planktonic 
form  [  2  ] . Other authors have found even 1,000 times higher resistance of bacteria in 
the bio fi lm compared to their planktonic counterparts.  [  5,   20  ] . Reasons for poor 
effect of antibiotics are numerous. They poorly penetrate the bioslime, chemically 
interact with bio fi lm molecules, and have lower activity in an acid and hypoxic 
environment. Changes that in fl uence resistance to antimicrobials are determined 
also by bacteria which slow their metabolism, lower the transport rate over the cell 
wall, and prolong the reproductive cycle. 

 Inside bio fi lm, the antibiotic activity differs considerably. Cipro fl oxacin acts 
more ef fi ciently on  P. aeruginosa  bio fi lm compared to many other antibiotics 
including piperacillin/imipenem combination or ceftazidime  [  2  ] . In the staphylo-
coccal bio fi lm, there is frequently no increase in resistance for cipro fl oxacin  [  19  ] . 
Similarly, gentamycin has bigger effect on  S. aureus  bio fi lm compared to oxacillin 
or vancomycin  [  2  ]  and is more ef fi cient than cefamandole, cipro fl oxacin, and van-
comycin in  Propionibacterium acnes  bio fi lm  [  19  ] . 

 Resistance to antibiotics grows with age of a bio fi lm. Plasmid interchange is 
largely facilitated inside bio fi lm. The reason is the close proximity of bacteria. 
Reduction of shear forces by the slime also eases conjugating process  [  6  ] . Authors 
have shown plasmid acquired resistance against beta-lactams, erythromycin, 
 aminoglycosides, tetracyclines, glycopeptides, and sulfonamides  [  8,   9,   15–  17,   23  ] . 
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 Well protected from noxious agents, microorganisms can live inside the bio fi lm 
for a long period of time. If host immunity weakens for some reason, some of the 
colony members can change back to planktonic form of living leading into local and 
systemic spread and reactivation of clinical manifestation of infection  [  8  ] .      
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  Abstract   The prevalence of orthopedic implant-related (deep) infections is approx-
imately 0.5–1.5 %. They are divided to early (<1 months after the implantation) and 
delayed (1 months–2 years after the implantation) infections, which are somewhat 
overlapping with late infections (over 1–2 years after the implantation). Early and 
delayed infections are usually caused by direct contamination during the operation 
by more or less virulent microbes in patients with lowered local and/or systemic 
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bacterial resistance, but late infections are usually hematogenous. Microbes in the 
body are usually fought back in healthy living tissues, but implantation-associated 
hemorrhage and the abiotic implants form an unprotected surface,  locus minoris 
resistentiae . Here, planktonic bacteria easily adhere and soon form a protective 
extracellular polymeric substance (EPS, biofi lm, “bacterial slime”) and transform to 
dormant but intercommunicating and even polymicrobial colonies. Embedded in 
the biofi lm, antibiotics cannot by diffusion reach high enough (therapeutic concen-
trations), and suboptimal concentrations only select for resistant strains. Leukocytes, 
antibodies, and complement have poor access to biofi lms. Further, using quorum 
sensing, biofi lm bacteria behave very intelligently, adjusting the colonies to various 
threats to their existence, by adjusting the bacterial population to a size which real-
istically can survive, by developing antibiotic resistance and exchanging resistance 
between themselves, and by developing organized structures so that the microbes at 
every layer and depth have adjusted to their local micromilieu, e.g., oxygen tension, 
nutrients, EPS composition, antibiotics, and antifungals. If the in vivo “culture con-
ditions” are favorable for the microbes, e.g., due to developing immunosuppression 
of the host, colonies can activate and start to send metastatic satellites to invade 
adjacent and remote new sites (foci). Removal of the infected implant is often the 
only effective therapy but happens at the cost of the implant, with antibiotics only 
playing an adjunct role. Diagnosis can be verifi ed by detaching biofi lm hidden bac-
teria by ultrasonication from the retrieved implant contained in fl uid in a plastic bag 
and by combining routine microbial diagnosis, such as culture and staining, with 
more modern polymerase chain reaction analysis of the microbial DNA. The race 
between evolutionary antimicrobial resistance development and the drug companies 
developing new antibiotics seems to be tipping in favor of microbes. Therefore, 
intelligent use of systemic and local antibiotic prophylaxis, disinfection, aseptic 
techniques, testing of eventual carriers of resistant but asymptomatic strains, and 
separating carriers from clean but infection-prone patients are important principles. 
The development of implants and implant coatings able to resist bacterial adhesion 
and colonization is important, and new antimicrobial drugs working using new 
modes of action, e.g., based on the use of bacteriophages, should get more scientifi c 
attention.  

  Keywords   Bacteria  •  Cytokine  •  Biomaterial  •  Adhesion  •  Coatings           

   11.1   Introduction 

 The use of surgically implanted devices and endoprosthetic joints has increased as a 
result of their bene fi cial effect on the quality of life and in some instances, even on 
the patient survival rates. Use of implants, however, can be associated with a variety 
of complications, one of the most dreaded being implant-related infections. 
Biomaterial-associated infection (BAI) is one of the most common complications of 
implantation of any abiotic biomaterial, regardless of its form or function. Treatment 
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of BAIs is dif fi cult mainly due to bio fi lm formation. Therefore, inhibition of bacte-
rial adhesion to material surface, the  fi rst step of bio fi lm formation (via which the 
implant surface at the implant-body interface interacts with its surrounding), is an 
important strategy in the prevention of surface colonization, bio fi lm formation and 
BAI. Most nosocomial implant-related infections are caused by a spectrum of 
Staphylococci instead of epidemic strains  [  1–  3  ] . Aspects contributing to BAIs are 
important to understand because of the high morbidity and mortality, which are asso-
ciated with them. Development of BAIs begins with colonization of the surface of 
the implant material, followed by a complex metamorphosis, quorum sensing and 
bio fi lm formation and maturation. There has been an increasing recognition of the 
role that microbial bio fi lms play in human medicine and it has been estimated that 
more than 80 % of all human microbial infections involve bio fi lms  [  4,   5  ] . 

 Biomaterial infections are dif fi cult to treat by use of antibiotics alone, due to the 
presence of the bio fi lm and the dormant and intercommunicating nature of the bac-
terial  fl ora in the bio fi lm. Bio fi lm renders the infection impervious to antimicrobial 
agents and host defenses and the dormant state of bacteria in the bio fi lm renders 
them less susceptible to antibiotics, which usually are most effective against rapidly 
dividing and growing bacteria  [  6–  8  ] . Even though the causative agents were suscep-
tible to the commonly used antimicrobials when tested  in vitro , their bio fi lm forms 
are highly resistant to most agents. Further, a common problem with the long-term 
treatment with potent antibiotics is the development and continuous expansion of 
bacterial strains resistant to the commonly used antibiotics  [  9,   10  ] . As a result, sur-
gical removal and replacement of the implants in one- (e.g. arti fi cial heart valves) or 
two-stage (e.g. arti fi cial joints) revision operations is often the only effective treat-
ment, followed by an adjuvant treatment with systemic antimicrobial therapies, 
which naturally causes morbidity and increases cost of the treatment  [  11  ] .  

    11.2   Staphylococcal Interactions 

 Cluster-forming Gram-positive  Staphylococcus epidermidis  and  Staphylococcus 
aureus  are the two most common pathogens involved in BAIs.  S. epidermidis  is a 
common skin commensal and can also be found on mucous membranes. Its ability to 
adhere derives in part from its ability to produce extracellular polymeric substance 
(ESP, “bacterial slime”), which together with the intricate staphylococcal cell wall 
protect it against drying, mechanical rubbing off, osmotic rupture, antimicrobials and 
other threats. Most  S. epidermidis  are thus inherently resistant to a number of antibiot-
ics. ESP also protects  S. epidermidis  against naive and adaptive immunity so their 
presence on normal skin and mucosal surface is not normally associated with any 
signs of in fl ammatory or immune reactions in form of e.g. redness, swelling, pain, 
increased temperature or functional impairment of the body surface. 

 However, the host-staphylococcal balance becomes disrupted if the bacterium 
gains entry into the tissues. Normally the keratinized surface layer of the skin 
or the super fi cial mucosal epithelium forms a passive physical barrier keeping 
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   S. epidermidis  out and away from e.g. bloodstream. Although the immune mecha-
nisms in blood are a threat to bacteria, blood also forms a rich source of nutrients for 
 S. epidermidis  (which can be cultured on blood agar plates), activating it up from 
the dormant bio fi lm-associated “resistant state”. During implantation of the pros-
thetic joint, Staphylococci can get direct access to subcutaneous tissues, to the 
deeper lying muscle and fascial tissues, or even to the joint cavity and implant sur-
face. These can cause super fi cial surgical site infections, deep surgical site infec-
tions and implant-related (organ/space) infections, respectively. Later on, if the 
blood gate is opened e.g. due to a wound,  S. epidermidis  can be seeded to blood and 
via bacteremia can cause a late hemotogenic implant-related infection. This together 
with its resistance to commonly used antibiotics has contributed to  S. epidermidis  
emergence in recent years as a major nosocomial pathogen associated with infec-
tions of implanted medical devices. Staphylococci adhere to the abiotic and rela-
tively defenseless implant surface and can form bio fi lms, which constitutes an 
important virulence factor and probably the most relevant pathogenic mechanism of 
staphylococcal infection  [  12,   13  ] . After adhering to the implant surface  S. epider-
midis  secretes a layer of slime, making the bacterium less accessible to the host 
defense systems and decreases its antibiotic susceptibility signi fi cantly  [  14  ] . 

  S. aureus  infections are also common, severe and associated with signi fi cant mor-
bidity and mortality.  S. aureus  is more virulent than  S. epidermidis  and causes rela-
tively more often infections of the joint implants occurring (manifesting) early after 
the joint replacement arthroplasty. Therefore, perioperative antibiotic prophylaxis is 
mainly targeted to  S. aureus  which has had a major impact on the prevalence of BAIs 
caused by it. Nevertheless,  S. aureus  is the most common cause of purulent arthritis 
and infective endocarditis worldwide. These tissues are relatively poorly vascularized 
and therefore the host response is less effective than in better vascularized tissues; in 
this respect, articular cartilage and valvular tissue in the heart resemble biomaterials 
as revealed by their susceptibility to Staphylococci  [  15  ] . Further, due to its virulence, 
 S. aureus  is the most common cause of skin and soft tissue infections and is a frequent 
cause of serious infections such as health care-associated bloodstream infections, 
device-associated infections and osteomyelitis. Bio fi lm-producing  S. aureus  displays 
greater adhesive abilities in comparison to nonproducing ones  [  16,   17  ] . 

 Most bacterial  in vitro  adhesion studies have been done under static conditions 
for practical reasons. However,  in vivo  bacteria and bio fi lms are usually subjected to 
shear forces of the human body  fl uid  fl ow. The best primary prophylaxis against 
infections would be to use biomaterials or coatings able to inhibit or resist bacterial 
adhesion. 

 Some research has been done on adhesion of different Staphylococcal strains to 
most common biomaterials and to diamond-like carbon (DLC) and diamond-like 
carbon polymer hybrid (DLC-p-h) coatings. These tests evaluated which materials 
would present best antifouling properties to prevent or diminish Staphylococcus 
adherence and thus reduce implant-related infections. Under static condition, bio-
material samples are allowed to interact directly with bacterial solution at body 
temperature for different times (normally done without protein treatment of the 
sample). Static adhesion results indicated that  S. epidermidis  (ATCC 35984) adhered 
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signi fi cantly ( p  < 0.05) more to DLC coating than to titanium or silicon, but dia-
mond-like carbon polytetra fl uoroethylene hybrid (DLC-PTFE-h) showed better 
antifouling ability than other tested materials. No other signi fi cant differences were 
observed between the materials tested.  S. aureus  (ATCC 25923) showed signi fi cantly 
lower adherence to DLC-PTFE-h coating ( p  < 0.05) compared to other material sur-
faces tested (DLC, Ti and Si)  [  18  ] . The above-mentioned results suggest that apply-
ing DLC-PTFE-h coating on the surface of implants could inhibit bacterial adhesion 
on it and thus reduce the risk of implant infection. 

 It can be debated if such static models and  fl uids without proteins adequately 
mimic the situation  in vivo . After surgery, the implant surface is always instantly but 
dynamically coated by a monolayer of adsorbed interstitial or serum proteins, regu-
lated also by the biomaterial surface properties, such as the chemical composition 
and phase, topography, hydrophobicity/-philicity, zeta potential etc. Microbial 
attachment process on the material depends on the composition of this protein coat-
ing. It is hypothesized that by surface treatment with proteins, an adhesion environ-
ment which is somewhat more reminiscent to that prevailing in the human body can 
be achieved  [  12,   19  ] . In static conditions, to achieve this, tested biomaterial samples 
are  fi rst treated with protein to implement proteins on the surface before immersion 
in bacterial solution. Kinnari  et al . showed that by coating titanium surface with a 
protein, such as albumin (human serum albumin, HSA), antifouling surface proper-
ties were achieved, which reduced adhesion of  S. aureus  (ATCC 25923) to the tita-
nium surface  [  20  ] . In  S. aureus  (S-15981), adhesion tests samples were  fi rst treated 
with fetal calf serum. DLC, Cr, Ta, and Ti surfaces showed the following adhesion 
rank order (% of surface area covered by adhered bacteria): titanium (22.69 %), 
tantalum (14.34 %), chromium (1.41 %) and DLC (0.38 %)  [  19  ] . These results in 
static adhesion conditions show that protein coating changes the adhesion of 
 S. aureus  and that much less bacteria adhered to DLC surfaces than to titanium 
surfaces compared to tests performed in the absence of proteins. 

 Implant or coating designed for clinical use will be subjected to continuously 
 fl owing body  fl uids and shear forces. This suggests that bacterial adhesion should be 
studied under dynamic rather than under static conditions to mimic more precisely 
the conditions prevailing  in vivo . The dynamic bacterial adhesion tests can be done 
in  fl ow chambers which allow bacterial solution to  fl ow (with the desired shear rate) 
on the surface of the tested material. Dynamic bacterial adhesion tests with different 
 S. epidermidis  (HBH276, 236, 3294) strains to DLC and surgical steel (AISI316L) 
did not show signi fi cant differences ( p  < 0.05) in bacterial adherence to these sur-
faces. Similar results were obtained with  S. aureus  (7323) to DLC and surgical steel. 
This suggested that DLC coating could be applied to implant surfaces without 
increasing the risk of implant-related infections compared to surgical steel, the most 
commonly used biomaterial. These tests were done using the shear rate of 15.7 1/s, 
but also without proteins, using phosphate-buffered saline to suspend bacteria  [  21  ] . 

 Dynamic adhesions tests have been reported using the shear rate of 200 1/s and 
three commonly used biomaterial metals (Ta, Ti, Cr) and three different DLC coat-
ings, which all showed similar results when  S. epidermidis  (ATCC 35984) was used 
for testing. No signi fi cant ( p  < 0.05) difference between the tested materials was 
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observed.  S. aureus  (S-15981) adhered to DLC, DLC-PDMS-h, DLC-PTFE-h, Ta, Ti 
and Cr, showing slightly more adherence to DLC  vs . DLC-PDMS-h and tantalum. 
With all other tested materials, no signi fi cant differences were observed; however, 
also these studies were done using phosphate-buffered saline, without proteins  [  22  ] . 

 Bacterial adhesion is a complicated process that is affected by many factors, 
including some characteristics of the bacteria, the target material surface and the 
environmental factors, such as  fl ow rate and the presence of serum proteins or bac-
tericidal substances. This makes comparison of  in vitro  and  in vivo  results dif fi cult. 
For example, when van der Mei  et al . did bacterial adhesion tests (both  in vivo  and 
 in vitro ) with  S. epidermidis  (3399) and  S. aureus  (ATCC12600) to poly(ethylene 
glycol) PEG (OptiChem ® ), no correlation between bio fi lms formed  in vitro  and 
 in vivo  conditions was found  [  12  ] .  

    11.3   Mycobacterial Interactions 

 The genus  Mycobacterium  is a special group among microorganisms. The type spe-
cies ( Mycobacterium tuberculosis ) is the primary human pathogen and is one of the 
leading causes of death throughout history, but almost all other mycobacterial spe-
cies are environmental organisms that only rarely cause disease in humans. Bio fi lms 
are extremely important for these organisms because they may be considered reser-
voirs for the survival of mycobacteria in water distribution systems and contributors 
to the continuous bacteriological contamination of the water via an erosion process 
 [  23  ] . Some of the most often isolated species in environmental bio fi lms are com-
monly isolated also as human pathogens, like  Mycobacterium avium  complex 
(MAC) species,  Mycobacterium lenti fl avum  or nonpigmented rapidly growing 
mycobacteria (NPRGM)  [  24–  26  ] . These species also have the ability to form 
bio fi lms  in vitro , where the composition of the media and the temperature 
signi fi cantly in fl uence the development of bio fi lms  [  27  ] . All these  fi ndings suggest 
that water could form a potential source of human infections caused by these 
microorganisms. 

 Bio fi lm formation by mycobacteria requires steps rather similar to other micro-
organisms. First mycobacteria must adhere to the surface. The initial bond strength 
is due to weak hydrophobic or van der Waals forces. Later, stronger covalent bonds 
are formed. Finally, the microorganisms begin to multiply  [  28,   29  ] . Adherence 
studies showed that there are intra- and interspecies differences in mycobacterial 
attachment to polymers. After adherence, bio fi lm development follows a sigmoid 
growth curve until the doubling time of cells becomes shorter than that of  planktonic 
bacteria  [  27,   30  ] . 

 Molecular mechanisms and environmental factors involved in bio fi lm formation 
have been described for different species of mycobacteria  [  31  ] . Presence of ions, 
such as magnesium, calcium and zinc, in the medium affects the bio fi lm formation 
by MAC species. Moreover, several carbon sources, such as glucose or peptone, 
improve the development of the bio fi lm  [  32  ] . 
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 Several reports have linked the ability of mycobacteria to perform sliding move-
ments with the development of bio fi lms. Both characteristics are linked to the pres-
ence of glycopeptidolipids (GPLs) in the mycobacterial cell wall. These molecules 
are integrated in the complex wall structure, where they expose their hydrophobic 
tails to the outer environment. Thus, the cell becomes hydrophobic and creates links 
with hydrophilic surfaces, facilitating motility and bio fi lm formation  [  33  ] . The dif-
ferent expressions of genes involved in GPLs biosynthesis in fl uence the develop-
ment of bio fi lm, which indicates that the outer surface of the bacterium is important 
for this property  [  34  ] . The absence of GPLs in the outermost layer of the cell wall 
abolishes the ability of mycobacteria to form bio fi lm on polyvinyl chloride (PVC) 
 [  35  ] . Likewise, the role of other genes has been analyzed in the development of the 
bio fi lm. The  lsr2  gene, identi fi ed in several species of mycobacteria, is one of them. 
Although its function is not clari fi ed, mutant strains for this gene develop nonpolar 
lipid disorders affecting bio fi lm formation by Mycobacteria  [  36  ] . Another study 
linked the presence of  GroEL  gene with the bio fi lms produced by  Mycobacterium 
smegmatis , an environmental NPRGM. This gene encodes the Hsp60 chaperone. 
Mycobacteria contain two forms of Hsp60-related chaperone regulated by heat 
shock, oxidative stress or immune response. Other properties of this chaperone are 
its ability to participate in intercellular signaling and transcriptional regulation. 
Mutant strains for this gene showed altered bio fi lm formation  [  37  ] . The GroEL1 
chaperone is also involved in the metabolism of short-chain mycolates, which indi-
cates their involvement in bio fi lm development. Other genes are currently under 
research to evaluate their actual role in bio fi lm development by NPRGM  [  38–  42  ] . 

 From the clinical point of view, the importance of bio fi lm relates to implant-
related infections but also to chronic diseases characterized by the presence of 
bio fi lms, such as respiratory infections in patients with chronic obstructive lung 
diseases  [  43  ] . A relationship has been demonstrated between the ability to develop 
bio fi lm  in vitro  and the clinical signi fi cance of the NPRGM strains  [  44  ] . Bio fi lm-
defective  Mycobacterium abscessus  cannot cause disease in an animal model  [  45  ] . 
Bio fi lm growth also leads to development of antibiotic resistance and helps to 
escape from host defense  [  46  ] . Mycobacteria in bio fi lms show diminished suscepti-
bility to antibiotics which are active against planktonic mycobacteria due to differ-
ences in the metabolic state of bio fi lm and planktonic bacteria  [  47,   48  ] . Fortunately, 
diseases caused by environmental mycobacteria are relatively rarely seen in clinical 
practice. However, tuberculosis is one of the leading causes of mortality among 
humans and some reports suggest that bio fi lms could have a role also in the patho-
genesis of disease caused by  M. tuberculosis   [  49,   50  ] .  In vitro  studies showed 
that   M. tuberculosis  can develop bio fi lm and that bio fi lm development affects the 
antibiotic susceptibility of these strains. These studies also demonstrated the impor-
tance of mycolic acids as part of the extracellular matrix of the bio fi lm  [  50  ] . Clinical 
data also supports that prosthesis infected by  M. tuberculosis  is extremely rare but 
in these cases of implant-related tuberculosis it normally cannot be treated without 
implant removal, so the importance of bio fi lm in some types of human tuberculosis 
seems to be clear  [  51–  53  ] . In industrialized nations tuberculous arthritis has 
become rare but throughout the rest of the world still cripples many patients. Even 
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in developed countries joint replacement arthroplasties have been done in old cases 
of tuberculosis of the hip and the knee. Reactivation of the old tuberculous arthritis 
is threatening upon revision operations of the replaced joints and anti-tuberculotic 
prophylaxis is recommended  [  54–  56  ] .  

    11.4   Candidal Interactions 

 Candidal, in particular  Candida albicans , bio fi lms are usually found on the oral 
mucosal membranes in medically compromised patients. Candida participates often 
in mixed candidal-bacterial bio fi lm infections. As with other bio fi lm-forming strains, 
 C. albicans  is usually reasonably sensitive to antifungal agents  in vitro  but shows 
resistance to then in  in vivo  bio fi lms. Use of azol antifungals in such cases also leads 
to formation and enrichment of resistant species. Medical treatment and supportive 
antifungal treatment is based on the disruption of the bio fi lm and use of a combina-
tion medication  [  57  ] . Although better known for its involvement in endocarditis, 
candidal species have also been described in infections of replaced joints  [  58,   59  ] .  

    11.5   Microbial Interactions with Quaternary Ammonium 
Compounds 

 One option to diminish the risk for implant-related infection is to use coating with 
materials with antimicrobial effects. Quaternary ammonium compounds (QACs) 
have such activity and they are widely employed in industrial applications, water 
treatment, in pharmaceutical, and everyday consumer products as preserving agents, 
foam boosters, and detergents. QACs are lethal to vegetative bacteria, yeasts, mould, 
algae and lipophilic viruses but not to bacterial spores, mycobacteria or hydrophilic 
viruses. There are reports on bacterial resistance to QAC, which cause a concern 
that extensive use of QACs could lead to the selection of bacteria that show resis-
tance to both antibiotics and biocides  [  60  ] . 

 The antimicrobial activity of QACs is mainly caused by their cationic character-
istics, which exert a strong adhesive force on negatively charged bacteria. The mem-
branes of the contacting microbes are disrupted and become leaky and consequently 
the involved microbe dies. There are concerns that similar reactions could occur 
with host cells, and thus the  in vivo  use of QACs surfaces is limited, although QACs 
can be used in contact with the skin or for materials that are used in the hospital like 
 textiles,  fl oors and ceilings in the operating room etc. 

 Recently, more attention has been paid to the effects of QACs on the host cells. For 
example, poly(vinyl pyridinium bromide) did not show to induce signi fi cant membrane 
damage to mouse  fi broblasts, but increased the average number of cationic charges per 
monomer unit in partially quaternized polymers correlated with cytotoxicity  [  61  ] . 
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Biocompatibility of copolymers of 4-vinyl- N -hexylpyridinium bromide (HBVP) and 
poly(ethylene glycol) methyl ether methacrylate (PEGMA) was studied using human 
intestinal epithelial Caco-2 cells  [  62  ] . Homopolymer of PEGMA and its copolymer 
containing 10 % HBVP did not cause cell death, whereas the copolymers containing 
50 % or more HBVP were less biocompatible. Insoluble cross-linked quaternary 
ammonium polyethylenimine was biocompatible and exerted long-lasting antimicro-
bial effects against a wide range of bacteria  [  63  ] . Future research will determine if QAC 
surfaces can be used as antimicrobial surface coatings for medical implants.  

    11.6   Microbial Interactions with Silver- or Copper-Containing 
Biomaterials 

 Silver has been used as an antimicrobial agent for over 6,000 years  [  64  ] . In addition to 
silver, also non-tarnishing copper is being developed to e.g. hospital door handles and 
other applications. In a moist electrolyte environment, metallic silver releases silver 
ions. Ionic silver is the most potent antimicrobial form of silver, but it is dif fi cult to use 
in combination with medical devices because the poor solubility of most silver salts 
does not allow effective antimicrobial activity. The use of silver as nanoparticles is a 
novel approach. This increases the active surface and silver ion production. Antimicrobial 
activity can be regulated by modulating  fi xation of the silver particles to the surface 
layers of the implant. Silicon disks impregnated with silver nanoparticles ef fi ciently 
prevent bacterial adhesion and growth, but when the sliver nanoparticles are gradually 
washed out of the elastomer, also their antimicrobial effect decreases with time  [  65  ] . 

 Silver nanoparticle coatings are successfully applied to some medical devices. 
For example, external ventricular drains (EVD) coated with silver nanoparticles are 
now being tested in patients. Colonization of these drains was reduced by a factor of 
four and the infection of the central spinal  fl uid by a factor of 2  [  66  ] . Another small-
scale study with 20 patients showed that none of the coated drains became infected, 
whereas the control group (without silver nanoparticle coating) shoved  fi ve cases of 
infection leading to ventriculitis  [  67  ] . Silver coating also signi fi cantly reduces 
 catheter-associated urinary tract infections  [  68–  70  ] . Silver coating of venous cath-
eters reduces surface colonization and catheter-related bloodstream infections 
(CBSI)  [  71–  73  ] . However, some studies report the reduction of surface colonization 
without a direct signi fi cant effect on CBSI  [  74  ] , and some report no signi fi cant 
reduction of surface colonization or CBSI  [  75  ] . 

 It is not yet understood how silver kills bacteria. A number of possible targets for 
silver inside the (bacterial) cell have been identi fi ed  [  76  ] . Silver ions (and silver 
nanoparticles) bind directly to the cell membrane. Accumulation of silver in nega-
tively charged parts of the cellular membrane leads to rupture of the membrane, 
leakage of the cellular compounds out of the cell and cell death. Silver ion binds to 
sulfhydryl and phosphor groups of proteins, rendering them inactive and caus-
ing aggregation of these denatured proteins. Because apparently many different 
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processes are affected by silver, resistance to silver is not widespread and has not 
been a major concern in clinical practice. 

 The extended use of silver and silver solutions can lead to a number of disorders 
 [  77  ] , of which the most common condition is argyria, in which silver is stored in the 
skin, which assumes a grayish tinge  [  78  ] . Argyria is considered a harmless condition 
except for its cosmetic consequences. Reports of silver-induced organ toxicity or 
organ damage are rare, even though silver accumulates in some organs and tissues 
 [  77  ] . As always when nanosize biomaterials are discussed, the concern of biosafety 
has to be brought up. Currently, the biocompatibility of silver nanoparticle contain-
ing coatings  in vivo  is not clear. Silver nanoparticles are not speci fi cally damaging 
cells (reviewed by Johnston  et al .  [  79  ] ). The bacterial- and fungicidal mechanisms 
of action of silver nanoparticles are not speci fi c and can affect also other living cells. 
Therefore, host cells are at risk when exposed to high concentration of silver nano-
particles. Nanoparticles bind to and migrate into cells, damaging proteins, genetic 
material and membranes, which can lead to cell death  [  80–  82  ] . However, if the sil-
ver nanoparticles are tightly embedded in the coating, extensive release of free silver 
nanoparticles is avoided. Tight embedding could also improve the ef fi ciency and 
longevity of the antimicrobial surface, as nanoparticles are not  fl ushed away. 

 It remains unclear, how surface-bound nanoparticles exert their antimicrobial 
activity, but at least surface-to-volume ratio is important for the antimicrobial 
ef fi ciency  [  79  ] . The bactericidal activity of silver nanoparticles is dependent on the 
size and shape of the particles  [  83–  85  ] . Smaller sized silver nanoparticles (<10 nm) 
have higher antibiotic activity than larger particles. In addition, triangular shaped 
silver particles kill more bacterial than rods and spherical particles  [  83  ] .      
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  Abstract   Implanted total joint replacement is initially osteointegrated via succes-
sive steps of in fl ammation, resorption of necrotic bone, bone matrix production and 
ultimately bone remodeling, and is largely mediated by the coordinated action of 
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osteoclasts and osteoblasts. Years later, a total joint replacement that has previously 
been well osteointergrated, can become loosened necessitating technically dif fi cult 
and costly revision operations. Two different modes of prosthesis loosening have 
traditionally been distinguished, namely prosthesis infection, also known as septic 
loosening, and aseptic prosthesis loosening. Septic and aseptic prosthesis loosening 
have long been considered as two separate entities where septic loosening is due to 
chronic in fl ammation and accompanied osteolysis caused by bacterial infection of 
prosthesis components while aseptic loosening is driven by macrophages 
in fl ammatory foreign body reaction against biomaterial wear particles that are gen-
erated due to unavoidable abrasion between prosthesis components. During last 
decade this strict dichotomy between septic and aseptic prosthesis loosening has 
been questioned by observations that subclinical bacterial bio fi lms are present at 
last in some cases of aseptic prosthesis loosening and that the pro-in fl ammatory and 
osteolytic properties of wear particles are largely dependent on the presence of bac-
terial structural components adhering to their surfaces. The recognition of such bac-
terial product coated wear particles and subsequent activation of macrophages to 
in fl ammatory phenotype is possibly mediated by Toll-like receptors expressed in 
the interface tissues. Further studies are warranted to better characterize the role of 
subclinical bacterial bio fi lms in the aseptic prosthesis loosening. Peri-implant 
B lymphocyte and plasma cell in fi ltrates might provide additional diagnostic tools 
to detect such, low-grade, bio fi lm hidden implant infections.  

  Keywords   Osseointegration  •  Host  •  Cytokine  •  Loosening  •  Receptors          

    12.1   Initial Prosthesis Integration 

 Initial stable  fi xation and correct prosthesis alignment are considered essential for 
long-term prosthesis survival, and thus in the primary surgery,  fi rm contact with the 
surrounding bone tissue and prosthesis is sought. The early events in total hip 
replacement tissue integration are, however, relatively poorly understood as most of 
the research has focused on the pathophysiology of prosthesis loosening and not so 
much on the initial tissue integration. 

 When a foreign body object is implanted into bone tissue, it is rapidly and 
dynamically covered by proteins derived from plasma or tissue  fl uid, and it is 
thought that this protein coating mediates the initial interaction between the host 
and the prosthesis. Some proteins remain attached to the prosthesis while some are 
later detached: the factors governing the ultimate composition of the protein layer 
are not fully understood. If conditions are favorable, host cells adhere to this protein 
coating and start to produce their own extracellular matrix (ECM) that later calci fi es 
to mature bone tissue. The gap between the prosthesis and surrounding bone is 
bridged from all sides. Micromotion during this stage is considered to be deleterious 
to initial osseointegration. This is why, according to the original Brånemark princi-
ple, dental root implants ( fi xtures, covered with the cover screw) are  fi rst left 
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unloaded below the mucosal membrane, until they have been osseointegrated. This 
is not so easily applicable for joint replacement implants. Micromotion early on 
leads to formation of thick  fi brotic interface tissue (see below) instead of bone tis-
sue. It is often stated that bone formation surrounding implanted prosthesis is typi-
cally intramembranous ossi fi cation, while cartilage tissue and endochondral 
ossi fi cation is not typically seen in the periprosthetic tissue. In later stages of 
osseointegration, active bone remodeling is observed most likely to accommodate 
the mechanical forces transmitted to the bone-prosthesis interface  [  30  ] . However, 
early works by Willert and Semlitsch  [  43  ]  and Jasty et al.  [  16  ]  suggest a different 
three-phase process (see below). 

 There is evidence that cemented and uncemented prostheses are initially integrated 
in a different way. In cemented prosthesis, it seems that the surgical trauma and the 
toxic effects as well as exodermal reaction of bone cement cause an initial rim of bone 
necrosis into the implant bed and that the prosthesis is integrated by active remodeling 
of this necrotic bone. Necrotic bone is resorbed and replaced by bone trabeculae that 
grow into the immediate proximity of relatively smooth bone cement surface  [  43  ] . 
These bone trabeculae are further remodeled, most likely to better accommodate 
mechanical forces transmitted to the interface, into a secondary dense neocortex that 
surrounds the cement mantel and is connected to the primary outer femoral cortex via 
trabecular bone struts  [  16  ] . In uncemented prosthesis, on- and ingrowth of bone into 
porous osteoconductive coatings is typically observed  [  9  ] . In both instances a mar-
ginal rim of damaged and necrotic bone is initially formed around the implant (necrotic 
phase). This local bone necrosis and associated in fl ammation induces production of 
macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear fac-
tor kappa B ligand (RANKL) from local osteoblasts and  fi broblasts. Together these 
mediators induce osteoclast differentiation and stimulate their activation, leading in to 
the resorption of damaged bone during the weeks following the surgery. This removal 
of damaged bone by osteoclast is closely followed by production of new bone matrix 
by osteoblasts (repair phase). The differentiation and function of osteoblasts is tightly 
coupled to and regulated by osteoclast function, e.g. by various factors released both 
from the resorped bone matrix e.g. transforming growth factor beta (TGF-β) or pro-
duced by activated osteoclasts e.g. sphingosine-1-phosphate (S1P) (Matsuo and Irie 
2008, Pederson et al. 2008). Later on, after 1-2 years, peri-implant bone starts to 
undergo remodeling as induced by the forces mediated to the peri-implant bone tissue 
(remodeling phase)  [  24 ,  29  ] . 

 Earlier attempts to improve osseointegration have focused on production of 
osteoconductive surfaces, like porous titanium oxide, calcium phosphate, or 
hydroxyapatite  [  41  ] . Appreciation of the above-mentioned osteoclast and osteoblast 
functional coupling, the paradigm should perhaps be reevaluated: maybe the most 
osteoattractive surface would  fi rst stimulate osteoclastogenesis and activity, which 
then upon activation of the activation-reversal-formation cycle (ARF) in a natural 
way would stimulate peri-implant bone formation. 

 The extent to which bone directly attaches to the prosthesis or bone cement 
 varies, and often more or less thin layer of connective tissue termed interface tissue 
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separates bone from prosthesis or bone cement’s surface. This thin layer of interface 
tissue is composed of  fi brous loose connective tissue in which mostly  fi broblasts 
and occasional macrophages are seen. The thickness of the interface tissue is con-
sidered to be a function of initial prosthesis micromotion, and especially in well-
osseointegrated uncemented prosthesis, only a very thin layer of noncollagenous 
acellular connective tissue, consisting of, e.g., osteopontin and bone sialoprotein, is 
observed  [  30  ] . 

 The arti fi cial joint cavity is enclosed by  fi brous pseudocapsule which closely 
resembles joint capsule surrounding normal joints. Pseudocapsule is on the internal 
side (joint cavity) lined by a synovial membrane-like tissue (pseudosynovial mem-
brane), the lining of which is, like the actual synovial lining, composed of type A 
macrophage-like cells and type B  fi broblasts-like cells, which take normally care of 
the apoptotic cell rests as part of the reticuloendothelial system (RES) of the body 
and produce and regulate the composition of pseudosynovial  fl uid (e.g., by synthe-
sizing hyaluronan).  

    12.2   Septic Loosening 

 Postoperative prosthesis infection is a severe complication of total hip replacement 
surgery that necessitates large-scale, typically two-stage, revision operations and 
long-term antibiotic treatments. Extensive pre-, intra-, and postoperative measures 
are undertaken to prevent this devastating postoperative complication  [  17  ] , and cur-
rently, the risk of developing a deep prosthetic joint infection after total hip replace-
ment operation is considered to be less than 1 %  [  46  ] . 

 Postoperative prosthesis infections are typically classi fi ed by using the time of 
onset into three groups: early postoperative infections (<1 month postoperatively), 
late chronic infections (usually 6–24 months postoperatively), and hematogenous 
infections (usually occurring 2 years after arthroplasty or later)  [  6  ] . Most of the 
purulent prosthesis infections that develop early after the operation are caused by 
virulent bacteria (e.g.,  Staphylococcus aureus ) that particularly in the early postop-
erative infections may have gained access to the prosthetic joint already during the 
primary operation. Similarly high virulent bacteria may colonize the prosthesis via 
hematogenous route and cause purulent prosthesis infections several years after the 
original implantation. These infections are usually accompanied by symptoms and 
signs of systemic in fl ammation as well as elevated C-reactive protein (CRP) and 
erythrocyte sedimentation rates (ESR) and typically do not cause diagnostic 
problems. 

 A key characteristic of the prosthesis infections is the formation of a so-called 
bio fi lm  [  40,   46  ] . Relatively low-virulent bacteria (e.g., coagulase-negative staphy-
lococci,  Staphylococcus epidermidis ) gain access to the prosthesis most often dur-
ing the primary surgery or more rarely later via circulation, adhere to the prosthesis 
surfaces, multiply, and produce mucous extracellular polymeric substance (EPS, 
“bacterial slime”) or matrix that effectively protects them from host defense 



12312 Biomaterial–Host Interactions in Aseptic and Septic Conditions

 mechanisms as well as antibiotics. Bacteria in bio fi lm may also set themselves into 
 quiescent nondividing and intercommunicating (quorum sensing) state and thereby 
survive extended periods of time. 

 According to the “race for the surface” model, the fate of the implant and ulti-
mate tissue integration depends on how rapidly after the initial implantation it is 
covered by host cells: there is a competition between microbial and host cell adhe-
sion  [  13  ] . If the race is won by the cells of the host, then the surface is covered by 
protective host tissue and is in the future less vulnerable to bacterial colonization 
than the abiotic (“dead”) implant surface. Alternatively, if the race is won by bacte-
ria, the implant surface is rapidly covered by a bio fi lm. As the foreign-body-related 
bacterial bio fi lms are exceedingly dif fi cult to eradicate and often require the removal 
of an implant, great effort is put into the development of biomaterials that would 
resist bacterial adhesion and bio fi lm formation while at the same time, the same 
material should support the growth of host cells, thereby giving them a head start in 
the race for the surface. Thus far, the most promising results utilizing this theory 
have been acquired by using antibiotic-loaded bone cement and perioperative anti-
biotic prophylaxis which seems to improve prosthesis survival rates, probably by 
diminishing initial growth of planktonic bacteria during the early phases and pos-
sibly preventing the colonization of the implant surface  [  8  ] . 

 The natural course and prognosis of low-grade, bio fi lm-hidden prosthesis infec-
tion is variable and currently poorly understood. It can be, however, postulated that 
the outcome is determined by both the bacterial virulence factors and immunecom-
petence of the host. Such an infection may remain quiescent for years but can also 
become activated to purulent prosthesis infection after the host immune system is 
compromised. Recent evidence also indicates that quiescent prosthesis infections 
may produce a clinical picture indistinguishable from aseptic loosening, even more 
so because bio fi lm-hidden bacteria are dif fi cult to demonstrate using conventional 
bacterial culture methods  [  25  ] . 

 Accordingly also, the diagnostic criteria for prosthesis infection are some-
what controversial and vary between studies. Generally used diagnostic criteria 
require that purulent bacterial culture-positive infection can be demonstrated, 
e.g., open surgical wound infection or sinus communicating to the joint, puru-
lence of the synovial  fl uid, growth of the same microorganism in two or more 
deep samples (to avoid false-positive culture results due to contamination), or 
acute in fl ammation in histological intraoperative frozen sections, often de fi ned 
as more than  fi ve neutrophils per high-power  fi eld  [  15,   38  ] .    As subclinical pros-
thesis infections are dif fi cult to demonstrate using conventional bacterial cul-
tures and, furthermore, bio fi lm residing infection be largely concealed also from 
the innate immune system as bacteria are released from bio fi lm only sporadi-
cally (so that short-lived neutrophils are not necessarily continuously present in 
the interface tissue), it is possible that these diagnostic criteria might underesti-
mate the prevalence of implant related infection. 

 The osteolytic lesions in late chronic and hematogenous septic states, character-
ized by positive bacterial cultures and prosthesis loosening, are composed largely of 
hypertrophied lining tissue covering loose connective tissue in fi ltrated by various 
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in fl ammatory cell populations, while also large areas of necrosis and  fi brosis are 
seen. In cell-rich areas, typically sheet-like macrophage in fi ltrates and occasional 
giant cell formation is seen, and it likely represents underlying foreign body reac-
tion and developing aseptic osteolysis (see below). In purulent prosthesis infections, 
large neutrophil in fi ltrates are typically seen, as well as large lymphocyte in fi ltrates 
consisting of CD4+ T-helper lymphocytes and CD20+ B lymphocytes, as well as 
plasma cells. Thus, in contrast to the aseptic loosening in which osteolysis seems to 
be driven primarily by the activation of the innate immunity and macrophages (see 
below), the activation of both the innate (including also neutrophils) and adaptive 
immune system (lymphocytes, plasma cells) is typically observed in septic loosen-
ing. Accordingly, we have proposed that especially the presence of dividing B lym-
phocytes and mature antibody-producing plasma cells in the peri-implant tissues 
might be an additional useful histopathological marker for the bio fi lm-hidden pros-
thesis infections as their role in purely aseptic loosening seems unlikely  [  28  ]  and 
metal hypersensitivity in metal-on-metal joint replacements has different histologi-
cal characteristics, e.g., perivascular in fi ltrates of T and B lymphocytes and plasma 
cells, high endothelial venules, massive  fi brin exudation, accumulation of mac-
rophages with drop-like inclusions, and in fi ltrates of eosinophilic granulocytes and 
necrosis  [  42  ] .  

    12.3   Aseptic Loosening 

 Aseptic prosthesis loosening is the most common reason for total replacement fail-
ure and leading cause of revision total hip replacement operations  [  19  ] . Aseptic 
loosening is a late complication of total hip replacement, which typically develops 
after 15–20 years of service. Prosthesis loosening is called aseptic when there are 
no clinical signs of infection and the diagnostic criteria presented above for septic 
loosening are not ful fi lled, and thus traditionally, the involvement of microbes to 
the pathogenesis of aseptic loosening has been excluded by its de fi nition. Several 
 theories of aseptic loosening have been suggested but currently best established of 
these is the so-called particle disease theory  [  14,   31,   34  ] , which however may rep-
resent a consequence rather than the reasons of loosening. It is also dif fi cult to 
explain why many patients with apparently numerous implant-derived wear parti-
cles do not develop aseptic loosening. As a result of abrasion between prosthesis 
components, depending on the biomaterials used, high numbers of bone cement, 
high molecular weight, or highly cross-linked polyethylene, metal, or ceramic par-
ticles are generated through the course of prosthesis life span at the various gliding 
surfaces of the often modular implants and at the bone/bone cement interfaces. It is 
generally accepted that it is this wear particle load that causes chronic peri-implant 
foreign body reaction and in fl ammation and at least contributes to osteolysis. The 
pumping action and the pressure waves generated in the pseudosynovial  fl uid dis-
sect the host-implant interface, increase the effective joint size, and effectively 
drive wear particles to the peri-implant tissues. The synovial lining is extended 
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from its original location from the pseudojoint, to cover also the interface mem-
brane with surface contact with synovial  fl uid until the so-called effective joint 
space surrounds more or less the whole prosthesis  [  33  ]  so that, e.g., x-ray contrast 
medium injected into the pseudojoint can be seen to surround almost all of the 
perimetry of the joint implants. 

 The osteolytic lesions in aseptic loosening are composed of hypertrophied inter-
face tissue covered by synovial lining and containing chronic foreign body 
in fl ammation, including chronic foreign body giant cells and granulomas, with 
activated osteoclasts but also osteoblasts lining the host bone, which discloses a 
high metabolic turnover rate  [  35  ] . Underlying well-vascularized loose connective 
tissue is heavily in fi ltrated by monocyte/macrophages organized into sheet-like 
formations. High amounts of metal or high molecular weight polyethylene wear 
particles are phagocytosed by these macrophages. Some of the macrophages have 
fused to form multinucleated foreign body giant cells that often surround larger 
foreign bodies. At the bone interface, tissue interface increased osteoclast forma-
tion, and active bone resorption is typically seen, coupled to a high bone formation 
rate (but with a negative net balance). Tissue  fi broblasts, which form the second 
most prevalent cell type in the aseptic interface tissue, are squeezed between the 
sheets of macrophages. Increased numbers of mast cells are also detected. Some 
scattered CD4+ T-helper lymphocytes are observed, whereas, in sharp contrast to 
the septic interface, B cells, plasma cells, and neutrophils are only rarely, if at all, 
seen. Typically more quiescent areas are also seen surrounding the loosened pros-
thesis, and these are mostly composed of relatively dense  fi brotic tissue, the 
 fi broblast being the most prevalent cell type (implant capsule). Again, cemented 
and uncemented prostheses seem to somewhat differ in this regard, the osteolytic 
lesions characterized by massive monocyte/macrophage in fi ltrates being somewhat 
more prominent in cemented prosthesis, whereas more  fi brotic tissue scar with 
 fi broblasts is observed surrounding uncemented prosthesis  [  10  ] . As the survival 
rates of cemented and uncemented prostheses are about the same, the clinical 
meaning of these  fi ndings remains unclear. 

 Retrieval studies using several methodologies have demonstrated that a chronic 
in fl ammation reaction is ongoing in these periprosthetic osteolytic lesions. Increased 
production of a vast array of pro-in fl ammatory chemokines, cytokines, and growth 
factors including MCP-1, MIP-1 a , TNF a , IL-1 b , IL-6, IL-8, M-CSF, GM-CSF, and 
VEGF are observed both in the peri-implant tissues as well as in pseudosynovial 
 fl uid  [  11,   14,   31,   45  ] . The osteoclast and foreign body giant cell formation is most 
likely driven by the locally increased RANKL/OPG ratio  [  22  ] . 

 As the monocyte/macrophage and foreign body giant cells are by far the most 
dominant cell type in the periprosthetic tissue, the wear-particle-activated mac-
rophage has long been considered to play a pivotal role in the development of asep-
tic loosening. This purely histopathological notion is supported by the observed 
peri-implant pro-in fl ammatory chemokine and cytokine pro fi le indicating primarily 
the involvement of innate immunity, whereas cytokine characteristics for adaptive 
immunity are rarely seen. Indeed, several studies have demonstrated that monocyte/
macrophages challenged in vitro with wear particles are activated to produce a wide 
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variety of chemokines (e.g., IL-8, MCP-1, and MIP-1 a / b ), pro-in fl ammatory cytok-
ines (e.g., TNF a , IL-1 b , IL-6), and growth factors (VEGF, M-CSF, GM-CSF), all 
of which are also seen in the periprosthetic tissue  [  11,   14,   31,   44  ] . This chronic 
in fl ammation reaction leads to the further recruitment of monocytes and osteoclast 
precursors to the periprosthetic tissue. Furthermore, pro-in fl ammatory cytokines, 
and to some extent also wear particles directly, drive the production of RANKL in 
mesenchymal cells and at the same time suppress the production of OPG and bone 
formation, which, together with the pro-in fl ammatory cytokines, create an environ-
ment which favors ostoclastogenesis, bone resorption, and  fi nally prosthesis loosen-
ing  [  18,   21  ] .  

    12.4   Toll-Like Receptors in Prosthesis Loosening 

 It is generally accepted that aseptic osteolysis is primarily driven by the wear par-
ticles that cause macrophage activation and chronic in fl ammatory reaction that shift 
the balance from bone formation to bone destruction. The exact molecular mecha-
nisms by which wear particles are recognized by the host cells and how they cause 
macrophage activation have, however, remained elusive. 

 The strict distinction between the septic and aseptic loosening has been ques-
tioned as it has become increasingly clear that bacterial products or bio fi lms can 
often be detected from the seemingly aseptic interface tissues and explanted pros-
thesis if special sampling methods (e.g., polymerase chain reaction, lipopolysac-
charide/LPS detection, sonication of the explanted implants) are applied  [  25,   25, 
  38,   39  ] . The role of subclinical bio fi lms in the aseptic loosening is further sup-
ported by observations showing that antibiotic-loaded bone cement effectively 
reduced the occurrence of so-called aseptic loosenings  [  8  ] . Likewise, several 
in vitro and in vivo studies have demonstrated that wear particles of various natures 
as such are, in fact, relatively inert in in vitro experiments and that several of their 
previously observed pro-in fl ammatory and osteoclastogenic properties can be bet-
ter explained by hydrophobic bacterial structural products (e.g., LPS) effectively 
adhering to their foreign body surfaces, owning to the high-surface area of the 
small wear debris particles  [  3–  5,   7  ] . 

 Toll-like receptors (TLRs) are a family of ten different germ-line-encoded, 
transmembrane pattern recognition receptor proteins of the innate immunity that 
enable the immune system to recognize numerous evolutionary well-conserved 
bacterial-, viral-, and fungal-derived structures, so-called pathogen-associated 
molecular patterns (PAMPs)  [  1,   2,   23  ] . TLR stimulation with an appropriate ligand 
causes cell activation and, e.g., via activation of pro-in fl ammatory transcription 
factor, nuclear factor kappa beta (NF k B) production of several pro-in fl ammatory 
cytokines, which then further activates the innate and also adaptive immunity. 

 We and others have suggested that microbial product-coated wear particles are 
in the peri-implant tissues initially recognized by macrophages via their TLRs and 
that TLRs mediate the particle-induced cell activation  [  20,   36,   37  ] . Numerous 
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studies have furthermore demonstrated that the shape, size, number, and biomate-
rial composition of wear particles seem to have an effect on the quantity and qual-
ity of the cytokines produced by the activated macrophage. These effects of particle 
size and biomaterial composition are likely, at least in part, to be mediated by the 
different binding of PAMP molecules on the implant and wear debris surface. 

 Our studies indicate that TLRs are extensively expressed in the macrophages of the 
peri-implant tissues, and thus the prosthesis interface is very reactive to any TLR ligand 
present  [  20  ] . Especially noteworthy is the presence of TLR2, TLR4, TLR6, and TLR9 in 
the peri-implant tissues as these are the TLRs that recognize structural products of those 
gram-positive and gram-negative bacteria that are most prevalent in aseptic loosening. 

 The high expression of TLRs in the periprosthetic tissue is potentially very 
interesting as, in addition to traditional exogenous, foreign ligands, also several 
endogenous TLR ligands have recently been identi fi ed  [  32  ] . These molecules, 
called alarmins, are typically released from necrotic cells (e.g., heat shock proteins 
and high-mobility group box 1, HMGB1) or fragmented extracellular matrix (e.g., 
heparan sulfate, versican, biglycan, low molecular weight hyaluronic acid, 
 fi brinogen), and they are recognized by TLR2 and TLR4. Alarmins might be 
released due to biomechanical loading, low-grade chronic in fl ammation, and tissue 
necrosis in the interface tissues. They may be concentrated locally and preserved 
extended periods protected from degradation perhaps in part by binding to the sur-
face of wear particles, but at the same time opsonizing them for TLR2- and TLR4-
expressing monocyte/macrophages. They would exert pro-in fl ammatory effects in 
the absence of bacteria or PAMPs. Internalization would then be dependent on both 
the opsonins and the physical size of the particle, which via the multiplicity of the 
ligand-receptor binding strengthen the interaction and facilitate endocytosis. 

 Direct evidence that TLRs are involved in the wear particle recognition is emerg-
ing. In a study conducted by Pearl et al., it was shown that knockout mice lacking 
MyD88, an important adaptor molecule in the TLR intracellular signaling machin-
ery, did not develop PMMA particle induced osteolysis whereas wild-type mice did. 
Similarly, in macrophages isolated from these MyD88-/- knockouts, PMMA particle 
induced production of TNF-a was clearly reduced. These observations demonstrate 
that TLR signaling pathways are involved in to the pro-in fl ammatory response and 
accompanied osteolysis elicited by PMMA particles (Pearl et al. 2011). Green fi eld 
et al. investigated the role of TLR2 and TLR4 in the recognition and osteolysis caused 
by PAMP contaminated titanium particles (Green fi eld at al. 2010). Using mice model 
of particle induced osteolysis and TLR2-/-, TLR4-/- and TLR2-/-/TLR4-/- double knock-
out mice, as well as wild type control mice, Green fi eld et al. show that the magnitude 
of osteolysis caused by titanium particles was greater if particles where contaminated 
with PAMPs (either with gram positive bacterial lipoteichoic acid or gram negative 
bacteria lipopolysaccharide) and that this effect was dependent on the existence of 
corresponding PAMP receptors TLR2 or TLR4.  Corresponding results were obtained 
from in vitro experiments in which bone marrow macrophages isolated from these 
mice strains and subsequently challenged with titanium particles up-regulated 
TNF-a mRNA expression if LTA or LPS contaminated particles and their 
 corresponding receptors TLR2 and TLR4 were also present on the macrophages. 
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These results indicate that TLRs are directly involved in titanium particle mediated 
in fl ammation and accompanied osteolysis, especially if particles are contaminated 
with PAMPs. 

 Particle coating by danger signals or danger-associated molecular patterns/
DAMPS (exogenous PAMPs or endogenous alarmins) and subsequent TLR 
stimulation is probably crucial in inducing a shift in macrophage activation 
state. Our recent  fi ndings indicate that M1 macrophage polarization (or so-
called classical activation), induced among others by TLR signaling, greatly 
enhances, while M2a macrophage polarization (or alternative activation) sup-
presses the pro-in fl ammatory response provoked by wear particles. Interestingly, 
however, the phagocytotic activity and the cell mobility of the M2 cells were far 
greater than that of the M1 cells, and it thus seems that M2-polarized mac-
rophages constrain wear particles into the intracellular compartment without 
in fl ammatory and osteolytic reactions, while M1-polarized macrophages are 
easily irritated to produce great amounts of pro-in fl ammatory cytokines stimu-
lating osteolysis, possibly due to their increased TLR expression and enhance-
ment of TLR signaling. 

 Thus, the development of aseptic osteolysis is likely, not only a function of 
wear particle load or the exact physicochemical properties of the particles, but is 
also crucially determined by the balance of pro- and anti-in fl ammatory factors 
prevailing in the peri-implant tissues. It has become increasingly clear that using 
special sampling methods, subclinical bacterial bio fi lms or bacterial structural 
components can be found from seemingly aseptic interface tissues, together with 
endogenous TLR ligands. Together, locally, before being diluted by diffusion, 
these factors could shift the local tissue homeostasis from an anti-in fl ammatory 
scavenging state to a pro-in fl ammatory osteolytic state, thus creating a vicious 
circle that in the end leads to aseptic loosening of the implant.      
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  Abstract   Decreasing periprosthetic osteolysis due to wear particles is a current 
challenge and an on-going research endeavor to prolong the longevity of joint 
replacements. The aim of this chapter is to provide the reader keys to the understand-
ing of how the immune system interacts with metallic and non metallic wear particles 
and other byproducts from joint replacements. The local and systemic immune sys-
tem is involved in a complex network of chemokines, cytokines, and different cell 
types which in the end leads to in fl ammation and a foreign body reaction.  

  Keywords   Wear debris  •  Immune reactions  •  Cytokines  •  Cells       

    13.1   Wear Particles 

 Wear particles are produced by different types of bearing surfaces. Bozic et al.  [  1  ]  
have shown that metal-on-polyethylene is the most commonly used bearing 
 surface, followed by metal-on-metal, and then ceramic-on-ceramic. Related to 
this fact, the same author has shown that metal-on-metal bearing surfaces are 
 associated with a higher risk of periprosthetic joint infection for total hip arthro-
plasty (THA)  [  2  ] . Aseptic loosening is the most common cause of failure for THA, 
accounting for up to two-thirds of hip revisions  [  3  ] , and is the second most 
 common reason for total knee arthroplasty (THA) revisions  [  4  ] . Given the fact 
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that the number of THA and TKA revisions will increase 137 and 601 %, respec-
tively, over the next 25 years, increasing the lifetime of joint replacements is a 
current challenge. 

 The size of wear particles is dependent on the bearing surface from which they 
come: polyethylene particles (conventional and highly cross-linked) are submicron 
 [  5,   6  ] , metal particles are nanometer  [  7,   8  ]  (20–90 nm), and ceramic wear particles 
have a bimodal size distribution  [  9  ]  with nanometer-sized (5–20 nm) and larger par-
ticles (0.2–10  m m). Characteristics of wear debris are summarized in Table  13.1 .   

    13.2   Orthopedic Wear Debris and the Immune System 

    13.2.1   The Immune System 

 The immune response to orthopedic wear debris involves either the innate or the 
adaptive immune system. Their features are summarized in Table  13.2 .   

    13.2.2   Local Immune Response 

    13.2.2.1   Nonmetallic Particles 

 Production of polyethylene (PE) particles leads to a nonspeci fi c macrophage-mediated 
foreign body reaction  [  10  ] . Locally, PE particles produced from joint replacements are 
able to move within the whole prosthetic bed  [  11  ]  (the effective joint space) and to 
interact with surrounding tissues, resident phagocytic macrophages, and osteoblasts 
and  fi nally mediate local paracrine and autocrine events. Macrophages become acti-
vated either by phagocytosis  [  12  ]  of PE particles or simply by cell membrane contact 
without phagocytosis. Activation occurs through receptors present in the outer cell 
membrane (CD11b, CD14, Toll-like receptors, etc.). The Toll-like receptors (TLRS) 

 Bearing surface  Particles size 
 Wear rate (mm 3 /10 6  
cycles)  References 

 UHMWPE-
on-CoCr 

 <1.0  m m   »  15–80   [  5,   6  ]  

 HXLPE-on-
CoCr 

  »  2 

 Metal-on-
metal 

 20–90 nm  0.02–0.32   [  7,   8,   10, 
  43  ]  

 Alumina-on-
alumina 

 Bimodal size 
distribution 

 0.09–0.15   [  9,   11  ]  

   UHMWPE  ultra high molecular weight polyethylene,  HXLPE  highly 
cross-linked polyethylene,  CoCr  cobalt-chrome  

 Table 13.1    Characteristics 
of wear debris from 
different bearing surfaces  
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are known to function in the innate immune response  [  13  ] . TLRs are activated by 
 different types of stimuli and act through an adapter protein called myeloid differentia-
tion primary response gene 88 (MyD88) to induce activation of nuclear factor such as 
nuclear factor kappa B (NF k B). In in vitro and in vivo studies, Pearl et al. have shown 
a main role played by MyD88 for TLR signaling when macrophages were challenged 
with PMMA particles  [  14  ] . Macrophages are the key cells involved in the local reaction 
and act as a trigger for the local and systemic response. Indeed, macrophages are the 
most abundant cells found in histological studies from retrieval tissues  [  15–  17  ] . 
Activation of macrophages occurs through different intracellular pathways. Among 
them, p38 mitogen-activated protein kinase (MAP kinase) and JNK MAP kinase are 
important  [  18  ] . The next step is the local release of pro-in fl ammatory mediators such 
as cytokines, chemokines, growth factors, and others. Basically, release of pro-
in fl ammatory cytokines is mediated by the activation of NF k B through the intracellular 
MAP-kinase pathway in activated macrophages. Therefore, high levels of pro-
in fl ammatory factors are released in the surrounding tissues, as shown in a retrieval 
study comparing cemented and cementless implant groups  [  19  ] . Using submicron 
clinically relevant UHMWPE particles, Green et al. found the same results: increases 
of both TNF- a , IL-1 b , IL-6, and prostaglandin E 

2
  (PGE 

2
 )  [  20  ] . Locally, chemokines 

are also released by activated macrophages. Monocyte chemoattractant protein-1 
belongs to the  g  chemokine subfamily (C–C chemokines) and is an immediate early 
stress-responsive factor  [  21  ] . Epstein et al. have shown an increase of mononuclear cell 
pro-in fl ammatory gene (MCP-1, TNF- a , IL-1 b , IL-6) in an in vivo murine model. 
Another relevant chemokine locally released is macrophage inhibitory molecule-1 
(two main isoforms: MIP-1 a  and MIP-1 b ). MIP-1 is released by activated macrophages 
and T lymphocytes; Nakashima et al. have shown high levels of MIP-1 a  and MCP-1 
when macrophages from retrieved periprosthetic tissues have been challenged with 
PMMA particles in vitro. MIP-1 a  will enhance the release of IL-1 and IL-6 affecting 
neighboring cells in a paracrine manner  [  22  ] . 

   Table 13.2    Features of innate and adaptive immune systems   

 Innate 
 Acquired = adaptive = speci fi c 

 Type I  Type II  Type III  Type IV 
 Synonym  Nonspeci fi c, 

natural 
 Anaphylaxis  Cytotoxic  Immune-

complex 
 Cell-mediated 

 Time 
elapsed 

 Minutes to 
hours 

 Seconds to 
minutes 

 Hours to a 
day 

 Hours to a 
day 

 2–3 days 

 Speci fi c 
immune 

 TLRs  IgE  IgG, IgM  IgG, IgM  T-cell 
reactant 

 Memory  No memory  Memory  Memory  Memory  Memory 
 Cells  Macrophages, 

dendritic 
cells, NK 
cells 

 Neutrophils, 
eosinophils 

 Cytotoxic 
T-cell 
activity 

 Neutrophils, 
mac-
rophages 

 Lymphocytes 

 Wear 
particle 
response 

 Polymers, 
ceramics, 
and in some 
cases metals 

 Non-involved  Non-involved  Non-
involved 

 In some 
cases, 
metals 
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 Locally, other resident cells take part in the immune response:

    a.    Osteoblasts 

 TNF- a  released by locally activated macrophages  [  23  ]  will stimulate osteo-
blasts to release granulocyte macrophage colony-stimulating factor (GM-CSF), 
IL-6, and PGE 

2
 . GM-CSF will enhance the release of reactive oxygen species 

(ROS) such as nitric oxide (NO) which, in turn, activates osteoclastic bone 
resorption  [  24  ] . High levels of inducible NO synthase (iNOS) have been found 
in retrieval study by Moilanen et al.  [  25  ] . Macrophages challenged with zirco-
nia or PMMA particles are also able to enhance release of NO  [  26,   27  ] . 
Locally, NO will promote osteolysis through pro-in fl ammatory factor path-
way such as AP-1 and NF k B. Osteoblasts also express receptor activator of 
nuclear factor  k B ligand (RANKL) which belongs to the tumor necrosis factor 
(TNF) superfamily. RANKL will bind its receptor (RANK) expressed by 
bone-marrow-derived osteoclast progenitors and mature osteoclasts which 
enhance local osteoclastogenesis supporting the differentiation, activation, 
and survival of osteoclasts. When retrieved tissues from primary total hip 
arthroplasty (THA) were compared to revision tissues, higher levels of 
RANKL were found in revision group  [  28,   29  ] .  

    b.    Osteoclasts 

 Locally osteoclast-like cell growth and differentiation  [  30  ]  is enhanced by TGF- a  
and osteoclastic bone resorption  [  31  ]  as well. PMMA particles increase the num-
ber of osteoclasts as shown by Clohisy et al. in an in vitro study in which bone-
marrow-derived murine osteoclasts were challenged with PMMA particles  [  32  ] . 
Osteoclasts mobility is increased by local release of IL-8 from activated mac-
rophages, mesenchymal stem cells, and osteoblasts  [  33  ] .  

    c.    Mesenchymal stem cells (MSCs) 

 MSCs are very abundant within bone marrow stroma  [  34,   35  ] . Proliferation 
and differentiation of bone-marrow-derived MSCs is decreased by PMMA 
particles as shown by Chiu et al. in an in vitro study. Likewise, in a similar 
study, Huang et al. have shown a decrease of chemotaxis of human MSCs 
(hMSCs) when cultured in a condition media from UHMWPE particle-
exposed macrophages  [  36  ] .  

    d.    Multinucleated giant cells (MGCs) 

 Also called polykaryons, foreign body giant cells have been widely found 
within the bone-implant interface  [  37,   38  ] . MGCs come from fusion of multiple 
macrophages in response to hematopoietic growth factors  [  39  ]  (GM-CSF) and 
interleukins (IL-3, IL-4)  [  40,   41  ] . Adhesion molecules have also been reported 
to be involved in the MGCs development: intercellular adhesion molecule-1 
(ICAM-1/CD54) and the receptor CR3 (CD11b/CD18) expressed by multinu-
cleated giant cells  [  42  ] . Locally, the presence of MGCs increases both osteo-
clastic bone resorption and osteoclast-like cell growth and differentiation by 
their ability to release TGF- a  and other factors.      
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    13.2.2.2   Metallic Particles 

 Metallic particles are smaller by a factor 10 compared to the PE particles: most 
metal particles are less than 50 nm in diameter  [  7  ] , and wear rate of metal-on-
metal (MOM) implants ranges from 0.02 to 0.32 mm 3 /10 6  cycles  [  43  ] . Retrieval 
studies have exhibited differences in the tissues surrounding MOM articulations 
compared to metal-on-polyethylene (MOP) bearing surfaces. Willert et al.  [  44  ]  
 fi rst described perivascular lymphocytic cuf fi ng with accumulation of T lympho-
cytes around MOM implants. Park et al.  [  45  ]  studied retrieved tissues from early 
osteolysis in MOM hip replacements. They found perivascular accumulation of 
CD63-positive T cells, CD68 macrophages, and high levels of IL-1 b  and TNF- a . 
They also performed skin-patch tests to assess hypersensitivity to metal which 
were positive (higher rate of hypersensitivity) for patients with early osteolysis. 
Davies et al.  [  46  ]  had more “ulcerated” retrieved tissue from MOM hip replace-
ments compared to MOP. Locally, metal particles are phagocytized by CD68 mac-
rophages  [  47  ]  which will act as antigen-presenting cells to T lymphocytes leading 
to a cell-mediated type IV immunological reaction. This hypothesis has been 
con fi rmed by Hallab et al.  [  48  ]  in a study assessing lymphocytic responses to 
implant metal particles and by Lalor and Revell  [  49  ] . Both found high levels of 
IL-2 receptor expression (a sign of T-lymphocyte activation) when tissues (retrieved 
tissues or blood cells) were challenged with metal particles. Following activation, 
T-lymphocyte responses are increased by co-stimulation with CD28/CD86 between 
antigen-presenting cells and activated T cells  [  50  ] . Metal particles have effect on 
all relevant bone cells:

    a.    Osteoblasts 

 Metal ions have important effects on cellular functions of osteoblasts. When cul-
tured with chromium (Cr) ions, alkaline phosphatase (ALP) activity from osteo-
blasts is markedly decreased, especially with Cr (IV)  [  51  ] . Cobalt (Co) ions have 
adverse effects as well. As shown by Fleury et al., Co ions induce oxidized and 
nitrated proteins released from osteoblasts  [  52  ] . Metal ions also dramatically 
affect osteoblast proliferation. When cultured with Co ions, human osteoblast-
like cells have shown a decrease in proliferation in a dose-dependent manner. 
Furthermore, Co ions also increased the production of IL-6, whereas collagen 
type I and osteocalcin release decreased  [  53  ] . Stainless steel (SS) ions also affect 
osteoblast as shown by Morais et al. In presence of SS ions, expression of ALP 
was altered and tissue mineralization retarded  [  54,   55  ] .  

    b.    Osteoclasts 

 RANKL is a critical factor for osteoclast differentiation and proliferation. High 
levels of RANKL have been reported when osteoclasts and stromal cells have 
been cultured in the presence of titanium (Ti) particles. However, no increase in 
the number of osteoclast was found. Addition of a mechanical stimulation 
increased RANKL release even more  [  56  ] . Interestingly, when rat marrow cells 
were cultured with devitalized bone, a decrease in size and number of resorption 
pits in presence of Ti 4+  and Cr 6+  ions was observed  [  57  ] .  
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    c.    Fibroblasts and macrophages 

 Fibroblasts take part in the local immune reaction, releasing pro-in fl ammatory 
 mediators. Manlapaz et al.  [  58  ]  challenged  fi broblasts with titanium-aluminum-
vanadium (Ti-Al-V) particles and found an increase of IL-6, PGE 

2
 , and  fi broblast 

growth factor (FGF), promoting  fi brosis and scar formation locally. Fibroblasts 
are responsible for synthesis and deposition of type 1 collagen  [  59  ] . Metal ions 
also increase the production of free radicals: ROS and reactive nitrogen species 
(RNS). Interestingly, Shanbhag et al.  [  27  ]  have found that the release of ROS by 
macrophages is dependent upon the type of particles: Ti-Al-V particles are the 
most stimulatory, followed by commercially pure titanium (CpTi) and PMMA. 
Generation of free radicals is due to a series of intracellular steps transforming 
Cr 6+  ions into Cr 3+  ions by oxidation. Thereafter, free radicals react with DNA 
inducing cross-links and damage to purine and pyrimidine bases  [  60  ] . Wolf et al. 
demonstrated the direct binding of Cr 3+  to DNA, as well  [  61  ] . Moreover, in addi-
tion to DNA damage caused by free radicals, repair mechanisms are also affected 
by cobalt ions, namely, Co 2+  and chrome ions Cr 6+   [  62  ] .       

    13.2.3   Systemic Immune Response 

    13.2.3.1   Nonmetallic Particles 

 The foreign body reaction induced by nonmetallic particles, leading to a periprosthetic 
granulomatous lesion, is due to an accumulation of local macrophages and  fi broblasts 
but also due to a systemic recruitment of cells from the bloodstream. As highlighted 
above, high levels of chemokines have been found in periprosthetic tissues. Recent 
studies have established a direct link between chemokines and systemic recruitment of 
cells. Using a murine particle infusion model into bone and clinically relevant parti-
cles, Ren et al. have demonstrated the systemic migration of macrophages induced by 
UHMWPE particles, PMMA particles accompanied by increased osteolysis  [  63,   64  ] . 
Such recruitment occurs through different chemokine-receptor axes: MCP-1 locally 
released by activated macrophages acts through its receptor CCR2 expressed by mono-
cytes and activated NK cells  [  65  ] , MIP-1 a  increases the systemic recruitment of mac-
rophages  [  66  ]  through several receptors (CCR1, CCR5), and IL-8 induces the 
chemotaxis of neutrophils and monocytes/macrophages through CXCR1 and CXCR2. 
Huang et al., using conditioned media from macrophages RAW 264.7 challenged by 
PMMA particles, have shown an increase of human MSCs (hMSCs) recruitment, 
which was markedly blocked by MCP-1 a -neutralizing antibody  [  36  ] .  

    13.2.3.2   Metallic Particles 

 The main systemic immune response to metallic particles is an emergence of a type 
IV delayed immune response. This hypersensitivity, as an extreme complication, has 
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been estimated by Hallab et al. to be less than 1 % of patients undergoing a joint 
replacement  [  67  ] . T lymphocytes are the key cells for the type IV immunological 
response. As mentioned above, T lymphocytes may be activated through antigen-
presenting cells (CD68+ macrophages or by other cells). Indeed, metal-protein com-
plexes may be formed through a binding between metal ions and speci fi c serum 
proteins (e.g., albumin, chromodulin, nickel/cobalt transporters – NiCo Ts)  [  68–  70  ] . 
Thereafter, these new metal-protein complexes may act as antigens. Moreover, T cells 
may be activated only by metal ions, without any metal-protein complexes, by tyrosine 
kinase activation induced by cross-linking of thiols of cell surface proteins  [  67  ] .    

    13.3   Summary 

 Wear particles from joint replacements took a signi fi cant place in orthopedic basic 
research and remain a topic of current interest. Recent studies highlighted that 
immune reactions to wear particles are not only local but systemic as well. 
Improvement of bearing surfaces with new generation of polyethylene and ceramic 
helps to mitigate the granulomatous response to material by-products. For metal 
particles, modulation of the immune reactions by improving our knowledge will 
lead to increase the lifetime of MOM arthroplasties.      
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  Abstract   Laboratory investigations are always performed during PJI workout, but the 
interpretation of the results is not always simple. If properly interpreted, they give a lot 
of information in the diagnostic evaluation of PJI suspicion and in the follow-up of 
treated patients. The diagnostic evaluation of PJI always includes imaging. There are 
plenty of possibilities from simple plain radiography to the most sophisticated PET-
NMR scans. This chapter discusses the advantages and strengths of various imaging 
studies in PJI assessment.  

  Keywords   Serology  •  Radiography  •  Bone scans  •  Computed tomography  •  Magnetic 
resonance      

    14.1   Laboratory Investigations 

    14.1.1   Serology 

 By laboratory investigations, we can measure systemic parameters that present an 
indirect, nonspeci fi c response of the organism to infection of any type. It is not sur-
prising that in low-grade infections or in well-drained infective processes, the sero-
logical parameters may be normal or nearly normal. More than a tool for diagnosing 
infection, serological investigations are instruments for measuring infection activity 
and severity. With clinical suspicion of PJI, normal parameters suggest a more thor-
ough and direct diagnostic investigation like synovial cytology and microbiological 
sampling. Serial investigations are more informative. They can demonstrate the 
progress of the healing process, the progress in the infection  activity, or a relapse. 
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Since serology is a systemic and indirect tool, we must always be cautious to  fi nd 
the real reason for elevated serologic parameters. It is thus very likely that sudden 
increase of in fl ammatory markers, a week after gradual improving after surgical 
treatment of a PJI is not caused by reactivation of the primary infection but rather by 
a collateral process. 

  Peripheral-blood leukocyte count  has a low sensitivity for detecting PJI, and it is not 
of a great value in diagnosis of PJI     [  1  ] . 

  Erythrocyte sedimentation rate (ESR)  is usually elevated in PJI. The investigation 
is however very nonspeci fi c and obsolete and not useful in the evaluation of PJI. 

  C-reactive protein (CRP)  measurement is the most useful blood test for diagnos-
tic evaluation of the suspicious PJI in the absence of underlying in fl ammatory con-
dition. It has a speci fi city of 81–86 % and sensitivity between 73 and 91 % for the 
diagnosis of TKR infection with the cutoff point set at 13.5 mg/L  [  4,   6  ] . Similarly, 
it has a speci fi city of 62 % and a sensitivity of 96 % in THA infection with the cutoff 
point at 5.0 mg/L  [  12  ] . In our series, 25 % out of 140 patients with microbiologi-
cally proven PJI patients have had the CRP value below 5 mg/L. Negative CRP 
value has very limited role in ruling out infection. 

 In uncomplicated arthroplasty surgery, the CRP value is elevated after surgery 
with the peak during the second day after TKR and the third day after THR. The 
CRP value typically normalizes within 3 weeks to 2 months  [  21  ] . The dynamics of 
serial measurements is important. The stagnation or sudden increase of the postop-
erative CRP values needs evaluation to rule out unsuccessful treatment.     The main 
cause to a sudden increase in CRP is usually not a periprosthetic infection relapse, 
but other reasons, including viral disease, enteritis, urinary tract infection, i.v. line-
associated infection, and pneumonia. In the case of a concomitant in fl ammatory 
disease such as rheumatoid arthritis and psoriatic arthritis, the CRP levels usually do 
not normalize completely  [  9  ] . 

  Procalcitonin  has a low sensitivity for detecting PJI. Levels can be elevated in 
acute infections.   

    14.2   Imaging 

    14.2.1   Plain Radiography 

 Plain radiography is the most important tool for evaluation of patients with failed 
TJA.    It has an important role for diagnosing subsidence, shifting of the implant and 
loosening, for detecting osteolytic zones, and for diagnosing various other condi-
tions related to prosthetic joints. Particularly useful are serial radiographs. It has 
only limited role in discriminating between a septic and an aseptic prosthetic joint 
failure due to low sensitivity and speci fi city  [  10  ] . Chronic PJI can cause periosteal 
and/or endosteal reactions and osteopenia with osteolyses. The most discriminating 
is serial dynamic because septic processes are evolving faster than aseptic on plain 
radiographs  [  19  ] .  
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    14.2.2   Arthrography 

 Arthrography is an x-ray imaging study which includes application of contrast and 
 occasionally air in the joint. It is important for evaluation of failed prosthetic joint 
because it is more sensitive for detecting loosening than plain radiography. 
Arthrography enables the clinician to see the contrast trapped within the interface 
between a loosened prosthesis (or cement) and bone. It is also valid for viewing 
sinuses and abscesses where contrast accumulates. It also reliably con fi rms correct 
intra-articular placement of the needle for pseudosynovial sampling  [  16,   19  ] .  

    14.2.3   Fistulography 

 Fistulography is an x-ray imaging study with application of the contrast into the  fi stular 
opening (see Fig.  14.1 ). The investigation demonstrates the depth and the morphology 
of the  fi stular canal which may in fl uence surgical planning. It is important for deter-
mination of communication between discharging sinus and the prosthetic joint.   

    14.2.4   Ultrasound Imaging 

 Ultrasound is a noninvasive study important for demonstrating  fl uid collection (pus, 
synovial  fl uid, and haemathoma). It is mainly useful for evaluation of hip joint because 
of dif fi cult clinical assessment of swelling and liquid accumulation due to its deep loca-
tion. It is also useful for guiding needles for diagnostic and therapeutic aspirations.  

  Fig. 14.1    Fistulography 
showing the  fi stula extending 
to the femoral component of 
the hip prosthesis       
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    14.2.5   Computer Tomography (CT) 

 Computer tomography is more sensitive than plain imaging studies for discern-
ing septic from aseptic  prosthetic joint failure because it may discriminate 
between normal and in fl amed tissues (see Fig.  14.2 ). Artifacts caused by metal 
implants limit considerably its value. Novel CT technology (dual energy) allows 
for excellent morphological evaluation even in the presence of massive metal 
implants by adopting a subtraction method. CT allows for precise needle place-
ment for aspiration and surgical planning in particular cases  [  7  ] .   

  Fig. 14.2    ( a ) Showing a 
plain radiograph of a 
complex proximal femoral 
deformation after a septic 
complication of an osteosyn-
thesis presenting for a 
prosthetic reconstruction. ( b ) 
A 3-D CT reconstruction 
helps planning the surgical 
procedure. ( c ) Plain 
radiography at 10-year 
follow-up after the 
reconstruction           

a 
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b

Fig. 14.2 (continued)
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    14.2.6   Magnetic Resonance Imaging (MRI) 

 MRI safe implants are not a contraindication for MR evaluation of a failed pros-
thetic joint. MRI study is hampered by artifacts produced by implants  [  7,   22  ] . Non-
ferromagnetic implants like those made of tantalum or titanium are, however, 
associated with minimal artifacts, and good resolution for detecting soft tissue 
pathology around implants is possible. Modi fi ed MRI techniques allow for precise 
analysis of osteolysis, periprosthetic tissues, and especially bone-implant interface. 
These information can be valuable in diagnostic workout of a PJI  [  14  ] .  

    14.2.7   Nuclear Bone Scans 

 Bone scans are frequently used for evaluation of a presumably septic failed 
 prosthetic joint as well as in suspicious aseptic failure not evident on plain 

cFig. 14.2 (continued)



14914 Diagnostic Evaluations

 radiography. Bone scans obtained after administration of technetium-99m-la-
beled methylene diphosphonate are nonspeci fi c for infection but very sensitive 
for detecting failed septic or aseptic prosthetic joints  [  3 ,  15 ,  18  ] . The scan is 
abnormal up to a year after a successful arthroplasty procedure due to bone 
remodeling around the implant. Labeled-leukocyte imaging (indium-111) and 
gallium citrate scan are more important for detection of infection. For the former, 
the speci fi city is 86 %, sensitivity 77 %, positive predictive value 54 %, and 95 % 
negative predictive value  [  17  ] . Combined bone and Ga 67  scans are more speci fi c 
than bone scans alone  [  13  ] . Positive Tc 99  and negative Ga 67  scans are suggesting 
more a mechanical problem, while vice versa more an in fl ammation  [  20  ] . The 
most accurate seems to be a combination of indium-111-labeled leukocyte scan 
and bone marrow imaging with the use of technetium-99m-labeled sulfur colloid 
 [  11  ] .  

    14.2.8   Positron-Emission Tomography (PET) 

 PET is a nuclear medicine study that visualizes in 2- or 3-D the desired functional 
biochemical processes within the body. The device detects pairs of gamma rays that 
are released during positron emission. The method bases on application of radioac-
tive isotopes which emit positrons through disintegration. There are various posi-
tron emitters available like 11C, 13N, 15O, 18F, 68Ga, and 82Rb. The most 
frequently used is  fl uorine (18F) bound to glucose molecule to form 18FDG-
 fl uorodeoxyglucose. The advantage of this particular isotope is a relatively slow 
breakdown process with the longest half-life so that it does not need to be synthe-
sized just before the application. Metabolic pathways of 18FDG are similar as for 
glucose. 18FDG is thus accumulating in cells that use glucose as their primary 
source of energy through glycolysis. It has its role in diagnosing in fl ammatory pro-
cesses because in fl ammation increases the rate of glucose metabolism. 

 Contemporary PET cameras are linked with a CT or NMR scanners (signal 
co-acquisition) which allow for spatial anatomic biochemical process imaging. 

 The accuracy of the method for diagnosing PJI stands between 81 and 100 % 
depending on type of implant  [  2,   5,   8  ] .       
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  Abstract   In the evaluation of arti fi cial joint disorders, synovial  fl uid analysis can 
become a very ef fi cient diagnostic tool. This chapter explains the role of synovial 
 fl uid cytological analysis in diagnosing prosthetic joint infection (PJI). Recommended 
cutoff values for diagnosing PJI for leukocyte count are 1,700 cells/ m L and for neu-
trophils 65 %. Considering those cutoff values for diagnosing PJI, the speci fi city is 
very high, exceeding 90 %, which means that negative cytological result of synovial 
 fl uid analysis indicates absence of infection. The results are comparable to intraop-
erative tissue cultures and histopathology, which are frequently used as reference 
standard diagnostic markers in diagnosing prosthetic joint infection.  

  Keywords   Synovial  fl uid  •  Leukocytes  •  Neutrophils  •  Cytology  •  Diagnosis      

    15.1   Introduction 

 In the last decade, there was a remarkable increase in implantations of prosthetic 
joints. The procedure is a very ef fi cient solution for solving problems related to 
degenerative and other derangements of major joints. According to the trends from 
the past, by year 2030, the projected demand for primary total hip arthroplasties will 
grow by 174 %, and the demand for primary total knee arthroplasties is projected 
to grow by 673 %. In the same period, the increase is also expected in revision 
arthroplasty procedures. Total hip and total knee revisions are projected to grow by 
137 and 601 %, respectively  [  1  ] . Prosthetic joints improve the quality of life, but 
they may fail. Causes of failure include, but are not limited to, aseptic loosening, 
dislocation, fracture of the implant or bone, and infection. The last one is probably 
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the most serious complication and is related to signi fi cant morbidity and substantial 
 health-care costs  [  2,   3  ] . In many cases, it is dif fi cult to distinguish between septic 
and aseptic loosening of an implant. Since treatment strategies are different, it is 
very important to establish the correct cause of failure. Before planning the surgery, 
different tests and imaging studies have to be performed to determine the accurate 
diagnosis. This is especially important in cases of low-grade implant infections and 
chronic implant infections without a sinus tract. In these circumstances, the clinical 
presentation is discreet. 

 The laboratory criteria and imaging  fi ndings for diagnosing infection are differ-
ent in patients with native joint infections than for prosthetic joint infections (PJI). 
This is why the former are not suitable for diagnosing PJI  [  3  ] . Laboratory tests 
include measurements of leukocyte count in blood and the C-reactive protein (CRP). 
Imaging studies include plain radiography, labeled-leukocyte scanning, and posi-
tron-emission tomography (PET). None of this tests and imaging studies, alone, can 
provide a de fi nitive diagnosis of septic loosening because their sensitivity and 
speci fi city are too low. In the last few years, another ef fi cient and economical diag-
nostic test is getting widely accepted. This is pre- or intraoperative aspiration of the 
synovial  fl uid for leukocyte count and differential  [  2–  4  ] . The test has become impor-
tant after leukocyte count and differential cutoffs for PJI were established. In cases 
of PJI, cutoffs are dramatically lower than those used to diagnose native joint infec-
tion. In the past, the use of improper, native joint infection cutoffs were the main 
reason for misdiagnosing PJI as aseptic. 

 Another important advantage of synovial cytology in diagnosing low-grade and 
chronic PJI is that the method is not affected by prior antimicrobial therapy  [  5  ] .  

    15.2   Synovial Fluid 

 Synovial  fl uid  fi lls the space within joint cavities. It lubricates articular cartilage and 
provides its nourishment through diffusion. Joint cavities are covered with synovial 
tissue which is composed of vascularized connective tissue that lacks a basement 
membrane. With histological analysis of synovial tissue, three types of cells with 
different function were identi fi ed. Type A cells are important in phagocytosis, type 
B cells ( fi broblast-like cells) produce components of synovial  fl uid and are a source 
of glycoproteins and hyaluronic acid, and type C cells exist as an intermediate type. 
Additional mechanism for synovial  fl uid production is ultra fi ltration of blood plasma 
through capillaries in synovial tissue. In fact synovial  fl uid is a mixture of compo-
nents produced by type B cells and blood plasma ultra fi ltrate  [  6–  8  ] . Large joints con-
tain up to 3.5 mL of synovial  fl uid. Since it is an ultra fi ltrate of blood plasma, its 
composition is similar to that, but concentration of protein components and blood 
cells is lower, except for some components produced by B-type cells (e.g., lubricin, 
glycoproteins, and hyaluronic acid). The amount of erythrocytes (RBC) is lower 
than 2 × 10 9 /L, the amount of leukocytes (WBC) is lower than 0.2 × 10 9 /L, and the 
amount of polymorphonuclear granulocytes (PMN) is lower than 10 %  [  6  ] . Other 
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components of synovial  fl uid are hyaluronic acid, lubricin (key lubricating compo-
nent), proteinases, collagenases, prostaglandins, glucose, uric acid, lactate, lactate 
dehydrogenase, acid phosphatase, and immunoglobulins. In healthy native joints, 
synovial  fl uid contains no crystals and no  fi brinogen, and it is sterile  [  6,   8  ] . The 
analysis of synovial  fl uid is a fundamental diagnostic tool in the evaluation of native 
joint disorders by which we can point to etiologic causes of in fl ammation. Main 
etiologic causes of in fl ammation include  [  9  ] :

   Infectious arthritis  • 
  Crystal-induced arthritis  • 
  Trauma  • 
  Avascular bone necrosis  • 
  Osteoarthritis  • 
  Tumors and metastases  • 
  Reactive arthritis  • 
  Intra-articular hemorrhage    • 

 In infected native joints, synovial  fl uid cytological diagnostic criteria are well 
de fi ned. If the amount of WBC is higher than 50 × 10 9 /L and the share of PMN is 
higher than 90 %, then the native joint is infected  [  10  ] . These cytological criteria are 
not applicable for prosthetic joints  [  5  ] .  

    15.3   Synovial Fluid Cytology in Presence of Implants 

 The pathogenesis of infection associated with a prosthetic joint involves interaction 
among the implant, the host’s immune system, and the involved microorganism. 
Microorganisms are capable to adhere to the implant surface, where they form 
bio fi lm an extracellular structure in which microorganisms are enclosed in a poly-
meric matrix and develop into organized, complex communities with functional and 
structural specialization. Enclosed in bio fi lm, microorganisms are protected from 
antimicrobial agents and the host immune system  [  2,   3,   11,   12  ] . Bio fi lm microor-
ganisms have higher resistance to antimicrobials than do their planktonic counter-
parts  [  13  ] . As long as bacteria are mainly concealed in the bio fi lm, the host’s local 
and systemic immune system response is discreet. Bio fi lm is thus probably the main 
reason why the cutoff values of synovial  fl uid leukocyte count and differential are 
much lower in presence of foreign material than in cases of native joints. 

 The  fi rst prospective study, aimed to determine synovial  fl uid leukocyte count 
and PMN differential (%PMN) cutoff values for infected total knee joints, was 
designed by Trampuz et al. in 2004  [  5  ] . Prior to revision, he analyzed synovial  fl uid 
aspirates from failed total knee replacements, where the reason for arthroplasty was 
osteoarthritis. Patients with underlying in fl ammatory joint disease, crystal-induced 
arthropathy, or connective tissue disease were excluded from the study. PJI was 
diagnosed if at least one of the following criteria was met  [  2,   3,   14,   15  ] : growth of 
the same microorganism in at least two cultures of synovial  fl uid or periprosthetic 
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tissue, visible synovial  fl uid purulence at the time of aspiration or during surgery 
(Fig.  15.1 ), acute in fl ammation on histopathologic examination of periprosthetic 
tissue sections, or presence of a sinus tract communicating with the prosthesis.  

 Considering the aforementioned criteria as the strongest standard for diagnosing 
PJI, they found that the optimal synovial  fl uid WBC count and %PMN cutoff values 
for identifying patients with PJI were 1.7 × 10 3 / m L or >65 %, respectively (Fig.  15.2 ). 
A WBC count had a sensitivity of 94 % and speci fi city of 88 % for diagnosing PJI, 
whereas a %PMN had sensitivity of 97 % and speci fi city of 98 %  [  5  ] . By applying 
cutoff values, used for diagnosing septic arthritis in native joints (WBC count of 
more than 50,000 cells/ m L and %PMN more than 90 %)  [  10  ] , the sensitivity for 
diagnosing PJI was only 21 % for WBC and 59 % for %PMN  [  5  ] . Later, several 
other authors were trying to determine synovial  fl uid leukocyte count and %PMN 
cutoff values for infected total knee and hip joints as well. Mason et al.  [  16  ]  found 

  Fig. 15.1    Purulent synovial  fl uid aspirate       
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that WBC count of more than 2,500 cells/ m L and %PMN greater than 60 % were 
highly suggestive of infection. Parvizi et al.  [  4  ]  determined the optimal cutoff values 
for WBC count and %PMN as more than 1,760 cells/ m L and more than 73 %, 
respectively. Those results for WBC count and %PMN had a positive predictive 
value of 99 and 96 %, respectively. Della Valle et al.  [  17  ]  demonstrated that WBC 
count greater than 3,000 cells/ m L yielded the sensitivity of 100 % and the speci fi city 
of 98 %. Ghanem et al.  [  18  ]  reviewed 429 knees revised for multiple reasons, includ-
ing infection. They observed that optimal cutoff values for WBC count and %PMN 
were more than 1,100 cells/ m L and more than 64 %, respectively. Schinsky et al. 
 [  19  ]  reviewed 201 painful total hip arthroplasties. The optimal cutoff values for 
WBC count and %PMN were more than 4,200 cells/ m L and more than 80 %, respec-
tively. A cutoff for WBC count %PMN had a positive predictive value of 81 and 
65 %, respectively. Their results are shown in Table  15.1 .   

 The authors of papers reviewed in Table  15.1  analyzed synovial  fl uid in patients 
where the reason for primary arthroplasty was primary osteoarthritis. The data from 
Table  15.1  suggests the optimal cutoff value for diagnosing PJI by calculating the 
%PMN to be around 65 % and the optimal cutoff value for WBC count around 
1,700 cells/ m L, independently on the joint involved. Studies reviewed in Table  15.1  
showed strikingly comparable results with excellent sensitivity and speci fi city. Excellent 
accuracy makes synovial cytology an essential diagnostic tool in the evaluation of 

  Fig. 15.2    Photomicrograph demonstration of purulent synovial  fl uid aspirate with predominant 
appearance of PMN (PMN differential of 92 %)       
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arti fi cial joint disorders. The sensitivity and speci fi city of recommended cutoff 
 values for diagnosing PJI are similar to other diagnostic procedures that serve 
related purposes like intraoperative tissue cultures and histopathology  [  5  ] . 

 For reliable accuracy of the procedure, the samples should be acquired preopera-
tively and the aspiration performed through intact skin. Hip aspiration may require 
imaging guidance  [  3  ] . If samples could not be acquired preoperatively, they can still 
be obtained during surgery, just after the pseudocapsule is exposed. Care must be 
taken to avoid contamination with blood to avoid false-positive results. In case 
bloody aspirate is unavoidable, a correctional formula can help calculating the cor-
rect values of synovial  fl uid WBC and PMN percentage  [  20  ] . Correctional factor is 
de fi ned as a ratio between RBC in peripheral blood and synovial  fl uid. Peripheral 
blood for correctional factor determination should be acquired within 48 h after the 
synovial aspiration.

 

    
( )adjusted observed blood fluid blood predicted

Correctional formula : WBC WBC WBC RBC / RBC .⎡ ⎤= − ×⎣ ⎦    
 

 The PMN percentage can be determined in a similar fashion  [  20  ] . 
 It is not yet known how long after an uncomplicated prosthetic replacement it 

takes for the synovial  fl uid cell counts to stabilize and become reliable for  diagnostic 
cytology. In their study, Trampuz et al.  [  5  ]  only used specimens obtained more than 
6 months after the index surgery. We speculate that synovial cytology can probably 
be performed much earlier, even only a few weeks after index surgery, with similar 
accuracy, if correctional formula published by Ghanem et al. is used  [  20  ] . Trampuz 
et al.  [  5  ]  found that antimicrobial treatment prior to the aspiration for synovial cytol-
ogy did not decrease the sensitivity of WBC counts in diagnosing PJI. 

 Despite excellent accuracy, synovial cytology has its own inherent limitations 
in fl uenced by several factors like the following: the PJI causative agents that fail to 

   Table 15.1    Results of different studies evaluating synovial  fl uid leukocyte count and %PMN 
 cutoff values   

 Study   N   WBC  %PMN  S(WBC)%  Sp(WBC)%  S(PMN)%  Sp(PMN)% 

 Mason et al.  [  16  ]   86 K  2,500  60  69  98  76  89 
 Trampuz et al. a   [  5  ]   133 K  1,700  65  94  88  97  98 
 Parvizi et al.  [  4  ]   145 K  1,760  73  90  99  93  95 

 23 H 
 Della Valle et al. 

 [  17  ]  
 94 K  3,000  65  100  98  –  – 

 Ghanem et al.  [  18  ]   429 K  1,100  64  90.1  88.1  95.0  94.7 
 Schinsky et al. 

 [  19  ]  
 201 H  4,200  80  84  93  84  82 

   N  number of cases,  WBC  leukocyte count (cells/ m L),  PMN  polymorphonuclear leukocytes,  S  sen-
sitivity,  Sp  speci fi city,  H  hip,  K  knee 
  a The  fi rst published prospective study  
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grow in vitro, the microbiological contaminations of samples, the contamination of 
synovial  fl uid samples with blood, and the presence of an underlying noninfectious 
in fl ammatory disease with in fl uence on synovial  fl uid characteristics. For patients 
with in fl ammatory conditions, the PJI cutoff values for synovial WBC count and 
%PMN were not yet established. Cutoff values in these patients are probably higher 
and need to be established by further investigations.  

    15.4   Conclusion 

 Synovial  fl uid cytological analysis is a very ef fi cient and economic method for eval-
uation of failed prosthetic joints. The recommended cutoff values for diagnosing PJI 
by WBC count are >1,700 cells/ m L or >65 % of PMN. These cutoff criteria are use-
ful only if the reason for the primary arthroplasty was primary osteoarthritis. In our 
opinion, synovial  fl uid cytological analysis is an essential diagnostic procedure in 
the evaluation of most arti fi cial joint disorder.      
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  Abstract   The possibility of differentiating an aseptic loosening from prosthetic 
joint infection (PJI) is rather dif fi cult when clinical  fi ndings are poor or even absent 
but is very important since the treatments are different. Unfortunately, to date, there 
is no preoperative or intraoperative test that is 100 % sensitive and speci fi c for diag-
nosis of prosthetic infection. Several authors proposed analysis of either frozen or 
permanent histological sections of periprosthetic tissue as a reliable method for PJI 
detection. Histological analysis using various criteria for the determination of “posi-
tivity” has been touted as a rapid and inexpensive test that has a high speci fi city; 
however, its sensitivity has been widely inconsistent ranging from 18 to 100 % in 
various studies. Histological analysis of periprosthetic tissue at joint revision sur-
gery could be helpful when preoperative tests are ambiguous, but careful attention 
to the application of criteria for a histological diagnosis must be made to preclude 
diagnostic errors.  

  Keywords   Diagnosis  •  Histology  •  Frozen sections  •  Sampling      

 Since surgical treatment of joint prosthesis loosening (septic or aseptic) is different, 
it is very important to establish the correct diagnosis of prosthetic joint infection 
(PJI). Correct diagnosis of PJI is still a challenge in clinical practice. A misdiagno-
sis of prosthetic joint infection has crucial consequences for the patients. Different 
tests can be performed before surgery (C-reactive protein, erythrocyte  sedimentation 
rate, white blood cell count, and different radiological techniques); however, those 
tests have low sensitivity and speci fi city. Microbiological cultures represent the 
gold standard for prosthesis joint infection diagnosis, but appropriateness of this 
method in determining surgical treatment is limited due to the time required for 
bacterial growth. Only two intraoperative tests, Gram stain and histology, give 
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immediate information about the etiology of the prosthesis loosening; however, 
Gram stain sensitivity is lower than 30 %  [  23  ] . Many authors suggested that frozen 
section analysis is the accurate and quick method to diagnose the PJI.  [  6,   25  ]  

 Between the bone and prosthesis, a fringe of connective tissue of varying width 
develops, named periprosthetic membrane, which has to be removed during revi-
sion surgery. This membrane is valuable specimen for histopathological analysis. 
Periprosthetic membranes show very heterogeneous morphological characteristics. 
In order to standardize histopathological diagnostic investigation, Morawietz et al. 
proposed a histological classi fi cation system that de fi nes four different types of 
periprosthetic membranes based on the detection of foreign body particles, granula-
tion tissue, and polymorphonuclear leukocytes (PMN) (type I is induced by wear 
particles, type II is infective type, type III is combined, and type IV is indetermi-
nate). Infective and combined type re fl ects septic loosening  [  17  ] . The presence of 
signi fi cant number of neutrophils is the most important histological feature in estab-
lishing a diagnosis of PJI, since they are the most important cell population in the 
defense against bacterial infection (Fig.  16.1 ). The assessment of other cell types 
such as lymphocytes or plasma cells has not been proven to be suitable for  diagnosing 
periprosthetic infections  [  5  ] .  

  Fig. 16.1    Photomicrograph demonstration more than ten polymorphonuclear leukocytes per high-
power  fi eld in a paraf fi n section from a patient with total hip prosthesis infection (hematoxylin and 
eosin, ×400)       
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 In 1973, Charosky et al. described a qualitative histological difference in the 
periprosthetic tissue response to infection as compared with particulate wear debris 
 [  9  ] . Those authors documented an in fi ltration of PMN cells that were characteristic 
for prosthetic joint infection. Later, in a series of 36 failed prostheses, Mirra et al. 
quanti fi ed the degree of in fl ammation in the presence of infection. They found more 
than  fi ve polymorphonuclear cells per high-power  fi eld (HPF) that were associated 
with infection. To minimize sampling error, Feldman et al.  [  12  ]  described the crite-
ria for histological diagnostic of PJI: (1) granulation tissue should be analyzed; (2) 
analysis should be performed at least on two samples of tissue from each patient; (3) 
the  fi ve most cellular  fi elds per sample should be selected; (4) PMN cells have to be 
counted under high-power magni fi cation; (5) only neutrophils with well-de fi ned 
cytoplasmic borders should be included into counting  [  12  ] . 

 There is an ongoing debate on the exact number of PMN leukocytes needed to 
diagnose PJI. Several cuts of criteria of the number of PMN cells have been pub-
lished: e.g., Athanasou et al. require at least one PMN cell per HPF; Feldamn et al. 
use  fi ve PMN cells per HPF as cut of criterion; Pandey et al. described that >5 neu-
trophils should be diagnostic for PJI, but 1–5 neutrophils should be considered 
highly suggestive of infection; Bori et al. use  fi ve PMN cells as cut of criteria and 
described that the probability of infection is high when at least  fi ve PMN leukocytes 
per high-power  fi eld are found in the periprosthetic tissue; however, it is not possible 
to rule out infection when the number of neutrophils is less than  fi ve. Banit et al.  [  3  ]  
and Lonner et al.  [  14  ]  propose that an infection should be diagnosed if at least ten 
neutrophils per HPF is found, and  fi nally, Morawietz et al.  [  18  ]  recommended a 
counting algorithm with threshold of  ³ 23 neutrophils in ten HPF. 

 Besides Feldman et al.  [  12  ]  who reported 100 % sensitivity of PJI diagnosed by 
histological method, also Müller et al.  [  19  ]  reported that among all preoperative and 
intraoperative tests, histopathology yielded the highest accuracy (94 %). The con-
clusions of these reports were questioned by Fehring and McAlister  [  11  ] , who 
reported a sensitivity of only 18 %. Recently published articles that used the pres-
ence of microorganisms in periprosthetic tissue as a gold standard of PJI also 
reported lower value of sensitivity; however, even microbiological cultures are not 
100 % reliable. Several authors reported worrisome prevalence of negative micro-
biological cultures of orthopedic specimens obtained intraoperatively  [  13,   16  ] . 
A discrepancy between microbiological and histological  fi ndings was found in 
10.7 % of cases  [  17  ] . 

 Upon close review of the literature, the sensitivity of histological diagnosis of PJI 
ranges between 18 and 100 %, but on the other side, it can be considered fairly 
speci fi c, as reported in previous studies with range of 89.5–100 % (Table  16.1 ). 
Several authors concluded that analysis of histological sections of periprosthetic 
tissue is an important method to rule out the presence of infection, but not for detect-
ing it  [  4,   10  ] . Nunez et al.  [  20  ]  suggested that if there is no clinical suspicion of 
infection prior to operation and intraoperative frozen sections do not reveal  fi ve or 
more PMN leukocytes per HPF, reimplantation may be carried out at that moment, 
with 91 % chance of absence of infection. In suspected cases without positive pre-
operative diagnostic results but in a presence of more than  fi ve PMN cells in frozen 
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section, the surgeon must proceed with caution and it could be convenient in such 
cases to defer reimplantation.  

 The reasons for the fact that the speci fi city and sensitivity of histology for diag-
nosis of PJI in several studies have never reached 100 % are different. False-positive 
results of histology could be due to one of several causes: a fastidious microorgan-
ism that fails to grow in vitro, the fact that samples for culture or histology are not 
taken from same area, or the presence of a loculated infection  [  14  ] . It has to be 
emphasized that a negative result of microbiological culture does not exclude the 
presence of infection. 

 False-negative results of histological analysis could be attributed to:

    1.    Bacteriological contamination of the specimen obtained for microbiology 
culture  

    2.    The cut of criteria (number of PMN leukocytes per microscopic  fi eld) to estab-
lish the diagnosis of prosthetic joint infection  

    3.    Low-virulent microorganisms like  Staphylococcus epidermidis  or 
 Propionibacterium  spp. that do not stimulate PMN cell in fi ltration  

    4.    Type of specimen submitted to the laboratory for histological analysis  [  7  ]      

 There is a lot of variability in the specimens submitted for histological  evaluation. 
The majority of orthopedic surgeons obtain specimens from pseudocapsule,  synovial 
surface, periprosthetic membrane, or any tissue suspected for infection. Periprosthetic 
membrane is located at the interface between prosthesis component and bone or 
between bone cement and tissue and is not to be mistaken with pseudocapsule that 
forms around joint space. Several authors described that histological appearance of 
interface membrane and pseudocapsule is very similar in the same patient  [  17,   21  ] . 
However, Bori et al. found out that periprosthetic interface membrane is the best 
specimen for the histological diagnosis of prosthetic joint infection  [  7  ]  and that 

   Table 16.1    Results of different studies evaluating histological method for prosthetic joint  infection 
diagnosis   

 Study   N   PMN  S (%)  Sp (%)  PPV (%)  NPV (%) 

 Mira et al.  [  15  ]   34  >5  100  98  –  – 
 Fehring and McAlister  [  11  ]  
 Feldman et al.  [  12  ]   33  >5  100  96  –  – 
 Lonner et al.  [  14  ]   175  >5  84  96  70  98 
 Athanasou et al.  [  2  ]   106  >5  90  96  88  98 
 Spangehl et al. (1998)  [  23  ]   202  >5  80  94  74  96 
 Abdul-Karim et al.  [  1  ]   64  >5  43  97  –  – 
 Pons et al.  [  22  ]   83  >5  100  98  94  100 
 Pandey et al.  [  21  ]   602  >5  100  97  92  100 
 Borrego et al.  [  8  ]   146  >10  91  87  81  94 
 Müller et al.  [  19  ]   50  >5  95  92  97  86 
 Morawietz et al.  [  18  ]   147  >23  73  95  91  91 
 Tothz et al. (2010)  [  24 ]  64  >5  86  100  100  95 

   N  number of cases analyzed,  PMN  polymorphonuclear leukocytes,  S  sensitivity,  SP  speci fi city, 
 PPV  positive predictive value,  NPV  negative predictive value  
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interface membrane has a higher sensitivity and predictive values than pseudocap-
sule. Samples of the interface membrane should be sent to histological laboratory as 
soon as possible, and multiple small samples may be more effective in detecting 
focal areas of in fl ammation. 

 Several studies reported very good correlation between the results of the analysis 
of frozen sections and those of the analysis of the permanent sections. The agree-
ment reported ranged between 78 and 100 %. The paraf fi n embedding used in the 
preparation of permanent histological sections makes sectioning easier and leaves 
less tissue artifacts; however, by frozen sections, we can get the information about 
possible PJI much faster. 

  Conclusions : Due to its high speci fi city, negative histological analysis of 
periprosthetic tissue indicates absence of infection; on the other hand, a positive 
histology not necessarily con fi rms infection because of its low sensitivity. To 
improve the results of PJI histopathological diagnosis, the pathologist must be well 
versed in the technique of preparation and the interpretation of frozen and perma-
nent sections. Additionally, the orthopedic surgeon and the pathologist must have a 
close working relationship and a free exchange of information. The pathologist 
should be provided with clinical data such as type of prosthesis and type of  fi xation, 
lifetime of prosthesis, and previous microbiological  fi ndings by the orthopedic 
surgeon.     
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  Abstract   Diagnosis of Prosthetic Joint Infection is still a complex matter in clinical 
practice. Syndromic diagnosis includes the presence of several symptoms and signs 
together with the use of a combination of different techniques, including image 
analysis, biochemical markers and intraoperatory histopatology. Microbiological 
diagnosis is an essential part of this process, because it allows selection of the best 
possible antibiotic therapy, and even orients the surgical management and the poten-
tial outcome of the patient in some cases. Cultures of synovial  fl uids, periprosthetic 
tissues and implant sonication are the commonly recommended techniques, and a 
combination of these techniques allows reaching an etiologic diagnosis in most 
cases. However, rapid diagnosis is still a problem, because the lack of sensitivity and 
speci fi city of Gram stain of surgical products.  

  Keywords   Cultures  •  Imaging  •  Aspiration  •  Sonication            

   17.1   Introduction 

 The use of joint prosthesis is one of the most important advances in orthopedics. It 
allows millions of people to improve their quality of life with the recovery from a 
chronic impairment not possible with any other solution but prosthetic joint recon-
struction. The use of prosthetic joints is currently increasing, and it is expected that 
more than three million prosthesis per year will be implanted in 2050  [  1  ] . Despite 
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all these advantages, the use of implants is not without complications. Among these, 
one of the most devastating problems is the development of infection, which appears 
in 1–3 % of all the cases  [  2  ] , and raises patient morbidity and mortality. Due to the 
increasing number of implant surgeries, it is expected that the number of infected 
patients will grow parallel to the number of implanted prostheses, so the problem 
will be even greater in the next future  [  3  ] . 

 One of the key issues in the management of these patients is diagnosis. Clinical 
diagnosis has been considered the gold standard for decades and still is extremely 
important. Clinical suspicion is the  fi rst step that triggers all other tests leading to a 
 fi nal diagnosis of prosthetic joint infection (PJI)  [  2,   4–  6  ] . However, there are cases 
of PJI in which clinical data are scanty or appear to mimic aseptic loosening, but 
even these cases can be diagnosed correctly if proper diagnostic tools are applied 
 [  7  ] . Moreover, despite general con fi rmation of PJI diagnosis is important, etiologic 
diagnosis is essential for proper management of these patients  [  2,   4–  6  ] , because an 
adequate selection of antibiotics is the key for a proper patient management  [  2,   8  ] . 
This is due to the high number of organisms that can be the cause of these infec-
tions, even if 60–70 % of all the cases are caused by the members of the genus 
 Staphylococcus   [  4  ] . Identi fi cation and susceptibility testing is an extremely impor-
tant issue, and the techniques used for this purpose will be revised in this chapter.  

    17.2   Rapid Conventional Diagnosis 

 Rapid diagnosis of PJI can lead to establish a different management of the patient 
even during the surgery. These techniques are based on the use of different stains, 
most of them available elsewhere. 

    17.2.1   Histopathology 

 Although this technique cannot provide an etiologic diagnosis, several authors have 
shown a high correlation between the presence of acute and chronic in fl ammatory 
cells on frozen sections of periprosthetic tissues and the existence of PJI (Table  17.1 ). 
Mirra et al .   [  9  ]  found the presence of an in fi ltrate of acute in fl ammatory cells on 
frozen-section histology in 15 cases with evidence of infection and reported the 
absence of such in fi ltrate in 21 noninfected cases. This study allowed designing the 
criterion of the presence of several polymorphonuclear leukocytes/high-power  fi eld 
(HPF) as a diagnostic feature of PJI. Different studies have used various cutoff 
points, but usually, 5–10 polymorphonuclear leukocytes per HPF typically indicate 
acute in fl ammation and are considered the breakpoint to con fi rm the diagnosis of 
PJI  [  1,   4–  6,   10–  14  ] . However, although this test is quite speci fi c to diagnose PJI, it 
is not highly sensitive. Some other issues must be taken into account: the number of 
areas to be scanned in frozen sections is not standardized  [  15  ] . Because the degree of 
in fi ltration with in fl ammatory cells may vary considerably between tissue  sections, 
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at least ten HPFs should be examined to obtain an average count. Another major 
limitation of histopathological examination is that it does not identify the causative 
organism. In addition, interpretation of tissue histopathology from patients with 
underlying in fl ammatory joint disorders may be dif fi cult  [  10  ] .  

 Frozen-section analysis of biopsy specimens must be taken from several different 
sites in order to increase the sensitivity. It is also important that the tissue adequately 
represents the  fi brous membrane and does not contain only super fi cial  fi brin.  

    17.2.2   Gram Stain 

 Gram stain is one of the most useful techniques to perform a rapid diagnosis in the 
clinical microbiology laboratory. It is a technique with extremely long experience 
which allows to detect bacteria and to perform an initial classi fi cation of these organ-
isms according to their shape and staining characteristics  [  16  ] . Its use in synovial 
 fl uid has been claimed to be highly speci fi c, although sensitivity is only 40–45 %  [  5  ] . 
However, its use in periprosthetic tissues for PJI diagnosis (Table  17.2 ) has many 
other disadvantages. In fact, although a positive result of a Gram stain can predict 
infection, the sensitivity is so poor that multiple samples from a large number of 
infected patients must be examined for each positive result  [  17  ] . Moreover, Ghanem 
et al .   [  18  ]  have reported that such sensitivity did not show major improvement with 
increasing number of samples. In other study, Chimento et al .   [  19  ]  conclude that the 
absence of organisms on intraoperative Gram staining during revision arthroplasty 
does not con fi rm the absence of infection and even the presence and number of poly-
morphonuclear cells did not correlate with the presence or absence of infection. 
Because of these limitations, rapid diagnosis of PJI by using Gram stain can be aban-
doned as a diagnostic tool at elective revision arthroplasty  [  17,   20  ] .   

   Table 17.1    Frozen section/histopathology in diagnosis of PJI   

 Reference 
 No. and type of 
arthroplasty  Cutoff  S (%)  Sp (%)  PPV (%)  NPV (%) 

 Fehring 
et al. 
 [  59  ]  

 107  No cutoff  18.2  89.5 

 Athanasou 
et al. 
 [  60  ]  

 106 (hip-knee)  1  90  96  88  98 

 Lonner et al. 
 [  12  ]  

 175 (hip-knee)  5  84  96  70  98 
 10  84  99  89  98 

 Pandey et al. 
 [  61  ]  

 602 (hip)  1  98  97  92  100 

 Banit et al. 
 [  62  ]  

 121 (hip-knee)  10  67  93  67  93 

 Bori et al. 
 [  13  ]  

 21 (hip)  5  28.5  100  100  74 
 1  71.4  64.2  50  81.8 

   S  sensitivity,  Sp  speci fi city,  PPV  positive predictive value,  NPV  negative predictive value  
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    17.2.3   Immuno fl uorescence 

 Another technique that can be used for a rapid diagnosis is immuno fl uorescence 
microscopy (IFM). In this technique, monoclonal antibodies labeled with  fl uorescent 
markers are used to detect the microorganisms with a  fl uorescence microscopy. 
There are  different studies in the literature about the use of direct visualization of 
bacteria from sonication  fl uid with pathogen-targeted antibodies as a nonculture 
method for the microbiological diagnosis of PJI. Tunney et al .   [  21  ]  used polyclonal 
antibodies against  Staphylococcus  sp. from  fl uid obtained after sonication of retrieved 
implants in patients with PJI and controls. The IFM results indicated that 63 % of 
retrieved hip prostheses were colonized with bacteria, although the species could not 
be identi fi ed. Piper et al. also evaluated the use of IFM for the diagnosis of PJI in 
shoulder prosthesis processed by sonication of the retrieved implants, using 

   Table 17.2    Gram stain in diagnosis of PJI   

 Reference 
 Number cases 
analyzed 

 Type 
sample 

 Positive 
result if 
presence of a : 

 S % 
(hip-knee) 

 Sp % 
(hip-knee) 

 PPV % 
(hip-
knee) 

 NPV % 
(hip-knee) 

 Atkins 
et al. [  17  ]  

 297  Pre-intra  Organism  12 b   98.8 b   –  – 
 6 c   99.7 c   –  – 

 Chimento 
et al.  [  19  ]  

 169  Intra  Organism  0  –  –  – 
 >10PMN  18.8  95.6  50  83 

 Feldman 
et al.  [  63  ]  

 33  Intra  Organism  22.2  –  –  – 

 Pandey et al. 
 [  61  ]  

 602 (hip)  Organism  21.5  –  –  – 

 Della Valle 
et al.  [  64  ]  

 413  Intra  14.7 

 Spangehl 
et al.  [  65  ]  

 202 (hip)  Intra  Organism  19  98  63  89 

 Ghanem et al. 
 [  18  ]  

 321 infected 
and 683 
unin-
fected 

 Intra  Organism  31–30  100  100–98  79–70 
 >5PMN  31–53  99  89–96  79–78 
 Both d   18–21  100  100  77–68 
 Both e   43–64  99  93–97  82 

 Parvizi et al. 
 [  66  ]  

 453(knee)  Intra  Organism  30  98  89  70 
 >5PMN  50  100  100  79 
 Both  43-64  100  100  82 

   Pre  preoperative,  Intra  intraoperative,  S  sensitivity,  Sp  speci fi city,  PPV  positive predictive value, 
 NPV  negative predictive value 
  a The result    was considered positive for infection if there were organisms, more than  fi ve or ten 
PMN per high-power  fi eld (×40) in at least  fi ve separate microscopic  fi elds or both 
  b Sensitivity and speci fi city was measured against positive histology (presence of at least  fi ve neu-
trophils per high-power  fi eld) 
  c Sensitivity and speci fi city was measured against positive culture (isolation of an indistinguishable 
microorganism from three or more independent specimens) 
  d Series combination testing requires both tests to be positive (and not just either one) to reach a 
diagnosis of PPI 
  e Parallel combination testing requires any one or both of the tests to be positive to diagnose infection  
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 monoclonal antibodies directed against  Propionibacterium acnes  and  Staphylococcus  
sp., and compared it with the use of molecular biology. The sensitivity of IFM and 
PCR with sonicate  fl uid for the detection of de fi nite prosthetic shoulder infection 
(from any cause) was 39.4 % (13/33) and 57.6 % (19/33), respectively; the speci fi city 
was 98.0 % (99/101) and 99.0 % (100/101),  respectively  [  22  ] . 

 Yet, the value of this technique for the microbiological diagnosis of PJI outside 
from a research study is unclear. According to the authors, the IFM did not improve 
the culture sensitivity from the sonicate  fl uid due to the fact that all IFM positive 
specimens had positive cultures  [  22  ] . According to some authors  [  21,   23  ] , the char-
acteristics in the visualization from large aggregates to single bacteria could help 
distinguish between contaminating and pathogen bacteria. However, the main limi-
tation of the technique is its speci fi city regarding identi fi cation of the pathogen at 
the species level. If a speci fi c monoclonal antibody is used  [  22  ] , a high number of 
stains must be used in order to identify all potential pathogens, and those which are 
not sought cannot be identi fi ed. If an unspeci fi c antibody is used  [  21  ] , identi fi cation 
of the detected bacteria cannot be performed. Because of these limitations, IFM is 
not currently used for diagnosis of PJI in a clinical setting by most laboratories.  

    17.2.4   Other Image Studies 

 Stoodley et al .   [  24  ]  described the case of a patient who had chronic recurring symp-
toms of infection that persisted for years. Confocal microscopy was performed 
using Molecular Probes Live/Dead BacLight kit    on  fl uid, tissue, and cement at the 
 fi nal surgical revision and demonstrated the presence of bio fi lms with living coc-
coid bacterial cells in an infected elbow case that yielded negative cultures over a 
period of 5 years. Therefore, confocal laser scanning microscopy permits the obser-
vation of bio fi lm-embedded bacteria on the surfaces of the explanted prostheses, 
although its use still remains experimental  [  25,   26  ] . 

 A periprosthetic biopsy under  fl uoroscopy is an alternative and may increase the 
chances of sampling the area with the highest density of organisms in chronic infec-
tions (the bone/cement or bone/prosthesis interface)  [  27  ] .   

    17.3   Preoperative Conventional Microbiological Diagnosis 

 The microbiological study can help to preoperatively (before the arthroplasty revi-
sion surgery) diagnose a PJI when used together with other speci fi c analytics param-
eters, clinical history, physical examination, and imaging, especially because all 
these data are separately associated with a high level of false positives and negatives 
 [  28  ] . The microbiological diagnosis allows the identi fi cation of the causative organ-
ism, facilitating the management of the patient through the choice of the antimicro-
bial therapy and the adequate evaluation of a surgical treatment. Moreover, it could 
help to differentiate between PJI and aseptic loosening in some patients  [  28,   29  ] . 
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    17.3.1   Synovial Fluid Culture 

 Synovial  fl uid culture is one of the main microbiological techniques used to perform 
the PJI diagnosis in patients with underlying in fl ammation. Usually, the synovial 
 fl uid analysis includes the evaluation of in fl ammatory markers and synovial  fl uid cell 
counts  [  4  ] . In many cases, there are no reliable results with the use of these tech-
niques, and in these cases, the synovial  fl uid culture may be useful in diagnosing the 
PJI  [  29  ] . The main advantage of the synovial culture is that it allows the identi fi cation 
and susceptibility testing of microorganisms independently of the presence of under-
lying in fl ammatory diseases, which can affect the results of other tests  [  1,   4  ] . 

 The value of the synovial  fl uid culture has been studied in depth  [  1,   4  ] . However, 
there are a lot of factors that are still under study. One of the most recent issues is the 
inoculation of blood culture bottles compared to the use of conventional solid media 
cultures. There are different theories that tried to explain the low sensitivity of con-
ventional cultures  [  30–  33  ] . First, the amount of microorganisms present in the sam-
ple is often quite low, and the inoculation of the sample in blood culture bottles could 
improve this lack and increase the sensitivity through the use of a higher amount of 
sample (approximately 5 mL/ fl ask) than that used in solid media cultures. Secondly, 
the presence of inhibitors in the sample, such as antibiotics, may inhibit the growth 
of microorganisms. Nowadays, blood culture bottles include different methods to 
overcome this problem. Third, it must be taken into account the fact that the micro-
organisms may be phagocytozed by white blood cells in synovial  fl uid and therefore 
may not be recovered by culture. Most of the blood culture systems contain lytic 
agents (such as saponin), which release phagocytized organisms, allowing them to 
grow freely in the liquid medium. Finally, there is a possible contamination of the 
plates of culture media when the sample is inoculated, while in blood cultures the 
sample manipulation is reduced, and therefore the risk of contamination could 
decrease. The different factors aforementioned suggest that inoculation of synovial 
 fl uid in blood culture bottles may improve the sensitivity of the technique. There are 
several studies in the literature comparing the inoculation of synovial  fl uid in blood 
culture bottles using different systems, such as BACTEC PEDS PLUS/F Medium 
bottle (BD, USA)  [  30,   31  ] , BACTEC 460 aerobic blood culture bottles (BD, USA) 
 [  33  ]  or BACTEC 9240 bottles  [  32  ] , against the use of conventional solid media cul-
ture (Table  17.3 ). These studies showed a statistically signi fi cant greater amount of 
isolated pathogens than with conventional cultures, using different protocols.  

 However, there could be discordance between synovial  fl uid and intraoperative cul-
tures. Most studies remark that synovial biopsy studies are superior to joint aspiration 
in the diagnosis of PJI. Fink et al.  [  31  ]  evaluated synovial biopsy culture in comparison 
with joint aspiration and C- reactive protein in total knee replacements. Synovial  fl uid 
was collected in BD BACTEC PEDS PLUS/F Medium, and after 14 days, they reported 
a positive result if the same organism was identi fi ed in at least two samples. The results 
showed that the combination of the bacteriological and the histological study of the 
synovial biopsy had the highest diagnostic value to identify a late periprosthetic infec-
tion. These results could be due to the fact that, in the infected prosthesis, organisms are 
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embedded in bio fi lms  fi rmly attached to the implant surface, and only a low percentage 
appeared as planktonic bacteria  [  32,   34  ] . In acute infections, synovial  fl uid is abundant, 
the number of planktonic bacteria is high, and the characteristic symptoms and signs of 
infection are present, while in chronic infections, the volume of synovial  fl uid is low 
and most of the bacteria are in a sessile state, attached to the implant surface. 

 In conclusion, as can be stated by the results obtained from the literature, the 
synovial  fl uid culture in automatic systems increase the sensitivity and speci fi city to 
diagnose PJI compared to conventional tests and should be introduced in a general 
practice (Fig.  17.1 ).   

 Reference  No. of patients  Type of samples  S %  Sp % 

 Font-Vizcarra 
et al.  [  32  ]  

 63  SBC  86  100 
 Periprosthetic 

tissue 
 69  81 

 Swab  61  99 
 Levine et al.  [  67  ]   24  SBC  92  100 

 Periprosthetic 
tissue 

 46  100 

 Swab  64  100 

 Table 17.3    Comparison of 
cultures of  fl uid samples 
injected into standard 
blood culture vials (SBC), 
periprosthetic tissue and 
swab samples cultured in 
standard media  

Clinical syndrome
Surgery

Centrifugation

Periprosthetic
tissue

Synovial fluid

Blood culture
bottles

Isolation

Culture

Identification and
susceptibility testing

Implant Sonication

  Fig. 17.1    Proposed scheme for microbiological diagnosis of PJI       
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    17.3.2   Sinus Tract Cultures 

 Sinus tract specimens are reported as a poor sample for the diagnosis of PJI  [  5  ] , 
although, because these are easy to obtain, they are commonly sent to clinical 
microbiology laboratories in many areas. In a study of chronic osteomyelitis, cul-
tures obtained from sinus tracts detected the infecting pathogen only in 44 % of 
cases, as compared to cultures of intraoperative tissue specimens, and only isolation 
of  Staphylococcus aureus  from sinus tracts is predictive of the causative pathogen 
 [  15  ] . A bacteriologic diagnosis of chronic osteomyelitis based on isolation of com-
mon pathogens other than  S. aureus  from sinus tracts must be veri fi ed by an appro-
priate operative culture  [  27,   35  ] . Moreover, because the most frequently isolated 
pathogen in PJI is the group of coagulase-negative staphylococci, cultures of sinus 
tract exudates should be avoided; these are often positive because of microbial skin 
colonization and poorly correlate with cultures of surgical specimens  [  4  ] . Another 
study by Cune et al .   [  36  ]  in patients with acute PJI analyzed the concordance de fi ned 
as the isolation of one microorganism in the super fi cial samples that was also found 
in the deep samples. They concluded that super fi cial samples could help surgeons to 
identify resistant microorganism early and to start speci fi c antibiotic treatment. 
However, the ef fi cacy of super fi cial swabbing was greater when the isolated micro-
organism was  S. aureus  or aerobic gram-negative bacilli, and not for other organ-
isms  [  36  ] . Moreover, other studies showed lower rate of correlation between sinus 
tract cultures and biopsy cultures than that of Cune et al .   [  5,   37  ] . 

 Despite this result, swab cultures have been reported to sustain a high rate of 
false-positive results due to contamination with coagulase-negative  Staphylococcus  
and/or  Propionibacterium  sp., so these cannot be recommended for the diagnosis of 
chronic PJI, although they could have some usefulness in some cases of acute PJI 
 [  1,   4,   5,   32  ] .   

    17.4   Intraoperative Conventional Microbiological Diagnosis 

 When diagnosis of PJI is performed, surgical therapy is an essential part of the man-
agement of the patient  [  2,   8  ] . During surgery, it is essential to obtain or con fi rm the 
etiologic diagnosis by sending different samples to the microbiology laboratory. 
These samples include from synovial  fl uid to the implant itself. 

    17.4.1   Synovial Fluid Aspiration 

 Spangehl et al .   [  38  ]  prospectively analyzed the value of preoperative and intraop-
erative synovial  fl uid culture for the diagnosis of infection in 178 patients who had 
a total of 202 revision hip replacements. The results of preoperative aspiration of the 
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joint were 86 % sensitivity, 94 % speci fi city, 67 % positive predictive value, and 
98 % negative predictive value, while the results of intraoperative cultures were 
94 % sensitivity, 97 % speci fi city, 77 % positive predictive value, and 99 % negative 
predictive value. Its use together with tissue samples also increases its value for 
diagnosis of PJI  [  39  ] .  

    17.4.2   Periprosthetic Tissue Cultures 

 Periprosthetic tissue cultures provide the most accurate specimens for detecting the 
infecting microorganism, and the results of culture of tissue and/or  fl uid obtained 
during revision arthroplasty are usually considered the gold standard for determin-
ing the presence or absence of periprosthetic infection  [  20  ] . 

 Sensitivity of periprosthetic tissue culture may be low (between 37 and 61 %)  [  25, 
  40  ] , and probably this may be related to the state of the surrounding tissue. To increase 
the sensitivity of these cultures, it has been recommended the use of a minimum of 
three different samples  [  10,   15  ] , although the number can be increased to at least  fi ve 
of them  [  4,   17,   20  ] . Kamme and Lindberg  [  41  ]  described that the growth in one or 
two of  fi ve biopsy samples was a strong indicator of contamination, while growth in 
 fi ve of  fi ve biopsy samples of one or two bacterial species strongly indicated an infec-
tion. According to other authors, the growth of the same organism in at least three 
samples differentiates contaminants from true pathogens  [  20  ] . Atkins et al .  proposed 
the use of a cutoff of  ³ 2 positive tissue cultures  [  17  ] . A combination of different 
samples could also increase the sensitivity. In the study of Meermans and Haddad 
 [  39  ] , the combination of tissue biopsy and aspiration provided improved sensitivity 
and accuracy. Nevertheless, a strong recommendation regarding the use of strictly 
sterile procedures to obtain and manipulate the samples must be done in all cases. 

 In the microbiology laboratory, processing of the samples is usually performed 
by inoculation of culture media after grinding the samples. A recent report  [  42  ]  sug-
gests that sensitivity could be increased by using bead mill sample processing, 
which releases the infected organisms in a higher proportion than classical process-
ing. Another controversial issue in the laboratory concerns the incubation time. 
Some organisms causing PJI may be slow growing due to either their phenotypic 
state (sessile forms inside the bio fi lm) or inherent characteristics (like  P. acnes  or 
other slow-growing organisms). According to Schafer et al .   [  43  ] , an extended incu-
bation period of 15 days improves the sensitivity of cultures from periprosthetic 
samples, with only 73.6 % of the samples being positive before day 7 of 
incubation. 

 Whenever possible, antibiotics should be removed before all diagnostic micro-
biological tests have been completed. It is not clear how long a patient should be off 
antibiotics prior to the diagnostic procedures being performed, but a 14-day antibi-
otic-free period has been recommended  [  4,   10,   27  ] . Moreover, it has been reported 
that administration of antimicrobials within 3 months of arthroplasty revision is 
associated with negative cultures  [  1,   44,   45  ] .  
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    17.4.3   Retrieved Implants 

 One of the most important issues related to the pathogenesis of PJI is the fact that 
microorganisms form a bio fi lm on the prosthesis  [  34,   46–  48  ] . This phenomenon 
also has extremely important implications for the diagnosis of the patient, because 
bacteria could be  fi rmly attached to the implant, and so cultures from other samples 
could give negative results. If the implanted material is removed, it can be send to 
the microbiology laboratory to be processed, looking for sessile organisms. The 
obvious advantage of this approach is that the sample to be tested is the actual site 
of infection  [  46  ] . However, the risk of contamination during processing is high. 
Several approaches have been used for implant processing, including scrapping or 
swabbing the implant surface or culturing all the implant in liquid media. However, 
these approaches usually lack of sensitivity and/or speci fi city and are not used in 
current clinical microbiology routine  [  5,   10,   11,   25  ] . Recently, the use of low-inten-
sity ultrasounds (sonication) became a useful system to perform implant processing 
and is currently used in many laboratories as part of their diagnostic routine. 

    17.4.3.1   Sonication 

 According to the “race for the surface” theory by Gristina  [  48  ] , biomaterial-related 
infections started when bacteria adhere to these devices and develop an extracellular 
matrix with speci fi c characteristics which starts bio fi lm formation. The bio fi lm pro-
tects the bacteria from the activity of antimicrobials and from the host defense 
mechanisms  [  34,   46,   49  ] . One of the main consequences of this phenomenon is the 
dif fi culty to manage biomaterial-related infections, which usually need to remove 
the devices in order to obtain a good patient outcome  [  8,   10,   46,   50  ] . The peripros-
thetic tissue cultures are the gold standard method for microbiological diagnosis, 
but sessile organisms are sometimes impossible to detect by common culture tech-
niques because they are attached to the implant, and not in the surrounding samples 
 [  8,   21,   46  ] . 

 The use of ultrasounds to release bacteria attached to different surfaces has been 
used several years ago. However, this technique has been used only for experimental 
purposes, and not to obtain a diagnosis in the clinical setting. Sonication protocols 
have been developed to obtain the highest amount of viable bacteria from the sur-
face. Monsen et al .   [  51  ]  analyzed this problem and suggested a protocol for sonica-
tion in which different effects were taken into account to improve the sensitivity of 
sonication. The effects of the temperature, duration, composition of sonication buf-
fer, and material in the sonication tube during bacteria sonication were variables 
evaluated by these authors. They concluded that sterilized buffer should be used for 
sonication of removed implants and transportation to the laboratory should be as 
quick as possible. Once in the laboratory, the implant could be transferred for soni-
cation, preferably to a glass tube. The conditions of the sonication proposed by these 
authors are as follow: 7 min at room temperature (22 °C), with further concentration 
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of the sonicate solution by centrifugation to obtain a  fi nal volume of 400  m L. The 
suspended pellet is divided into four portions of 100  m L for culture in different agar 
medium. The duration of the sonication is important in order to isolate gram-negative 
bacilli, which can be eradicated after 15 min of exposure, while there are some 
authors that used protocols sonicating the sample during longer time periods  [  52  ] . 

 At the end of the 1990s, Tunney et al .   [  21  ]  developed a sonication protocol for 
hip-infected prostheses which showed a high speci fi city and sensitivity. The study 
showed the need of anaerobic cultures to improve the detection of anaerobic bacte-
ria isolates. However, this study showed also a high number of positive results in 
patients without clinical symptoms or signs of infection, so this method was not 
incorporated into clinical routine  [  21  ] . A later study by Trampuz et al .   [  6  ]  about the 
use of bags in a sonication suggests that the use of solid containers could avoid the 
contamination of cultures by waterborne microorganism when there is a bag leak-
age, a phenomenon associated with false-positive results  [  53  ] . Using a protocol 
designed to avoid this problem, the same authors evaluated sonication in a high 
number of patients with PJI, with extremely good results that improved the sensitiv-
ity of periprosthetic tissue culture without diminution of speci fi city  [  40  ] . In this 
later study, samples were processed in rigid plastic containers and vortexed prior to 
sonication in a high volume of buffer. Several months later, other studies were pub-
lished that con fi rmed the usefulness of sonication, even with different protocols  [  54, 
  55  ] . In the study performed by Esteban et al .   [  54  ] , the risk of bag contamination was 
overcome by performing changes of the water in the sonicator before each proce-
dure and by a careful inspection of the bags, looking for leakages  [  54  ] . In this study, 
a concentration step using centrifugation of the sonicate and the use of a broad spec-
trum of culture media (designed to isolate uncommon organisms) was suggested to 
improve the sensitivity of the technique. Further studies used a combined approach 
with rigid plastic containers and centrifugation with good result, not only for joint 
prosthesis but also for other orthopedic implants  [  22,   56,   57  ] . 

 The implications of one signi fi cant problem of the periprosthetic tissue culture, 
such as the previous therapy with antibiotics, were studied by Trampuz et al .   [  40  ] . 
Sonication showed a greater sensitivity than tissue culture in patients who received 
antimicrobial therapy within the previous 14 days  [  40  ] . In this study, the authors 
also suggested a quanti fi cation of the number of microorganisms isolated from a 
sonicate  fl uid that may help to distinguish infected from contaminated prostheses 
 [  40  ] . However, other results did not con fi rmed this issue  [  54  ] , and no breakpoint for 
diagnosis of infection has been established yet. Differentiating sonication of the 
implant pieces has also been suggested as an aid to determine if the isolate was a 
true pathogen or a contamination  [  54  ]    . Nevertheless, even with all these differences, 
the studies showed that sonication was, at least, as sensitive as periprosthetic tissue 
culture and most studies, in fact, showed a better performance of sonication for the 
diagnosis of PJI  [  21,   22,   40,   54–  58  ] . Therefore, its use must be recommended as an 
aid to other microbiological procedures in order to isolate the causative organisms 
of PJI (Fig.  17.1 ). 

 All the previously cited protocols are similar: after the implant retrieval, it is 
introduced in a sterile container and sent to the laboratory with a maximum delay of 
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24 h (samples could be stored at 4 °C). In the laboratory, samples are introduced in 
sterile containers, and a speci fi c quantity of buffer is added. Samples are then vor-
texed and sonicated during 5 min or a similar time period, and the sonicate is then 
concentrated by centrifugation. The sediment is resuspended and inoculated in dif-
ferent media using a quantitative approach. Fungal cultures, mycobacterial cultures, 
or both may be considered because samples are not easy to obtain and a maximum 
effort must be done to reach the most speci fi c diagnosis.    

    17.5   Conclusions 

 Etiologic diagnosis is one of the cornerstones in the management of the patient with 
PJI. Without such diagnosis, treatment of the patient must be empirical, and the risks 
of a bad outcome increase.    Such diagnosis still is performed using classical methods 
such as stains and cultures in different media, but new technologies have increased the 
sensitivity and speci fi city of the different techniques, so the number of undiagnosed 
patients has markedly decreased. However, despite these advances, there is still a 
number of patients which have negative results with these techniques, so further stud-
ies are necessary to improve the currently used techniques. The use of molecular 
biology or similar approaches could be extremely important in the next years, and a 
better management of these patients is expected to be developed in the near future.      

   References    

    1.    Gomez E, Patel R. Laboratory diagnosis of prosthetic joint infection, part I. Clin Microbiol 
Newslett. 2011;33(8):55–60. doi:  10.1016/j.clinmicnews.2011.03.004    .  

    2.    Darouiche RO. Treatment of infections associated with surgical implants. N Engl J Med. 
2004;350:1422–9.  

    3.    Kurtz SM, Lau E, Schmier J, Ong KL, Zhao K, Parvizi J. Infection burden for hip and knee 
arthroplasty in the United States. J Arthroplasty. 2008;23(7):984–91.  

    4.    Del Pozo JL, Patel R. Clinical practice. Infection associated with prosthetic joints. N Engl J 
Med. 2009;361(8):787–94.  

    5.    Zimmerli W, Trampuz A, Ochsner PE. Prosthetic-joint infections. N Engl J Med. 2004;
351(16):1645–54.  

    6.    Trampuz A, Widmer AF. Infections associated with orthopedic implants. Curr Opin Infect Dis. 
2006;19:349–56.  

    7.    Nelson CL, McLaren AC, McLaren SG, Johnson JW, Smeltzer MS. Is aseptic loosening truly 
aseptic? Clin Orthop Relat Res. 2005;437:25–30.  

    8.    Esteban J, Cordero-Ampuero J. Treatment of prosthetic osteoarticular infections. Expert Opin 
Pharmacother. 2011;12(6):899–912.  

    9.    Mirra JM, Amstutz HC, Matos M, Gold R. The pathology of the joint tissues and its clinical 
relevance in prosthesis failure. Clin Orthop Relat Res. 1976;117:221–40.  

    10.    Trampuz A, Zimmerli W. Prosthetic joint infections: update in diagnosis and treatment. Swiss 
Med Wkly. 2005;135(17–18):243–51.  

http://dx.doi.org/10.1016/j.clinmicnews.2011.03.004


17717 Microbiological Diagnosis of Prosthetic Joint Infection

    11.    Zimmerli W. Prosthetic-joint-associated infections. Best Pract Res Clin Rheumatol. 
1996;20(6):1045–63.  

    12.    Lonner JH, Desai P, Dicesare PE, Steiner G, Zuckerman JD. The reliability of analysis of 
intraoperative frozen sections for identifying active infection during revision hip or knee 
arthroplasty. J Bone Joint Surg Am. 1996;78(10):1553–8.  

    13.    Bori G, Soriano A, Garcia S, Mallofre C, Riba J, Mensa J. Usefulness of histological analysis 
for predicting the presence of microorganisms at the time of reimplantation after hip resection 
arthroplasty for the treatment of infection. J Bone Joint Surg Am. 2007;89(6):1232–7.  

    14.    Della Valle CJ, Bogner E, Desai P, Lonner JH, Adler E, Zuckerman JD, et al. Analysis of fro-
zen sections of intraoperative specimens obtained at the time of reoperation after hip or knee 
resection arthroplasty for the treatment of infection. J Bone Joint Surg Am. 1999;81:684–9.  

    15.    Widmer AF. New developments in diagnosis and treatment of infection in orthopedic implants. 
Clin Infect Dis. 2001;33 Suppl 2:S94–106.  

    16.    Atlas RM, Snyder JW. Reagents, stains and media: bacteriology. In: Versalovic J, Carroll KC, 
Funke G, Jorgensen JH, Landry ML, Warnock DW, editors. Manual of clinical microbiology. 
10th ed. Washington, DC: ASM Press; 2011. p. 272–303.  

    17.    Atkins BL, Athanasou N, Deeks JJ, Crook DW, Simpson H, Peto TE, et al. Prospective evalu-
ation of criteria for microbiological diagnosis of prosthetic-joint infection at revision arthro-
plasty. The OSIRIS Collaborative Study Group. J Clin Microbiol. 1998;36(10):2932–9.  

    18.    Ghanem E, Ketonis C, Restrepo C, Joshi A, Barrack R, Parvizi J. Periprosthetic infection: 
where do we stand with regard to Gram stain? Acta Orthop. 2009;80(1):37–40.  

    19.    Chimento GF, Finger S, Barrack RL. Gram stain detection of infection during revision arthro-
plasty. J Bone Joint Surg Br. 1996;78(5):838–9.  

    20.    Bauer TW, Parvizi J, Kobayashi N, Krebs V. Diagnosis of periprosthetic infection. J Bone Joint 
Surg Am. 2006;88(4):869–82.  

    21.    Tunney MM, Patrick S, Curran MD, Ramage G, Hanna D, Nixon JR, et al. Detection of pros-
thetic hip infection at revision arthroplasty by immuno fl uorescence microscopy and PCR 
ampli fi cation of the bacterial 16S rRNA gene. J Clin Microbiol. 1999;37(10):3281–90.  

    22.    Piper KE, Jacobson MJ, Co fi eld RH, Sperling JW, Sanchez-Sotelo J, Osmon DR, et al. 
Microbiologic diagnosis of prosthetic shoulder infection by use of implant sonication. J Clin 
Microbiol. 2009;47(6):1878–84.  

    23.    McDowell A, Patrick S. Evaluation of nonculture methods for the detection of prosthetic hip 
bio fi lms. Clin Orthop Relat Res. 2005;437:74–82.  

    24.    Stoodley P, Nistico L, Johnson S, Lasko LA, Baratz M, Gahlot V, et al. Direct demonstration 
of viable  Staphylococcus aureus  bio fi lms in an infected total joint arthroplasty. A case report. 
J Bone Joint Surg Am. 2008;90(8):1751–8.  

    25.    Neut D, van Horn JR, van Kooten TG, van der Mei HC, Busscher HJ. Detection of biomaterial-
associated infections in orthopaedic joint implants. Clin Orthop Relat Res. 2003;413:261–8.  

    26.    Stoodley P, Kathju S, Hu FZ, Erdos G, Levenson JE, Mehta N, et al. Molecular and imaging 
techniques for bacterial bio fi lms in joint arthroplasty infections. Clin Orthop Relat Res. 2005;
437:31–40.  

    27.    Moran E, Byren I, Atkins BL. The diagnosis and management of prosthetic joint infections. 
J Antimicrob Chemother. 2010;65 Suppl 3:iii45–54.  

    28.    Virolainen P, Lahteenmaki H, Hiltunen A, Sipola E, Meurman O, Nelimarkka O. The reliabil-
ity of diagnosis of infection during revision arthroplasties. Scand J Surg. 2002;91(2):178–81.  

    29.    Patel R, Osmon DR, Hanssen AD. The diagnosis of prosthetic joint infection: current tech-
niques and emerging technologies. Clin Orthop Relat Res. 2005;437:55–8.  

    30.    Hughes JG, Vetter EA, Patel R, Schleck CD, Harmsen S, Turgeant LT, et al. Culture with 
BACTEC Peds Plus/F bottle compared with conventional methods for detection of bacteria in 
synovial  fl uid. J Clin Microbiol. 2001;39(12):4468–71.  

    31.    Fink B, Makowiak C, Fuerst M, Berger I, Schafer P, Frommelt L. The value of synovial biopsy, 
joint aspiration and C-reactive protein in the diagnosis of late peri-prosthetic infection of total 
knee replacements. J Bone Joint Surg Br. 2008;90(7):874–8.  



178 J. Esteban et al.

    32.    Font-Vizcarra L, Garcia S, Martinez-Pastor JC, Sierra JM, Soriano A. Blood culture  fl asks for 
culturing synovial  fl uid in prosthetic joint infections. Clin Orthop Relat Res. 2010;468(8):
2238–43.  

    33.    Yagupsky P, Dagan R, Howard CW, Einhorn M, Kassis I, Simu A. High prevalence of  Kingella 
kingae  in joint  fl uid from children with septic arthritis revealed by the BACTEC blood culture 
system. J Clin Microbiol. 1992;30(5):1278–81.  

    34.    Costerton JW, Montanaro L, Arciola CR. Bio fi lm in implant infections: its production and 
regulation. Int J Artif Organs. 2005;28:1062–8.  

    35.    Mackowiak PA, Jones SR, Smith JW. Diagnostic value of sinus-tract cultures in chronic osteo-
myelitis. JAMA. 1978;239(26):2772–5.  

    36.    Cune J, Soriano A, Martinez JC, Garcia S, Mensa J. A super fi cial swab culture is useful for 
microbiologic diagnosis in acute prosthetic joint infections. Clin Orthop Relat Res. 2009;
467(2):531–5.  

    37.    Sadiq S, Wootton JR, Morris CA, Northmore-Ball MD. Application of core biopsy in revision 
arthroplasty for deep infection. J Arthroplasty. 2005;20(2):196–201.  

    38.    Spangehl MJ, Masri BA, O’Connell JX, Duncan CP. Prospective analysis of preoperative and 
intraoperative investigations for the diagnosis of infection at the sites of two hundred and two 
revision total hip arthroplasties. J Bone Joint Surg Am. 1999;81(5):672–83.  

    39.    Meermans G, Haddad FS. Is there a role for tissue biopsy in the diagnosis of periprosthetic 
infection? Clin Orthop Relat Res. 2010;468(5):1410–7.  

    40.    Trampuz A, Piper KE, Jacobson MJ, Hanssen AD, Unni KK, Osmon DR, et al. Sonication of 
removed hip and knee prostheses for diagnosis of infection. N Engl J Med. 2007;
357(7):654–63.  

    41.      Kamme C, Lindberg L. Aerobic and anaerobic bacteria in deep infections after total hip arthro-
plasty: differential diagnosis between infectious and non-infectious loosening. Clin Orthop 
Relat Res. 1981;154:201–7.  

    42.    Roux AL, Sivadon-Tardy V, Bauer T, Lortat-Jacob A, Herrmann JL, Gaillard JL, et al. 
Diagnosis of prosthetic joint infection by beadmill processing of a periprosthetic specimen. 
Clin Microbiol Infect. 2011;17(3):447–50.  

    43.    Schafer P, Fink B, Sandow D, Margull A, Berger I, Frommelt L. Prolonged bacterial culture to 
identify late periprosthetic joint infection: a promising strategy. Clin Infect Dis. 2008;47(11):
1403–9.  

    44.    Berbari EF, Marculescu C, Sia I, Lahr BD, Hanssen AD, Steckelberg JM, et al. Culture-
negative prosthetic joint infection. Clin Infect Dis. 2007;45(9):1113–9.  

    45.    Malekzadeh D, Osmon DR, Lahr BD, Hanssen AD, Berbari EF. Prior use of antimicrobial 
therapy is a risk factor for culture-negative prosthetic joint infection. Clin Orthop Relat Res. 
2010;468(8):2039–45.  

    46.    Costerton JW. Bio fi lm theory can guide the treatment of device-related orthopaedic infections. 
Clin Orthop Relat Res. 2005;437:7–11.  

    47.    Costerton JW, Post JC, Ehrlich GD, Hu FZ, Kreft R, Nistico L, et al. New methods for the 
detection of orthopedic and other bio fi lm infections. FEMS Immunol Med Microbiol. 2011;
61(2):133–40.  

    48.    Gristina AG. Biomaterial-centered infection: microbial adhesion versus tissue integration. 
Science. 1987;237:1588–95.  

    49.    Donlan RM, Costerton JW. Bio fi lms: survival mechanisms of clinically relevant microorgan-
isms. Clin Microbiol Rev. 2002;15(2):167–93.  

    50.    Trampuz A, Osmon DR, Hanssen AD, Steckelberg JM, Patel R. Molecular and antibio fi lm 
approaches to prosthetic joint infection. Clin Orthop Relat Res. 2003;414:69–88.  

    51.    Monsen T, Lovgren E, Widerstrom M, Wallinder L. In vitro effect of ultrasound on bacteria 
and suggested protocol for sonication and diagnosis of prosthetic infections. J Clin Microbiol. 
2009;47(8):2496–501.  

    52.    Nguyen LL, Nelson CL, Saccente M, Smeltzer MS, Wassell DL, McLaren SG. Detecting 
bacterial colonization of implanted orthopaedic devices by ultrasonication. Clin Orthop Relat 
Res. 2002;403:29–37.  



17917 Microbiological Diagnosis of Prosthetic Joint Infection

    53.    Trampuz A, Piper KE, Hanssen AD, Osmon DR, Cockerill FR, Steckelberg JM, et al. 
Sonication of explanted prosthetic components in bags for diagnosis of prosthetic joint infec-
tion is associated with risk of contamination. J Clin Microbiol. 2006;44(2):628–31.  

    54.    Esteban J, Gomez-Barrena E, Cordero J, Martin-de-Hijas NZ, Kinnari TJ, Fernandez-Roblas 
R. Evaluation of quantitative analysis of cultures from sonicated retrieved orthopedic implants 
in diagnosis of orthopedic infection. J Clin Microbiol. 2008;46(2):488–92.  

    55.    Dora C, Altwegg M, Gerber C, Bottger EC, Zbinden R. Evaluation of conventional microbio-
logical procedures and molecular genetic techniques for diagnosis of infections in patients 
with implanted orthopedic devices. J Clin Microbiol. 2008;46(2):824–5.  

    56.    Sampedro MF, Huddleston PM, Piper KE, Karau MJ, Dekutoski MB, Yaszemski MJ, et al. A 
bio fi lm approach to detect bacteria on removed spinal implants. Spine (Phila Pa 1976). 2010;
12:1218–24.  

    57.    Holinka J, Bauer L, Hirschl AM, Graninger W, Windhager R, Presterl E. Sonication cultures 
of explanted components as an add-on test to routinely conducted microbiological diagnostics 
improve pathogen detection. J Orthop Res. 2011;29(4):617–22.  

    58.    Achermann Y, Vogt M, Leunig M, Wust J, Trampuz A. Improved diagnosis of periprosthetic 
joint infection by multiplex PCR of sonication  fl uid from removed implants. J Clin Microbiol. 
2010;48(4):1208–14.  

    59.    Fehring TK, McAlister JA, Jr. Frozen histologic section as a guide to sepsis in revision joint 
arthroplasty. Clin Orthop Relat Res. 1994;(304):229–37  

    60.    Athanasou NA, Pandey R, de Steiger R, Crook D, Smith PM. Diagnosis of infection by frozen 
section during revision arthroplasty. J Bone Joint Surg Br. 1995;77(1):28–33.  

    61.    Pandey R, Berendt AR, Athanasou NA. Histological and microbiological  fi ndings in non-
infected and infected revision arthroplasty tissues. The OSIRIS Collaborative Study Group. 
Oxford Skeletal Infection Research and Intervention Service. Arch Orthop Trauma Surg. 
2000;120(10):570–4.  

    62.    Banit DM, Kaufer H, Hartford JM. Intraoperative frozen section analysis in revision total joint 
arthroplasty. Clin Orthop Relat Res. 2002;(401):230–8.  

    63.    Feldman DS, Lonner JH, Desai P, Zuckerman JD. The role of intraoperative frozen sections in 
revision total joint arthroplasty. J Bone Joint Surg Am. 1995;77(12):1807–13.  

    64.    Della Valle CJ, Scher DM, Kim YH, Oxley CM, Desai P, Zuckerman JD, et al. The role of intra-
operative Gram stain in revision total joint arthroplasty. J Arthroplasty. 1999;14(4):500–4.  

    65.    Spangehl MJ, Masri BA, O’Connell JX, Duncan CP. Prospective analysis of preoperative and 
intraoperative investigations for the diagnosis of infection at the sites of two hundred and two 
revision total hip arthroplasties. J Bone Joint Surg Am. 1999;81(5):672–83.  

    66.    Parvizi J, Ghanem E, Sharkey P, Aggarwal A, Burnett RS, Barrack RL. Diagnosis of infected total 
knee:  fi ndings of a multicenter database. Clin Orthop Relat Res. 2008;466(11):2628–33.  

    67.    Levine BR, Evans BG. Use of blood culture vial specimens in intraoperative detection of 
infection. Clin Orthop Relat Res. 2001;(382):222–31.      



181R. Trebše (ed.), Infected Total Joint Arthroplasty, 
DOI 10.1007/978-1-4471-2482-5_18, © Springer-Verlag London 2012

  Abstract   Microbiological diagnosis is the most important issue in the evaluation of a 
PJI. It guides further treatment. The outcomes of PJI treatment refl ect the quality if the 
initial microbiological assessment. Aspiration and tissue cultures are still the most 
important samples for microbiological evaluation of PJI. The chapter presents the 
appropriate workout for the specimens and the potential pitfalls in the sampling and 
handling of specimens obteined for microbiological analysis.  

  Keywords   Sampling  •  Bacterial cultures  •  Identi fi cation  •  Susceptibility            

   18.1   Introduction 

 The results of aspirate and tissue cultures are key to the diagnosis of prosthetic joint 
infection (PJI) and to its subsequent management. The production of these results is 
a multistep process with surgeons, hospital transport systems, laboratory scientists 
and technicians, and clinical microbiologists or infection specialists all playing piv-
otal roles. Breakdown at any stage of the collection, transport, processing, or inter-
pretation of the samples has the potential to give rise to misleading results and 
inappropriate management (Fig.  18.1 ).  

 The basic materials used for the culture of microbiological samples have 
changed little over the past century, but methods of organism identi fi cation are 
rapidly evolving with molecular techniques now accessible to an increasing 
number of laboratories and likely to play an ever greater role over the next 
decade and beyond. 

 The principal dif fi culty in interpretation of PJI tissue culture results lies in the 
discrimination of true etiological pathogens from contaminating organisms. 
Prolonged broth culture is a very sensitive tool for the detection of the bacteria, and 
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even minor degrees of contamination may therefore hinder diagnostic accuracy as 
the most common infecting organisms, such as coagulase negative staphylococci, 
are also those most likely to be found as contaminants  [  1  ] . 

 Collection and microbiological processing of samples from suspected PJI therefore 
has the dual focus of optimizing detection of signi fi cant pathogens while minimizing 
contamination and ensuring that true pathogens are not mislabeled as contaminants or 
vice versa. The remainder of this chapter will examine each of the stages illustrated in 
the  fl ow chart in Fig.  18.1  to outline how this can best be achieved.  

    18.2   Specimen Collection 

    18.2.1   Timing of Sample Collection 

 Samples taken at the time of initial debridement form the mainstay of PJI diagnosis, but 
initial radiologically guided aspiration or biopsy of the affected joint enables more 
rapid con fi rmation of the presence of infection and can guide selection of local or sys-
temic antibiotic therapy around the time of surgery  [  2  ] . Early con fi rmation of the etio-
logical pathogen and its antimicrobial susceptibility is becoming increasingly important 
in the management of PJI, given the rising rates of resistance seen in both gram-positive 
and gram-negative organisms over recent years  [  2  ] . Culture of joint aspirate also has a 
role in the distinction of PJI from aseptic loosening and has a sensitivity of 56–75 % 

Intra-operative
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collected

Transport to
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Inoculation of
media and
incubation

Surgeon
responsible for
patient’s care

Identification and
antibiotic

susceptibility
testing

Result
interpretation by
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  Fig. 18.1    Steps involved in the processing of prosthetic joint tissue culture from surgeon to 
surgeon       
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and speci fi city of 95–100 % when used for this purpose  [  3  ] . If more than one biopsy is 
performed, this also permits histological examination of the tissue to aid diagnosis. 

 Antibiotic therapy can adversely affect yield from periprosthetic tissue culture 
for days to weeks after cessation of the antimicrobial  [  4  ] . Although antibiotics must 
be initiated early in the acutely septic patient, in the context of the more usual indo-
lent presentation of PJI, sensitivity of preoperative sampling will be improved by 
allowing an antibiotic-free period of at least 2 weeks before sampling  [  4–  6  ] .  

    18.2.2   Type of Specimen to Collect 

 Appropriate operative samples for microbiological processing may be biopsies of 
the in fl ammatory tissues around the infected joint or  fl uid from within the joint 
space. Little evidence has been published on the relative sensitivity of different 
specimen types, but in studies examining the diagnostic accuracy of orthopedic tis-
sue culture, surgeons are typically requested to sample the most in fl amed or abnor-
mal tissues in the region of the joint including any periprosthetic membranes  [  5,   7  ] . 
Each specimen should be taken using different sterile instruments into separate ster-
ile specimen pots so as to minimize the risk of contamination and, in particular, to 
ensure that contaminants are not transferred from specimen to specimen, making 
correct interpretation of culture results impossible. Specially assembled kits should 
be available with at least  fi ve sets of sterile, leakproof containers and instruments 
for specimen collection to facilitate the process. Specimens should be collected in a 
manner that minimizes contact with the operative  fi eld or with gloves in an effort to 
reduce contamination, and perioperative prophylactic antibiotics are usually admin-
istered after sample collection in order to optimize culture yield. In laboratories 
where Ballotini beads are utilized to disrupt specimens, sterile containers contain-
ing the beads in saline or Ringer’s solution may be provided to the operating theater 
to minimize subsequent specimen handling  [  7  ] . 

 There is now increasing interest in the use of sonication of entire removed 
implants to improve sensitivity of tissue culture by disruption of the bio fi lm on the 
prosthetic surface. A study by Trampuz et al. demonstrated an increase in sensitivity 
where sonication was performed as compared with standard tissue cultures in 331 
patients, of whom 79 were de fi ned as having PJI by macroscopic or histopathologi-
cal examination  [  4  ] . Sensitivity of sonicated implant culture for the diagnosis of PJI 
was 78.5 % as compared with 60.8 % for standard tissue culture ( p  < 0.001) with 
speci fi city exceeding 98 % in both arms. There appeared to be a particular bene fi t in 
patients who had received antibiotics within 2 weeks prior to sampling with sensi-
tivity increasing from 45 to 75 % ( p  < 0.001). Unfortunately, conventional microbio-
logical processing was somewhat suboptimal in the study with no terminal subculture 
of non-cloudy broths and varying numbers of samples submitted for conventional 
culture. The latter  fl aw seems of particular relevance as when analysis was restricted 
to those patients who had at least four periprosthetic tissue samples sent, sensitivity 
of conventional culture increased to 72.7 %, emphasizing the need for adequate 
numbers of specimens. The authors of this study also suggested that sonication of a 
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removed implant could obviate the need for standard tissue cultures with the result 
that only a single specimen needed processing but such an approach would make 
correct interpretation of contaminating  fl ora impossible. However, it is possible that 
there may be a role for sonication as an adjunct to conventional tissue culture  [  8  ] . 

 As mentioned above, preoperative biopsies or  fl uid aspirates may also be cultured. 
Sensitivity and speci fi city of joint aspirate culture are maximized by immediate inoc-
ulation directly into blood culture bottles. Direct inoculation into broth preserves the 
viability of organisms that may not survive transport to the laboratory and also 
involves less manual handling with the potential for introduction of contaminants. 

 Whichever samples are taken, it is of the utmost importance that specimens sent 
to the laboratory are correctly labeled with patient details and specimen type. A 
large hospital microbiology laboratory may receive over 1,000 specimens on any 
given day, which require different methods of processing depending on type of 
specimen and the pathogens which are most likely to be isolated. Specimens which 
may present a hazard to the laboratory workers should be clearly labeled as such. It 
is also important that the clinical team consider the possibility of infection with 
pathogens which would require specialist media such as  Mycobacterium tuberculo-
sis , which is an uncommon but well reported cause of PJI  [  9  ] .  

    18.2.3   Number of Specimens to Collect 

 The optimal number of periprosthetic tissue samples required for diagnosis of PJI 
remains a subject of some debate. Suf fi cient samples are required to ensure that 
sensitivity of culture is adequate while at the same time ensuring that contaminating 
organisms can be con fi dently excluded from treatment decisions. In a prospective 
study of nearly 300 patients who underwent revision of a prosthetic joint at a single, 
large center, Atkins et al. determined the diagnostic sensitivity and speci fi city of 
positive results from varying numbers of periprosthetic tissue cultures against a 
histological gold standard. Mathematical modeling based upon their results deter-
mined that  fi ve or six samples provided optimal diagnostic accuracy when indistin-
guishable isolates from two or three different samples was used as the cutoff to 
de fi ne infection  [  10  ] .   

    18.3   Transport to the Laboratory 

 It should be ensured that ef fi cient methods for transport of collected specimens to the 
laboratory exist. Delay in transport and processing of specimens may adversely affect 
the accuracy of results provided as small numbers of contaminating organisms may 
outgrow signi fi cant pathogens or more fastidious pathogens may die prior to process-
ing. The latter is a particular problem encountered in the detection of anaerobic 
organisms, many of which tolerate aerobic conditions for only a short time  [  11  ] .  
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    18.4   Specimen Handling in the Laboratory 

    18.4.1   Sample Preparation 

 Following arrival in the laboratory, specimens should be inoculated into appropriate 
media as soon as is practicable, but extreme care is required to prevent contamina-
tion at this stage. Gram stain is of very poor sensitivity in the context of prosthetic 
joint infection, with as few as 6 % of con fi rmed infections found to have positive 
results on Gram stain  [  10  ] , and is therefore not routinely performed except in the 
context of the acutely septic joint. Even in this context, gram  fi lm results should be 
interpreted with caution, especially if negative. Each specimen should be handled 
separately using different instruments, and ideally all manipulation should be per-
formed within a class 2 laminar  fl ow safety cabinet (see Figure  18.2 ), which pro-
vides a constant  fl ow of  fi ltered air from the hood and resists the ingress contaminating 
organisms from the technician handling the sample.  

 Samples may be divided before inoculation into different media by means of a 
sterile scalpel, but sample homogenization by means of Ballotini beads has become 
popular. Homogenization in this manner is performed by placing the sample in a 
sterile container with around ten glass beads and 5 mL of saline or Ringer’s  solution. 

  Fig. 18.2    Class 2 laminar  fl ow safety cabinet       
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The sample is then either shaken at 250 rpm for 10 min or is vortexed for 15 s  [  7  ] . 
As stated above, in order to reduce specimen handling and consequent risk of con-
tamination, specimen pots containing Ballotini beads may be provided directly to 
the operating theater. If polymerase chain reaction is to be employed as a diagnostic 
technique (see below), then use of sterile water may be more appropriate than saline 
or Ringer’s. 

 The increasing interest in the use of sonication of entire prostheses to disrupt 
bio fi lm before microbiological processing is discussed above but is not without its 
drawbacks. Use of beads or sonication also allows inoculation of automated blood 
culture system broths, which has proved to be of high sensitivity  [  12  ]  and reduces 
hands-on processing time.  

    18.4.2   Culture Conditions 

 Sensitivity of culture is in fl uenced by the type of media used, temperature and atmo-
sphere of incubation, and its duration. Broth culture has been demonstrated to be of 
superior sensitivity to use of solid media  [  12  ] , which is likely to be due to improved 
isolation of organisms lying dormant in bio fi lms. In the context of vascular pros-
thetic devices,  Staphylococcus epidermidis  was signi fi cantly more likely to be cul-
tured from experimentally infected grafts when broth culture was performed 
compared with solid agar media  [  13  ] . However, broth culture has the disadvantage 
that mixed infections may be detected less easily. 

 We would therefore recommend that both methods are used simultaneously on 
each specimen. A variety of broth types may be used, but in a recent study, the sen-
sitivity of Robertson’s cooked meat broth and of commercial blood culture broth 
both appeared to be superior to that of fastidious anaerobic broth  [  12  ] . Broths should 
be observed daily for development of turbidity consistent with organism growth and 
should be subcultured if this is suspected. Duration of broth culture should be at 
least 5 days, and the likelihood of detecting fastidious organisms will be increased 
if culture time is prolonged further, with one recent study con fi rming that an incuba-
tion time of 13 days is required to optimally detect slow-growing species such as 
propionibacteria  [  14  ] . At the end of the incubation period, all broths should undergo 
terminal subculture, even if there is no obvious evidence of turbidity to further 
enhance the detection of fastidious organisms. 

 Although solid media have inferior sensitivity compared to broth, their use may 
improve the detection of mixed cultures as rapidly growing organisms are less likely 
to prevent the detection of others. With regard to media and incubation conditions, 
the recommendations of the United Kingdom National Standard Method seem rea-
sonable with blood and chocolate agar in 5–10 % CO 

2
  for 2 days at 37° C and fas-

tidious anaerobic agar incubated for 5 days at 37° C  [  7,   15  ] . Concurrently inoculated 
broths which have become cloudy or have completed their incubation period should 
be subcultured onto similar media and, in addition, onto Sabouraud’s agar, which 
should be incubated at 30° C for 14 days to detect fungi.  
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    18.4.3   Organism Identi fi cation 

 All organisms growing from prosthetic joint samples should ideally be identi fi ed to 
species level. For the past century, biochemical tests of carbohydrate and amino acid 
utilization and assimilation have formed the cornerstone of such identi fi cation in the 
routine laboratory. Gradually such techniques are being replaced by molecular 
identi fi cation, which is becoming increasingly accessible to routine laboratories. 

 Matrix-assisted laser desorption-ionization time-of- fl ight mass spectrometry 
(MALDI-TOF MS) is already widely available and provides rapid and accurate 
speciation of an organism from pure subculture  [  16  ] . This technique relies upon the 
acceleration of high abundance proteins within the pathogen into gas phase by a 
laser. These ions pass down a tube across a charge and their time-of- fl ight is propor-
tional to their mass/charge ratio. The produced pro fi le can be compared to a data-
base of pro fi les for different species and in most cases provides robust and rapid 
speciation. Discrimination between different strains of the same organism may also 
be possible, if their MALDI-TOF MS pro fi le is suf fi ciently distinct. 

 Nucleic acid sequencing is reducing in both cost and time requirement, and, 
although it is not yet available to routine clinical microbiology laboratories for rou-
tine specimens, there is the potential for low-cost high-throughput sequencing tech-
niques to revolutionize clinical microbiology over the coming decades.  

    18.4.4   Antimicrobial Susceptibility Testing 

 Following the identi fi cation of an infecting organism, the next important task for the 
laboratory is to provide accurate antimicrobial susceptibility results to guide deci-
sions over systemic and local therapy and con fi rm the susceptibility of pathogens to 
the constituents of antibiotic laden cement or spacers incorporated at revision 
arthroplasty. Unlike organism identi fi cation, molecular methods for determination 
of antimicrobial susceptibility have only a limited role in the routine clinical labora-
tory at present. Instead, susceptibility testing is performed by attempting to grow the 
subcultured organism in the presence of a de fi ned concentration of antibiotic which 
correlates with the likelihood of clinical success, termed the breakpoint. If the 
organism can grow in the presence of the breakpoint concentration of antimicrobial, 
it is deemed to be resistant to that agent, whereas if all growth is inhibited, the 
organism is deemed susceptible. Con fi rmation of susceptibility can be achieved by 
inoculating agar containing the breakpoint concentration of antimicrobial and 
inspecting for growth or by allowing the antibiotic to diffuse into the medium in a 
predictable manner from antibiotic impregnated discs or strips. Although the same 
principles hold, there has been a trend toward increasing automation of susceptibil-
ity testing over recent years with several automated platforms now available. When 
interpreting susceptibility results to any given antimicrobial, it is important to appre-
ciate that this is only an in vitro test and that clinical outcome cannot be directly 
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inferred from it if antibiotic concentrations at the infected site are low because of 
poor drug penetration or are very high as is the case with locally implanted cement-
based antimicrobials. Similarly, organisms residing in bio fi lm are less metabolically 
active and have a higher degree of resistance to some antimicrobials than might be 
predicted from in vitro data.  

    18.4.5   Strain Typing 

 The growth of indistinguishable isolates from multiple tissue samples is pivotal 
in the differentiation of contaminating from pathogenic organisms as is dis-
cussed above. However, the depth of investigation performed before two iso-
lates are deemed indistinguishable may vary. Speciation of the organisms and 
comparison of antimicrobial susceptibilities are likely to be suf fi cient in most 
cases, but the advent of molecular techniques such as nucleic acid sequencing 
and mass spectrometry and their increasing accessibility to the diagnostic labo-
ratory promises routine discrimination of organisms to a higher degree in 
future.  

    18.4.6   Molecular Methods 

 The basic methods and techniques of pathogen isolation have changed relatively 
little in the past century, with the culture of organisms on solid or in liquid agar 
still at the foundations of the diagnostic process, to the extent that Louis Pasteur 
would probably feel fairly comfortable in a modern routine diagnostic bacteriol-
ogy laboratory. The genomic revolution, which has occurred over the past 
25 years, promises to change this somewhat. The polymerase chain reaction 
(PCR) ampli fi es microbial nucleic acids and is already a valuable addition to the 
microbiologist’s toolkit. PCR relies upon the separation of DNA strands by heat 
and subsequent binding of a selected “primer,” a short chain of nucleic acids, to 
each of the resulting single strands on cooling. A thermally stable DNA poly-
merase is then used to replicate each strand from the point of primer binding with 
the resultant potential to double the amount of the DNA target. This cycle is then 
repeated multiple times until detectable levels of nucleic acid are present. An 
individual PCR assay can detect a broad or narrow range of species depending 
upon the primers selected. Use of genus or species-speci fi c primers enables 
con fi dent identi fi cation of the organism at the time of ampli fi cation without the 
need for further processing but will obviously miss any organisms present from 
other genera or species. Broad-range PCRs target areas of the genome common 
to a large number of pathogens, such as the 16S ribosomal RNA gene. Following 
the initial ampli fi cation of the 16S gene, sequencing may be performed to identify 
the bacterium to species level. 
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 The potential sensitivity of PCR is very good, and, as it detects bacterial nucleic 
acid regardless of whether the organism is replicating, the technique may be  particularly 
useful in the context of antibiotic treatment or where organisms are metabolically 
inactive in bio fi lm. Unfortunately, thus far, PCR has not lived up to its potential. A 
number of studies have been performed comparing broad-range PCR to culture in the 
context of PJI. As yet, the sensitivity bene fi t of the molecular test is relatively marginal 
 [  17,   18  ] , and the technique is also prone to detection of contaminants  [  19  ] . At present, 
PCR does not yield any information about antimicrobial sensitivity other than that 
which can be inferred from knowledge of the infecting bacterial species. One study 
has demonstrated that PCR may improve the sensitivity of preoperative joint  fl uid 
aspirate  [  20  ] .   

    18.5   Interpretation of Results 

 Data generated by the laboratory may be misleading to the clinician if reported in 
its raw format, especially when all tests have not yet been completed. Antibiotic 
susceptibility results are particularly subject to change based upon the results of 
further testing and the application of expert rules for their interpretation. Similarly, 
clinical details about the case may impact upon the signi fi cance of laboratory 
 fi ndings. For these reasons, it is important to have a strong 2-way interface between 
the microbiology and surgical teams.  

    18.6   Provision of Results 

 The quality of service provided by a microbiology department to an orthopedic 
surgeon is only as strong as its weakest link. Careful specimen collection, transport, 
and microbiological processing are of limited value if the clinician responsible for 
making decisions regarding therapy does not have access to the results in a suitable 
format which is easy to interpret. Computerized result reporting systems allow rapid 
retrieval of reports, but the content has to be of high quality and should always be 
supported by availability of specialist microbiology advice when required.  

    18.7   Conclusion 

 Accurate microbiological results from prosthetic tissue samples and their correct 
interpretation are a cornerstone in the appropriate management of prosthetic joint 
infection. The production of these results is a multistep process which is only as 
robust as its weakest link and requires every effort to be made to perfect existing 
methods and embrace any new technologies demonstrated to confer a diagnostic 
advantage.      
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  Abstract   Diagnosis of Prosthetic Joint Infection remains as a challenge in modern 
medicine. Conventional techniques lead to the diagnosis of many patients with a 
classical infectious syndrome, but differential diagnosis with other entities (particu-
larly aseptic failure) is still a problem. Several molecular markers have been studied 
in the diagnosis of infection (like cytokines, procalcitonin, speci fi c IgG, sICAM-1, 
VEGF or alpha2-Macroglobulin), and even for microbiological diagnosis (lipid S, 
PIA, icaADBC operon), with variable success. PCR-based genetic ampli fi cation 
procedures have also been studied for the detection of microbial genes in different 
clinical samples, and will be probably included in the next future as part of the diag-
nostic schemes for this kind of infections.  

  Keywords   Diagnosis  •  Markers  •  Antigens  •  Genes  •  Polymerase  •  Chain reaction           

    19.1   Diagnosis of Prosthetic Join Infections: An Overview 

 Total joint arthroplasty is considered one of the most successful surgical  procedures 
currently available, but it has been estimated that just under 10 % of patients develop 
complications during their lifetime. Although implant failure is mostly due to 
 biomechanical aseptic loosening, prosthetic joint infection (PJI) is the second  leading 
cause of implant retrieval, with incidence rates between 0.5 and 5 % for a primary 

    J.   Esteban ,  M.D., Ph.D.   •     D.   Molina-Manso   •     G.   del-Prado  
     Bone and Joint Infection Unit, Department of Clinical Microbiology , 
 IIS-Fundación Jiménez Díaz ,   Av. Reyes Católicos 2 , 
 Madrid   28040 ,  Spain    
e-mail:  jestebanmoreno@gmail.com  ;   Dmolina@fjd.es  ;   Gprado@fjd.es  

     E.   Gómez-Barrena ,  M.D., Ph.D.   (*)
     Department of Orthopaedic Surgery and Traumatology ,  Hospital “La Paz” ,
  Paseo de la Castellana 261 ,  Madrid   28046 ,  Spain    
e-mail:  enrique.gomezbarrena@uam.es   

    Chapter 19   
 Molecular Diagnosis of Prosthetic 
Joint Infection       

      Jaime   Esteban,       Diana   Molina-Manso      ,    Gema   del-Prado,       
and    Enrique   Gómez-Barrena           



194 J. Esteban et al.

arthroplasty  [  1–  4  ] , but higher after revision  [  5  ] . Therefore, PJI is a serious complication 
that not only causes great morbidity but also increases socioeconomic concern  [  6,   7  ] . 

 Diagnosis of PJI prior to revision would be desirable to establish an  appropriate 
treatment  [  8  ] . Discriminating between septic and aseptic failures is critical in order to 
avoid extended hospital stays, exposure to surgical risks, and unnecessary  antimicrobial 
therapies. On the other hand, failure in the detection of PJI may result in persistent 
infection  [  9–  12  ] . To date, conventional diagnostic  methods exhibit lacks and limita-
tions in detecting and de fi ning PJI. Although it is well known that  Staphylococcus 
aureus  and  Staphylococcus epidermidis  are the two bacterial species being the major 
cause of PJI  [  13,   14  ] , the etiology can include a wide range of microorganisms, a fact 
that increases the diagnostic dif fi culties. Moreover, polymicrobial infections are also 
common  [  13–  15  ] . The implementation of microbiological methods of diagnosis not 
only has increased the probability of detecting a PJI but also allows the characteriza-
tion of causative microorganisms. Conventional techniques are focused in microor-
ganism retrieval from infected sources after sample inoculation on different culture 
media  [  3,   5,   8,   14,   16,   17  ] , and, despite being the gold standard for diagnosis, several 
problems can affect the  fi nal result. Among these, we  fi nd sampling errors, inappro-
priate sample transport and manipulation, presence of contaminants, inadequate quan-
tities of vital microbes retrieved, presence of bio fi lms, and some fastidious 
microorganisms that do not grow in media culture resulting in as many as 20 % false 
negatives  [  17  ] , even if new bio fi lm-based methods are applied  [  15,   18–  21  ] . 

 These problems could be overcome by the use of culture-independent molecular 
detection methods for the diagnosis of PJI  [  21–  26  ] . Molecular diagnosis is based on the 
detection and sometimes the quanti fi cation of macromolecules, like DNA, RNA, or pro-
teins unique to the infecting pathogens; optimally, the target molecule should be present 
in the target and absent in the host cells  [  27  ] . Detection of new in fl ammation-related 
molecules is also another approach for molecular diagnosis of PJI. Molecular techniques 
are being used increasingly in clinical microbiology laboratories to establish the cause of 
infectious diseases, and several molecular diagnostic assays have been developed with 
good results, so they could be of interest in the diagnosis of PJI  [  2,   21,   28  ] .  

    19.2   Clinical Diagnostics by Molecular Markers 

    19.2.1   Blood and Serum Markers 

 Blood tests are noninvasive procedures essentially based on the detection of 
in fl ammation markers, since complete white blood cell count (WBC) has shown 
a poor sensitivity for the diagnosis of PJI despite being increased in patients with 
infection compared to aseptic loosening  [  1,   29  ] . To date, the erythrocyte sedi-
mentation rate (ESR) and the C-reactive protein (CRP) are commonly used in the 
preoperative assessment of PJI  [  8,   14,   30  ] . Another new molecular approaches 
recently proposed as serum biomarkers are interleukin 6 (IL-6), interleukin 1 b  
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(IL-1 b ), tumor necrosis factor alpha (TNF- a ), procalcitonin (PTC), immuno-
globulin G (IgG), and soluble intercellular adhesion molecule-1 (sICAM-1). 

    19.2.1.1   Cytokines: IL-6, IL-1 b , and TNF- a  

 IL-6, IL-1 b , and TNF- a  belong to an important family of mediators involved in the 
regulation of the acute-phase response to injury and infection  [  31  ] , and their increased 
levels are intimately related to elevations of acute-phase proteins like CRP  [  32,   33  ] . 
IL-1 b  and TNF- a  are exclusively pro-in fl ammatory cytokines, but IL-6 has a dual 
activity, both pro-in fl ammatory and anti-in fl ammatory  [  33  ] . Such pro-in fl ammatory 
activity induces osteoclast activation which leads to bone resorption, osteolysis, and 
 fi nally prosthetic loosening  [  34  ] . Then, it is a critical issue to identify signi fi cant dif-
ferences in serum or synovial  fl uid levels of these cytokines when infection is present 
 [  35  ] . On the other hand, the serum levels of IL-6, IL-1 b , and TNF- a  can be increased 
in the presence of certain bacterial components such as the S-peptide, a short-glycer-
ophosphate-chain-length form of lipoteichoic acid (sce-LTA) from  S. epidermidis  
cell wall  [  36  ] . This  fi nding strongly justi fi es their testing as PJI indicators. 

 Although high IL-6 levels can be observed in patients with chronic in fl ammatory 
diseases both in serum and synovial  fl uid of affected joints  [  33  ] , a recent study by 
Worthington et al. has shown that serum levels of IL-6 were signi fi cantly more raised 
in patients with septic loosening than in other patients  [  29  ] . However, IL-6 tests have 
not yet been adopted for routine use in the evaluation of arthroplasty dysfunction, 
although the high rates of sensitivity and speci fi city found for 58 patients undergoing 
knee and hip arthroplasty (100 and 95 %, respectively, for a cutoff established at 
 ³ 10 pg/mL) (Table  19.1 )  [  37  ]  suggest that IL-6 could be the most accurate in fl ammatory 
marker, together with CRP (minimal validated cutoff of >10 mg/mL)  [  32  ] . On the 
contrary to IL-6, TNF- a  serum test has showed a low sensitivity (43 %) in spite of 
being quite speci fi c (94 %), so it is not a really useful PJI indicator presently  [  38  ] .   

    19.2.1.2   Procalcitonin (PTC) 

 PCT is a peptidic precursor of the calcitonin hormone. Under normal conditions, PCT is 
synthesized in small amounts by the C neuroendocrine cells of thyroid and lung. However, 
when a bacterial infection develops, it can be released by adipose tissue and other organs 
such as spleen, liver, testes, or brain to activate the immune system and thus increasing 
their blood levels  [  39  ] . PCT serum levels have been successfully used to differentiate viral 
from bacterial infection, predict prognosis in severe sepsis, and guide antimicrobial ther-
apy  [  39,   40  ] . Nevertheless, PCT does not show any advantage in the diagnosis of PJI 
compared to classic markers such as CRP. In previous studies, the sensitivity and 
speci fi city in the PCT test were estimated as 76 and 70 %, respectively  [  41  ] . According 
to Bottner et al., while speci fi city rates were similar (98 % for PTC, 96 % for CRP), the 
PCT test was signi fi cantly less sensitive than the CRP test (33 % vs. 95 %) (Table  19.1 ) 
 [  38  ] . Such limitations in sensitivity have been later corroborated by the work of 
Worthington et al .   [  29  ] , where PCT was not found of value in differentiating septic and 
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aseptic implant loosening. Despite its low sensitivity, PCT could be used as an additional 
high speci fi c test in identifying patients with true positive CRP and/or IL-6 levels  [  38  ] .  

    19.2.1.3   IgG 

 Detecting antibodies against microorganisms associated with PJI lacks speci fi city 
due to the presence of basal antibody levels against organisms which can be part of 
the normal human  fl ora, like coagulase-negative staphylococci (CNS)  [  42  ] . However, 
serum IgG directed against the bacterial antigen sce-LTA has been previously 
reported as a good indicator of PJI (Table  19.1 ), with sensitivity and speci fi city rates 
of 93 and 97 %, respectively  [  43  ] . Recently, the potential usefulness of IgG has been 
con fi rmed, being elevated in 75 % of patients with infection due to CNS  [  29  ] .  

    19.2.1.4   sICAM-1 

 sICAM-1 is an endothelium-derived in fl ammatory marker from ICAM, an immuno-
globulin-like cell adhesion molecule expressed by different cell types, whose 
expression is enhanced by pro-in fl ammatory cytokines  [  44  ] . Moreover, sICAM-1 
has also signaling properties and invokes a broad range of pro-in fl ammatory 
responses. The circulating form sICAM-1 has been measured in several body  fl uids 
and found elevated in patients with a broad range of diseases  [  45,   46  ] . Recently, 
serum sICAM-1 has been found signi fi cantly raised in patients with septic loosen-
ing, which suggests a possible use as PJI indicator (Table  19.1 )  [  29  ] .   

    19.2.2   Synovial Fluid Markers 

 The screening of increased in fl ammatory proteins in synovial  fl uid from patients 
who are undergoing revision arthroplasty for septic or aseptic failures can be espe-
cially useful in the identi fi cation of novel PJI biomarkers  [  47,   48  ] . In the present 
moment, analysis of cytokines such as IL-6 and IL-1 b  has been suggested as a new 
approach in the intraoperative diagnosis of PJI  [  8,   49,   50  ]  and also can be extended 
to interleukin 8 (IL-8), vascular endothelial growth factor (VEGF), and  a 2- 
macroglobulin ( a 2M)  [  48  ] . 

    19.2.2.1   Cytokines: IL-6, IL-1 b , IL-8, and TNF- a  

 IL-6, IL-1 b , and TNF- a  levels have been found signi fi cantly higher in the synovial 
 fl uid than in the serum from patients with septic loosening (Table  19.1 )  [  35,   47  ] . In a 
posterior study, the rates of speci fi city and positive predictive value for IL-6 were 
maintained, but the sensitivity was reduced to 87.1 %, negative predictive value to 
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91.5 %, and accuracy to 94.6 %, probably due to methodological differences  [  48  ] . IL-8 
can also be an interesting candidate for PJI detection, because high rates of sensitivity, 
(90.3 %) speci fi city (97.7 %), and accuracy (94.7 %) have been reported  [  48  ] .  

    19.2.2.2   Vascular Endothelial Growth Factor (VEGF) 

 VEGF is a signaling protein released in rheumatoid arthritis in response to TNF- a , 
which increases the permeability and endothelial swelling, and stimulates angio-
genesis  [  51  ] . Elevated concentrations of VEGF have been found in synovial  fl uid 
from patients with septic loosening. The test was less sensitive than speci fi c 
(Table  19.1 ). Because the estimated accuracy was of 85.9 %, VEGF has been con-
sidered one promising molecular method for PJI diagnosis  [  48  ] .  

    19.2.2.3    a 2-Macroglobulin ( a 2M) 

  a 2M is a large plasma protein of hepatic origin that can be increased in nephropa-
thy, in diabetes mellitus, and also in infectious diseases and joint rheumatism. 
Similarly to VEGF,  a 2M test was less sensitive than speci fi c, but the positive and 
negative predictive values and also the test accuracy were high (Table  19.1 )  [  48  ] .    

    19.3   Microbiological Diagnosis 

    19.3.1   Bacterial Antigens 

    19.3.1.1   Lipid S (sce-LTA) 

 sce-LTA is an exocellular compound released from  S. epidermidis  bio fi lms into the 
medium during bacterial growth. After being characterized using cell cultures, sce-
LTA has been pointed as the prime mediator of the host in fl ammatory response to 
device-related infection by  S. epidermidis . In this sense, its functionality has been 
equated to lipopolysaccharide (LPS) in Gram-negative sepsis, although it has been 
resulted to be quite less active than LPS from  Escherichia coli   [  36  ] . The ability of 
these components to stimulate the production of IL-6, IL-1 b , and TNF- a  and also 
to induce immunity responses mediated by IgG has remade their role as diagnostics 
tools, providing promising serological tests for PJI diagnosis  [  29,   43  ] .  

    19.3.1.2   Polysaccharide Intercellular Adhesin (PIA) 

 PIA is a molecule of relevant importance in the  fi rst attachment phase of bio fi lm 
development  [  52  ] , and its role in PJIs caused by  S. aureus  and  S. epidermidis , along 
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with other protein factors, has been investigated. While in  S. aureus  PIA contributes 
to bio fi lm formation regardless of the infection site, such protein resulted differently 
in the pathogenesis of  S. epidermidis   [  53  ] . This dependence on the causative micro-
organism is a serious inconvenient for its use as infection marker, although it could 
be useful to identify PJIs caused by  S. aureus .  

    19.3.1.3    ica ADBC Operon 

 The  ica ADBC operon, which not only has been well characterized in  S. epidermidis  
and  S. aureus  but also has been identi fi ed in several other CNS, encodes the biosyn-
thetic products responsible for the generation of PIA  [  54  ] . Although it has been 
previously reported that the  ica ADBC may be used to discriminate pathogenic 
strains from normal human  fl ora isolates  [  55,   56  ] , there are two major drawbacks 
that lack  ica ADBC reliability as PJI indicator. First, a study by Frank et al. did not 
found signi fi cant difference in the frequency of detection of  icaA  between CNS PJI 
isolates and arthroplasty-associated non-PJI CNS isolates  [  54  ] . Second, the 
presence of  ica ADBC operon could not be a prerequisite for establishing infection 
with CNS. Related to Frank’s  fi ndings, a later study suggests the phenotypic and/or 
genotypic heterogeneity of CNS isolated from PJI, with only one-third of the 
infections caused by  S. epidermidis  being  ica ADBC positive  [  57  ] . Other 
studies have con fi rmed this  fi nding in orthopedic infection-related strains of 
 Staphylococcus   [  58  ] .   

    19.3.2   Gene Detection 

 Polymerase chain reaction (PCR) is the most widely used molecular tool and has 
been applied to many different infection agents from a variety of sources  [  25,   27, 
  59,   60  ] . Several studies have addressed the usefulness of PCR in the diagnosis of 
PJI. This technique is based in the ampli fi cation of a selected fragment of DNA 
using a thermostable DNA polymerase enzyme and forward and reverse oligode-
oxynucleotide primers designed to match the selected sequences of target DNA, 
resulting in a large number of copies (Fig.  19.1    )  [  2,   16,   61–  66  ] . PCR assays allow 
for a rapid and high sensitive ampli fi cation of the genetic material of a pathogen 
directly from a clinical specimen, without relying on microbial proliferation, and 
could be an aid for the diagnosis in the early stages of infection  [  2,   25  ] . This method 
needs to be followed by detection and identi fi cation of the PCR product in order to 
characterize their lengths and sequences (such as electrophoresis or hybridization 
with speci fi c probes)  [  2  ] . In the PCR technique, the search is directed and limited to 
a well-known sequence in the DNA, but it is not possible to detect the presence of 
other sequences. Thus, the search could be incomplete. Then, it is necessary to 
know very well the most frequent pathogens in each infection in order to know what 
organisms are necessary to detect  [  67  ] .  
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    Since its introduction, several improvements have been developed in the 
 technique due to problems that appeared with its use, such as the risk of  contamination, 
and, consequently, the false-positive results that can appear due to the post-
ampli fi cation manipulation  [  2,   49,   68  ] . 

    19.3.2.1   Broad-Range PCR 

 Conventional PCR is usually used when there is evidence or suspicion of a particu-
lar agent or group of pathogen agents, so that a speci fi c PCR could be designed. 
However, when the goal is the detection of any bacterial pathogen in a clinical 
sample and the identity of the organism is not known (as in almost all cases of PJI), 
broad-range PCR ampli fi cation, also called “universal,” must be used  [  25  ] . In this 
technique, universal primers are used to anneal with conserved regions of the DNA 
which appear in the genomes of most bacterial species. The targets most commonly 
employed are ribosomal genes, especially 16S rRNA gene  [  2,   25,   27,   59,   69–  74  ] , 
which is highly conserved in nearly all species of bacteria and is used as a phyloge-
netic “ fi ngerprint”  [  16,   27,   62,   65,   67,   72,   75–  78  ] . This gene is present in multiple 
copies in the bacterial genome, a fact that facilitates its ampli fi cation, and contains 
alternating regions of nucleotide conservation and heterogeneity. The conserved 
region makes it possible to amplify the target from all or almost all bacterial species, 
including human pathogens  [  2,   25,   63,   79,   80  ] , and practically all of the orthopedi-
cally relevant bacterial pathogens can be rapidly identi fi ed with universal primers 
 [  63  ] . It has been used successfully for the identi fi cation of bacteria associated with 
PJI in several reports  [  21,   25,   26,   64  ] . 

 In addition, other ribosomal targets have been previously tested for broad-range 
PCR, such as 23 S rDNA, RNase P, housekeeping genes (such as  groEL )  [  72  ] , cit-
rate synthetase gene, and heat shock protein genes.    Nevertheless, 16S rRNA is the 
target which has shown the best results, probably because of the high sequence 
conservation  [  2  ] . 

 However, bacterial 16S rRNA ampli fi cation alone only detects the presence of 
bacteria, but it does not identify the infecting organisms  [  2,   21,   65  ] . After the 
ampli fi cation process, the variability between genomes allows the microbial 
identi fi cation by means of different techniques that have been developed over the 
years, such as oligonucleotide array, restriction digestion, sequencing, or hybridiza-
tion using different sets of speci fi c probes  [  2,   21,   59,   64,   68,   79,   81–  87  ] . 

 Despite these promising results, the high sensitivity of the technique and the fact 
that each bacterial species is a target for this PCR make it highly susceptible to 
contamination  [  65  ] , leading to potentially false-positive results  [  2,   18,   21,   27,   59, 
  62–  64,   70,   81,   88,   89  ] . It must be taken in account that the etiological agents of PJI 
are mainly opportunistic pathogens and members of the human microbiota; thus, 
the potential contamination of samples must be addressed  [  21,   70,   87,   90  ] . 

 Another problem associated with broad-range PCR assays may be caused by the 
reagents, speci fi cally the Taq polymerase, in which traces of  E. coli  DNA could be 
detected because this enzyme is obtained from a recombinant  E. coli  source 
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 [  27,   62,   70,   91,   92  ] . The primers cannot differentiate this  E. coli  DNA from that 
present in pathogenic bacteria. This problem could be overcome by using speci fi c 
primers targeting the major causative agents of orthopedic infections  [  27,   62,   93  ]  or 
with the elimination of residual bacterial DNA by pretreatment of the mixture of 
reagents, including primers with restriction enzymes  [  65  ] . 

 However, some authors defend that PCR is not appropriate for the identi fi cation 
of each pathogen in case of mixed infection  [  2,   3,   18,   26,   94  ] , although if a mixture 
of bacterial species is present in a clinical specimen, interpretation of multiple PCR 
products generated using broad-range PCR may only be resolved by a subjecting 
ampli fi ed DNA to cloning, high-performance liquid chromatography (HPLC), or 
denaturing or temperature gradient gel electrophoresis to obtain a pure template for 
sequencing of individual 16S rDNA  [  2  ] . However, a recent research showed that 
some cases of mixed infections can be detected using broad-range PCR ampli fi cation 
followed by solid-phase hybridization with speci fi c probes against several patho-
gens, with good results  [  87  ] . 

 Broad-range PCR has been a great step for the diagnosis of infectious diseases, 
but the main limitations are the problems related to speci fi city, sensitivity, and pro-
vision of antimicrobial susceptibility  [  2,   64,   94  ] . Quantitative real-time PCR in a 
closed system, in which ampli fi cation and detection are coupled, could avoid these 
problems, and so it could be useful for the diagnosis of PJI infections  [  64  ] .  

    19.3.2.2   Quantitative Real-Time PCR (Q-PCR) 

 Q-PCR had been developed over the past decade as a sophisticated technique and is 
recognized as a rapid and reliable alternative assay in many settings  [  28,   95,   96  ] . This 
assay allows to detect at real time the ampli fi cation of the DNA molecules and quan-
tify the  fl uorescently labeled PCR product using reference controls  [  2,   59,   95,   97  ] , 
being faster, more objective, and consistent than traditional molecular methods 
 [  59,   95,   98,   99  ] . 

 In this type of assay, ampli fi cation and detection are realized in the same vessel, 
and therefore the probability of contamination is reduced  [  2  ] . This technique pres-
ents several advantages over conventional PCR, like speed, simplicity, reproduc-
ibility, quantitative capacity, and low risk of contamination. In addition, 
pathogen-speci fi c PCR is useful also when contamination is suspected  [  64  ] . It must 
be noted that, as for conventional PCR, it is impossible to con fi rm the viability of the 
bacteria identi fi ed by Q-PCR  [  95  ] , but it is possible to perform a modi fi cation of the 
technique through an mRNA-based RT-qPCR reverse transcription where mRNA is 
converted to cDNA by reverse transcriptase before PCR ampli fi cation. This tech-
nique permits to demonstrate the viability of the organisms  [  63,   67,   95,   100  ] , so 
bacterial mRNA rather than DNA could be a better option to identify  transcriptionally 
active bacteria that are thought to be involved in PJI  [  26  ] . However, the  sensitivity 
of this method is limited by the low number of mRNA transcripts in bacteria from a 
clinical sample and the high rate of degradation of mRNA after cell death 
 [  49,   63,   101  ] . In this sense, some studies have also tried to identify  transcriptionally 
active bacteria within the bio fi lms on the surface of failed prostheses through detect-
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ing bacterial mRNA amplifying bacterial 16S rRNA genes and generating cDNA 
acting as a template and followed by cloning, RFLP, and DNA sequencing  [  26  ] .  

    19.3.2.3   PCR Modi fi cations 

 Several variations of the original PCR have been developed to improve both the 
detection and the identi fi cation of PJI, such as PCR which distinguishes between  S. 
aureus  and CNS  [  62,   70,   87,   102  ] . This assay is desirable in cases of orthopedic 
infection, given the high frequency of the  Staphylococcus  species as a causative 
agent of infection  [  14,   70  ] . 

 Another adaptation are the PCR and sequencing which detect Gram-positive 
and Gram-negative bacteria  [  62,   103  ] ; the 16S rRNA PCR combined with reverse 
line blot hybridization with use of oligonucleotide probes to detect and identify 
bacterial species followed by sequencing analysis  [  65,   87,   104  ] ; the PCR com-
bined with pyrosequencing technology that can identify bacterial subgroups 
 [  105  ] ; the multiplex PCR technique, which ampli fi es separate regions of DNA 
instead of the whole molecule, reducing the risk of false negatives  [  68,   106  ] ; or 
the nested PCR technique, which uses a second pair of primers, producing a 
second PCR product that will be shorter and discernable from the  fi rst one 
 [  68,   107  ] . Multiplex-real-time PCR, in which multiple speci fi c PCR assays are 
run simultaneously to test for multiple different DNA templates for species 
veri fi cation, combined with sonication of removed implants has been also tested 
as a diagnostic method  [  18,   25  ] . This approach may be hampered by the interfer-
ence between primers within the same reaction, but well-designed assays tar-
geted at the bacteria most frequently implicated in PJI may be useful in this 
molecular diagnosis  [  2,   18,   87  ] . 

 Finally, the genetic  fi ngerprinting techniques, the denaturing gradient gel elec-
trophoresis (DGGE), and the temperature gradient gel electrophoresis (TGGE) 
allow the identi fi cation of a variety of microorganism for comparison of the diver-
sity of microbial communities and for monitoring population dynamics  [  68,   108  ] , 
but these techniques have not been tested in PJI.  

    19.3.2.4   Microarrays and Proteomics 

 Other new molecular techniques that may have a role in diagnosing PJI include the 
use of microarrays and proteomics technologies  [  47,   62  ] . The microarrays are ana-
lytical devices containing hundreds or thousands of probes attached to a solid sup-
port  [  75,   82,   109  ] . PCR-microarray analysis based on speci fi c oligonucleotide 
probes offers several advantages in patients requiring a prompt diagnosis when used 
to complement culture results  [  75  ] . Proteomics-based techniques allow simultane-
ous isolation and evaluation of numerous proteins  [  62  ] . 

 The premise of these techniques is to identify organism-speci fi c genes or  proteins, 
and the most important advantage of these techniques is that they allow  detection of 
the causative organism even when the conventional culture results are negative. 
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However, as with all other techniques, false-positive and false-negative results can 
also be obtained  [  75,   110  ] .  

    19.3.2.5   IBIS Technology 

 Recently, IBIS technology has been developed as a novel molecular strategy in which 
multiple pairs of primers, 16S rRNA and 23S rRNA, as well as sequences that are 
phylum or class speci fi c and others, are used to amplify certain regions of the genome 
of the microorganism of interest  [  67  ] . The amplicons obtained by PCR would be 
weighted by mass spectrometry (ESI-MS), and the results of the nucleotide composi-
tion obtained used to calculate the base composition which allows the identi fi cation 
of the bacteria present in the sample by comparison with a database  [  67,   72  ] . 

 Theoretically, this system enables the identi fi cation and quanti fi cation of bacte-
ria, fungi, and viruses that cause disease in humans  [  62  ] , even to recognize new 
species  [  67  ] . 

 Primer sets have to be designed to focus on the most typical pathogens of a 
speci fi c disease, such as orthopedic infection, so that sensitivity and accuracy can be 
enhanced  [  67  ] . Until the moment, this technique has not yet been used for detection 
of PJI, but it has to be taken into account in the near future.    

    19.4   Use and Limitations of PJI Molecular Diagnosis 

 Several authors have evaluated the role of PCR-based methods in the diagnosis of 
PJI  [  18,   21,   23,   24,   63,   111,   112  ] , mainly investigating synovial  fl uid or peripros-
thetic tissue, whereas sonication  fl uid was evaluated only recently  [  15,   18,   87  ] . The 
detection of bacterial DNA in culture-negative clinical samples by PCR ampli fi cation 
by several researchers shows the potential of this kind of techniques in PJI diagnosis 
 [  21,   75,   87,   94  ] . These molecular approaches based on ampli fi cation and sequenc-
ing have shown high sensitivity in identifying microorganisms in samples where 
traditional culture have failed or nongrowing or slow-growing bacterial agents could 
be implicated  [  2,   21,   88,   89,   93  ] . Broad-range PCR and more advanced molecular 
methods have shown a high speci fi city (96–100 %)  [  27,   64,   65,   81,   87,   88,   94  ] , but 
often a reduced sensitivity ( £ 50 %) in diagnosing PJI  [  27,   81,   88,   94  ] . 

 Most of these studies have been performed using homemade protocols. One 
common problem from homemade techniques is the lack of standardization, which 
made problematic the use of the technique in a routine setting. Commercial tech-
niques have been standardized, and they are currently used in most laboratories for 
the diagnosis of many infectious diseases  [  113  ] . The study performed by Achermann 
et al .   [  18  ]  was based on modifying the standard protocol of a commercial multiplex 
PCR assay originally designed to identify microorganisms from blood cultures. The 
study combined this technique with a sonication protocol for retrieved implants and 
showed an important increase in the number of positive results. Another study used 
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a similar approach with a commercial PCR-hybridization technique also designed 
for its use with blood culture bottles  [  87  ] , with an increase of positive diagnosis of 
10 % of patients with clinical diagnosis of infection. Both studies had the same 
problem: the commercial techniques were designed to detect common blood culture 
isolates, and some PJI pathogens cannot be detected by these kits (especially 
 Propionibacterium acnes ,  Corynebacterium  sp., or anaerobic bacteria). 

 On the other hand, some authors have criticized these techniques due to the 
potentially high false-positive results because of its sensitivity  [  16,   89,   94,   112  ] , so 
both DNAs present in dead bacteria and in the recombinant prepared reagents would 
be ampli fi ed and detected  [  63  ] . Moreover, there are patients without clinical diag-
nosis of infection which gave positive results with molecular techniques  [  21,   87  ] , 
the actual signi fi cance of these results being problematic because it is dif fi cult to 
determine if these are subclinical infections or contaminations. 

 One important problem common to these techniques is related to the knowledge 
of the antimicrobial susceptibilities of the microorganisms, because none of the non-
culture methods allows for it  [  21,   49  ] . However, it is possible to detect several known 
resistance genes by PCR, such as the methicillin-resistance gene  mecA  or quinolone- 
and rifampin-resistance gene  [  16,   18,   49,   67,   87,   114  ] . However, not all the mecha-
nisms of antibiotic resistances are known, so in the present moment it is impossible 
to predict the antibiotic susceptibility only by using molecular methods  [  16  ] . 

 Nowadays, molecular methods are a support in the detection of PJI, rather than 
the replacement of conventional techniques, especially in complicated cases such 
as culture-negative cases when aseptic loosening and subclinical infections are 
dif fi cult to differentiate  [  75,   87  ] . Further research is needed before routinely apply 
molecular methods in PJI diagnosis. Moreover, to date, no single clinical or labora-
tory test has shown to achieve ideal sensitivity and speci fi city for the PJI diagnosis 
 [  2  ] , and molecular techniques are not yet routinely employed in orthopedic practice 
 [  25,   65  ] , although the integration of these techniques in the PJI diagnostic may be 
expected. 

 Today, the appropriate combination of traditional culture-based diagnosis, histo-
pathology, and molecular techniques, together with other approaches and clinical 
assessment, may contribute to improve the PJI diagnosis  [  2,   8,   26,   49,   63  ] . New 
diagnostic methods and improvement of those that already exist are still needed for 
the diagnosis of PJI  [  49  ] .      
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  Abstract   There are many ways to approach the problem of PJI. The most  frequently 
used is the two-step approach in which the  fi rst step serves for prosthetic joint 
removal, while in the second step, the arti fi cial joint is reimplanted. There are, how-
ever, other options like amputation, joint fusion, implant removal, two-stage replace-
ment, one-stage replacement, debridement and retention of implant, and permanent 
antibiotic suppression. Every treatment type has its indications that overlap to some 
extent and its advantages and disadvantages. In this chapter, these are discussed in 
detail for the reader to get familiar with the contemporary treatment strategies for 
easier implementation in own clinical praxis.  

  Keywords     Debridement and retention  •  One-stage replacement  •  Two-stage replace-
ment  •  Antibiotic suppression      

    20.1   Introduction 

 Actual surgical treatment options for PJI include in decreasing order of invasive-
ness: amputation, joint fusion, implant removal, two-stage replacement, one-
stage replacement, debridement and retention of implant, and permanent antibiotic 
suppression. Traditionally, the choice of the strategy depended on the knowledge 
and experience of the treating orthopedic surgeon, hospital tradition, patient 
inclination, duration of symptoms, type of infection, virulence of the pathogen 
and its antibiotic sensitivity, soft tissue conditions, and patient comorbidities. 
Choices did not change a lot recently despite the improvements in diagnostic 
evaluation and treatment.  
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    20.2   Amputation 

 Amputation is the most radical treatment option for PJI and fortunately also very 
seldom adopted in medically developed world. It comes into consideration when 
life-threatening infections cannot be controlled by other modalities or when the 
extent of bone and/or soft tissue loss precludes any other less invasive solution like 
fusion and other procedures seem inadequate. 

 It is most frequently performed for TKA infections,  [  1  ]  but it is also carried out 
for other peripheral arti fi cial joint infections, occasionally for infected THA as well. 
Reasons that most frequently induce the adoption of this surgical solution include 
repetitive revisions, bone loss, and excruciating pain  [  2  ] . 

 When considering various treatment options for a particular TKA infection, it is 
prudent to consider fusion early in the treatment algorithm when it is still feasible 
and reasonable to avoid extreme bone and soft tissue loss that can leave the amputa-
tion as the only solution. 

 It is dif fi cult to estimate the incidence of amputations after total joint arthroplasty 
infections. Probably, the rate ranges around 1–10/10,000 primary THA  [  3,   4  ] . The inci-
dence is higher after TKR  [  5–  7  ]  and total ankle arthroplasty  [  8  ]  reaching up to 6 %. Our 
rate of above the knee amputations due to consequences of TKA infection is 0.05 %. 

 Functional performance of old patients after above-the-knee amputation is very 
limited, and more than half of them are consequently wheelchair bound  [  9  ] .  

    20.3   Joint Fusion: Arthrodesis 

 Joint fusion is a rarely adopted option for treatment of chronic uncontrollable 
device-related infections of certain arti fi cial joints especially knees. Successfully 
performed procedure stabilizes the joint and eliminates pain. According to the same 
concepts as for septic total joint revisions, one can perform a one- or two-step fusion 
of a joint, depending on the patient characteristics, germ, and local joint status. 
When considering appropriate surgical treatment several issues like poor general 
health status, i.v. drug abuse, immunode fi ciency, limited mobility, dementia, and 
some other favor a fusion against a revision. 

 Fusion after removal of an infected arti fi cial joint – usually a TKA, is technically a 
demanding procedure due to limited amounts of poor quality bone stock. Nonunion 
rate is consequently high, and despite a successful fusion, the limb is usually shorter. 

 The indications for fusion vary depending on the joint involved. It is the primary 
and the most appropriate treatment for total ankle arthroplasty infection in cases 
when retention of the device is not considered a viable option (Figs.  20.1  and  20.2 ). 
The functionality of a fused ankle is surprisingly good (Fig.  20.3 ) and disfavors 
other potential treatment options like one- or two-stage revision.    

 Fusion is relatively frequently adopted for treatment of chronic TKA infection 
especially if the function of the extensor mechanism is impaired because it grants 
stability, eliminates pain, and provides good setting for healing of the infection. 
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There are, however, many inconveniences with knee fusion. Walking is very dif fi cult 
and awkward, but the most uncomfortable is sitting. Interestingly, despite these 
functional impairments, patients achieved similar Oxford University scores after 
fusion or two-stage revision of an infected TKA  [  10  ] . 

 There are some patient circumstances in which fusion is particularly indicated. It 
probably is the best solution for a young active patient with single-joint disease and 
irreparable extensor mechanism insuf fi ciency with or without skin and soft tissue 
de fi ciency, for an immunocompromised patient and when the infection is caused by 
a multi resistant or dif fi cult to treat organism  [  11  ] . 

  Fig. 20.1    Loosened infected 
prosthetic ankle       

a b

  Fig. 20.2    Ankle    fusion after loosened infected prosthetic ankle joint with bulk femoral head 
allograft ( a ) Lateral view ( b ) AP view       
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 Fusion rate is lower than in primary cases and is limited mainly by persistent 
infection and bone stock de fi ciency. It is actually possible to achieve fusion despite 
persistent infection, but the rates are much lower in these circumstances  [  12  ] . 

 There are several techniques for knee fusion after TKA infection. We can use an 
external  fi xator (Fig.  20.5    ), an intramedullary nail (Fig.  20.6 ), or plates with screws 
(Fig.  20.4 ).    

 The technique consists of meticulous necrectomy or debridement, removal of 
 fi brous tissues, apposition of well-vascularized bony surfaces of distal femur and 
proximal tibia, and stabilization with one of the aforementioned devices. The advan-
tage of the external  fi ksater    is the avoidance of having any foreign material at the site 
of the infection. The disadvantage is that stability achieved by external  fi xator is infe-
rior to stability obtained by plates or nails especially in cases with severe bone loss. 
In these cases, it is very dif fi cult to realize suf fi cient long-term stability to consistently 
attain bony fusion. Application of the device in all three planes increases fusion rates 
 [  6,   11  ] . An additional concern related to external  fi ksater is the risk of acquiring pin 
tract infections that need further treatment. Nevertheless, the external  fi ksater is the 
most appropriate device in selected cases if a single stage fusion is considered. 

 Intramedullary rod gives the best fusion rates (from 80 to 100 %) for knee joint 
after removal of infected TKA  [  13  ] . The disadvantage is that it is possible to spread 
the infection along the intramedullary canals in the case of persistent unrecognized 
infection or if the rod is used for one-stage fusion in persistent active infections. 

 The third option is the use of two long plates placed in two planes at right angle. 
With the plates, it is readily possible to apply compression over the arthrodesis  [  14  ] . 
Plates allow for superior stability. The shortcoming with this technique is the need 
for increased bone exposure that negatively in fl uences bone vitality and the biology 
of the healing. Soft tissue closure might be challenging with the use of plates. 

 Although theoretically possible, fusions are rarely attempted in hips and shoul-
ders after a septic alloarthroplasty failure. The reasons comprise poor fusion rates 
and acceptable results with simple resection arthroplasty. There is no reliable infor-
mation regarding fusion rates and results for fusion after removal of an infected total 
elbow arthroplasty  [  15  ] .  

a b

  Fig. 20.3    Ankle fused after removed total ankle arthroplasty, ROM just after cast removal 
( a ) dorsal  fl exion ( b ) plantar  fl exion       
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    20.4   Resection Arthroplasty 

 Resection arthroplasty (Fig.  20.7 ) may be permanent in cases where no attempt of 
reimplantation of an arti fi cial joint is intended, but it may also be temporary like 
between the two acts of a two-stage revision of a septic total joint arthroplasty (TJA). 
When it is used in the hip joint, it is known as a Girdlestone procedure after an 
English surgeon who introduced the method for treating various surgical conditions.  

a b

  Fig. 20.4    Knee arthrodesis with plates and screws. ( a ) AP view ( b ) Lateral view       
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 Permanent resection arthroplasty is indicated in patients with PJI caused by 
dif fi cult to treat and    multy resistant organisms, when there is de fi cient bone stock 
(Fig.  20.8 ) and soft tissue coverage, induced by septic process, and when general 
conditions of the patient do not allow repeat surgery.  

 Even though cure rates after resection arthroplasty are high, permanent infection 
due to infected joint cavity is a serious problem. Simple repeat revision does not 
provide a reliable solution. The best approach for this dif fi cult situation is to implant 
a viable soft tissue  fl ap into the cavity to close the dead space and to improve the 
blood  fl ow within the infected region. Enhanced vascularity improves the ef fi cacy 
of host defense mechanisms and allows for better local delivery of antibiotics. 

 Gluteus medius, rectus abdominis (Fig.  20.9 ), and vastus lateralis  fl aps 
(Fig.  20.10 ) are frequently employed for closing the cavity after a Girdlestone pro-
cedure in hip joint  [  16  ] .   

 Since gluteus medius is the most important hip stabilizer, its sacri fi ce with the 
adoption of the gluteus medius  fl ap precludes the prospective to have a functional 
hip joint after a potential reimplantation. Rectus abdominis  fl ap is readily available, 
but it seriously weakens the abdominal wall, and the long-term consequences are 
unknown. The most reliable is probably the vastus lateralis  fl ap because the function 
of the quadriceps is still acceptable after its transfer into the hip joint cavity. The  fl ap 

a b  Fig. 20.5    Knee fusion with 
external  fi xator. ( a ) Oblique 
view ( b ) AP view       
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is easy to rise, and it is available in most situations as long as the proximal vascular 
pedicles are not destroyed by previous surgeries which seldom happen. 

 In a study of 120 chronic infections after failed hip resection arthroplasty, Suda 
and Hepperd  [  17  ]  evaluated the potential of a vastus lateralis muscle  fl ap in control-
ling infection. The infected cavity was the source of persistent infection in all 
patients. They  fi xed the muscular  fl ap to acetabular rim with bone anchors. With this 
procedure, they were able to control the infection in all patients. 

 Permanent resection arthroplasty is an acceptable solution only in rare cases 
because the functionality of the patient after this procedure is poor  [  18,   19  ] . It is 
most frequently acceptable in hips but rarely in shoulders and elbows (Fig.  20.11 ). 
An 86–96 % infection cure rates in hips were reported with a poor function in all 
cases frequently poorer than before the resection arthroplasty  [  20  ] . Pain was, how-
ever, consistently alleviated with the procedure  [  18,   19  ] .  

 Knee resection arthroplasty (Figs.  20.12  and  20.13 ) is mainly indicated in bed-
ridden patients with multiple joint disease  [  6  ]  and rarely in other patients because it 
is very dif fi cult to achieve a functional stability of the joint with this procedure. 

ba  Fig. 20.6    Knee fusion with 
intramedullary nail. ( a ) AP 
view ( b ) Lateral view       
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During surgery, it is important to perform a meticulous debridement, to remove all 
foreign material, and to perform temporary trans fi xion with wires to achieve proper 
apposition of distal femur to proximal tibia and the axis of the extremity. After sur-
gery, the knee is immobilized for 6 months with weight bearing allowed  [  11  ] . The 
results achieved are poor. Among 26 patients with knee resection arthroplasty, the 
infection was cured in 89 %, and only 15 were able to ambulate with aids. Only  fi ve 
were able to walk without external support over the knee  [  21  ] .    

    20.5   Two-Stage Exchange of an Infected Arthroplasty 

 Implant exchange in two stages represents the traditional form of PJI treatment 
(Fig.  20.14 ). It is far the most common form of treating infections associated with 
implants worldwide. The probability of germ eradication is high, though it is associ-
ated with decreased limb function due to multiple operative interventions, long-
term ambulation dif fi culties, long-term antimicrobial therapy, higher complication 
rates, and higher treatment costs  [  22,   23  ] . Any clinical presentation of arthroplasty-
related infections can be treated in a two-stage manner, although it is contraindi-
cated in a severely debilitated patient, not being able to cope with potentially 

  Fig. 20.7    Girdlestone hip – 
resection arthroplasty       
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multiple surgical procedures. It is also contraindicated in i.v. drug abusers, due to 
frequent bacteremia and subsequen hematogenous spread to new or old infection 
sites. It is less frequently recommended in a severely immunocompromised host 
because antimicrobial therapy itself is not enough to eradicate the pathogens alone 
with no help of the host immune system. The type of microbes also in fl uences the 
decision about two-stage implant exchange. Small colony variants  staphylococci , 
nutritionally de fi cient  streptococci , and other dif fi cult to treat organisms represent a 
relative contraindication due to higher recidivism in spite of radical surgical and 
antimicrobial therapy.  

 The most appropriate indication for a two-stage exchange is a chronic infection 
with a virulent pathogen and a loose implant  [  24  ] . Antibiotic susceptibility does not 
play a key role with these infection types. Other treatment types are insuf fi cient in 
this speci fi c setting, will not work, and should be avoided. Soft tissue defects, sinus 
tracts, abscesses, and poor skin quality are not contraindications. Treatment is 

a b

  Fig. 20.8    ( a ) De fi cient bone stock in elderly patient with poor general conditions, PJI, socket 
loosening, and periprosthetic fracture is an indication for permanent resection arthroplasty. ( b ) In 
this case, the implant was removed and an ostheosynthesis was performed       
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a

b

  Fig. 20.9    ( a ) and ( b ) Rectus abdominis  fl ap  fi lling the infected sinus space after unsuccessful hip 
Girdlestone procedure       
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 successful and indicated at most arthroplasty sites, except at the ankle, where fusion 
is the key option in this setting. 

 Independently on the type of infected implant, the  fi rst stage of treatment is 
removal of all implants, including broken screws, K-wires, broken drill bits, and any 
PMMA particles if present. It is important to perform a thorough debridement and 
remove all in fl amed or necrotic soft tissues or bone sequesters. Tissues samples are 
collected for synovial  fl uid analysis, microbiological analysis, histopathology, and 
gram specimens. Antimicrobial therapy should be stopped at least 2 weeks before 
surgery (if general condition of the patient allows) and should only be given during 
surgery when tissue samples are collected if preoperative diagnostics has been 
unsuccessful to identify the causative pathogen. The collection of tissue samples for 
microbial analysis is probably not needed if a sonication device is available. 
Postoperative wound drainage is always performed in a septic revision, although its 
use in a primary aseptic case is abandoned in many centers. Most surgeons decide 
to leave the drains anywhere between a few days and a few weeks; however, there is 
no consensus how long should the drains be left in place. We generally apply them 
up to a week, possibly less if there is little or no secretion. Antimicrobial therapy is 
started after all tissue samples (minimum six) are collected and is continued after 
surgery according to the protocol regime if the pathogenic organism is known or in 
an empirical manner if no organism has been preoperatively identi fi ed until the 
susceptibility tests are available for the organisms isolated. The most frequent 

  Fig. 20.10    Vastus lateralis  fl ap for dead space  fi ling in the hip region       
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choice of antibiotics is a combination of a broad-spectrum  beta-lactam antibiotic 
and an aminoglycoside. Gram stain is available within 24 h and helps in narrowing 
the antibiotic selection in the case organisms are noticed under the microscope. 
Gram staining is nearly 100 % speci fi c but with very low sensitivity. It is invaluable 
when positive but of no help when negative. If, for example, gram-negative patho-
gens have been seen in the Gram-stained samples, quinolone therapy is started, until 
the  fi nal susceptibility tests are available. 

 There is, unfortunately, not a single gold standard protocol for the treatment 
activities after the  fi rst stage has been performed. Three scenarios of the second 
stage replantation have been described: an early reimplantation during the  fi rst cou-
ple of weeks after implant extraction  [  25  ] , delayed reimplantation after 6 weeks of 
i.v. antibiotics and up to 3 months after the  fi rst stage  [  26  ] , and a late replantation 
3 months or more after the  fi rst stage after parenteral/oral combination has been 
administrated, the most frequently observed protocol in the past  [  27  ] . No of fi cial 
consensus exists, and various treatment protocols are published. 

a b

  Fig. 20.11    Temporary resection arthroplasty of the elbow. ( a ) AP view ( b ) Lateral view       
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 The timing of reimplantation is highly variable and can be performed just 
2–4 weeks after implant explantation or 8 weeks when troublesome organisms have 
been isolated (MRSA; VRE, multidrug resistant microbes or fungi)  [  25,   28  ] . Shorter 
interval duration allows for reimplantation to be performed in the same hospitaliza-
tion. One study shows, surprisingly, a higher reinfection rate when interval has been 

a b

  Fig. 20.12    X-ray showing a temporary resection arthroplasty of the knee. ( a ) AP view ( b ) Lateral 
view       

  Fig. 20.13    Clinical 
appearance of the knee from 
the Fig. 20.12. Plastic surgery 
(gastrocnemius  fl ap) was 
necessary to close the defect 
in the anterior part of the 
knee. Later the patient 
underwent a knee fusion due 
to quadriceps insuf fi ciency       
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prolonged: 22 % reinfection rate after 22 months and 14 % reinfection rate within a 
period of 6 week or less  [  29  ] . 

 Reimplantation is most commonly performed after 6 weeks of i.v. antibiotics, 
though it is not uncommon to wait for months or even years before reimplanting. In 
the USA, surgeons typically wait in average for 6 weeks before reimplanting  [  30  ] . 
During this interval, antimicrobial therapy is administered. Replantation is per-
formed thereafter if CRP and ESR are within normal limits, and a negative needle 
aspirate is obtained 14 days after treatment ends. 

 When selecting an early reimplantation, this is performed before antimicrobial 
therapy is complete. In case of a longer interval before reimplanting, patients are 
administered antimicrobial therapy for a few weeks intravenously. Three to six 
months of oral antibiotics are subsequently administered before arthrography is per-
formed and samples obtained for retesting. If cultures are negative, reimplantation 
is performed. If cultures are positive and there is a spacer, a revision is needed to 
remove it; otherwise, antimicrobial therapy is continued for 6 months in accordance 
with tissue cultures identi fi cation and antibiogram  [  25  ] . The value and importance 
of arthrocenthesis with cultivation of synovial  fl uid before reimplantation of a pros-
thetic joint has been published. In one study, there was only a 3 % relapse of infec-
tion after reimplantation if cultivation of synovial  fl uid step was performed before 

a b c

  Fig. 20.14    ( a ) Chronic    discharging infection in a patient with repeat dislocations. ( b ) and ( c ) The 
most reliable surgical option in such cases is a two-stage exchange arthroplasty as in this fi gure.       
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the second stage, compared to a 14 % relapse if no cultivation step was accom-
plished  [  31  ] . Several studies have shown that reimplantation is safer in terms of 
reinfection rates when using antibiotic-impregnated bone cement for implant 
 fi xation in the second stage. A study from Hospital for Special Surgery, that included 
40 patients, has shown 95 % success rate after 5 years of follow-up in a subgroup of 
16 patients treated with Palacos with gentamicin  [  32  ] . A direct comparison study 
showed 82 % success rate when using ordinary bone cement compared to a 90 % 
success rate with use of antibiotic-impregnated cement  [  5  ] . Older studies have 
shown less favorable results in terms of infection eradication (82 %) when using 
cementless implants at reimplantation and also a higher rate of aseptic loosening 
 [  27  ] . More recent studies with contemporary implants (50 two-stage procedures 
 [  33  ] , 25 two-stage procedures  [  34  ] ) show more favorable results with 8 % reinfec-
tions and no aseptic loosenings. 

 Aseptic loosening of joint replacement surgery is often associated with severe 
bone loss which may involve large segments that disappear as a consequence of the 
   osteolytic process. To substitute for such bone loss either arti fi cial bone from vari-
ous manufacturers is used or, more often, bone from bone banks. A very similar or 
sometimes even worse scenario is seen when treating bone infections and septic 
loosenings – severe segmental bone loss (Fig.  20.15 ). The use of bone transplants is 
still doubtful in these cases because of the potential infection relapse. Two studies 
have shown a 7.5 and 0 % reinfection rates when using milled and impacted cancel-
lous bone  [  35  ]  and structural allografts  [  36  ] , respectively.  

 Two-stage reimplantation has always been a gold standard in treating infected 
arti fi cial joints and has given the highest cure rates with over 90 % success  [  5,   25, 
  37–  39  ] . This holds true when treating infected total knee replacements  [  40–  44  ] , 
infected hip replacements  [  24,   29,   30,   45,   46  ] , as well as in treating infected 
shoulder and elbow replacements (Fig.  20.16 ). Results are less favorable if mul-
tidrug resistant bacterias are isolated. A comparison study done by Volin on 46 
patients has shown a 94.6 % cure rate with two-stage reimplantation when non-
resistant bacterias where identi fi ed, compared to 88.9 % curing rate when MRSA 
was identi fi ed as the cause of infection  [  24  ] . Kilgus showed an unusually high 
relapse rate in a large series of 70 patients with 52 % of relapses in multidrug 
resistant bacteria (MRSA, MRSE) in infected total hip arthroplasties and 16 % 
relapses in infected knee arthroplasties. The success rates when dealing with 
nonresistant bacterias were also somewhat lower, 81 % for hips and 89 % 
for knees. The treatment, however, did not include two-stage revisions only, but 
some single-stage exchange and debridement with retention of the implant as 
well  [  47  ] .  

 The disadvantage of two-stage reimplantation treatment protocol is the following. 
After implant extraction, the empty space remains that is prone to  fi brous tissue forma-
tion. It is poorly vascularized or is completely avascular with low antibiotic penetration 
and thus ideal for bacterial focus. In addition, limb shortening and contractures develop 
Reimplantations performed long after implant extraction are demanding surgical 
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 procedures, and limb function is inferior compared to single-stage exchange. Many sur-
geons therefore decide to use “spacers” (Figs.  20.17 ,  20.18 , and  20.19 ) made of cement 
to retain joint space for later easier reimplantation  [  48,   49  ] . Spacer also functions as a 
vehicle to release antibiotic in high concentrations in areas that are most affected by 
infection. A faster rate of sterilizing the pseudojoint and infection control is achieved this 
way, and the ef fi ciency has been proven in clinical trials  [  50–  52  ] . Spacers can be made 
by the surgeon himself intraoperatively from the cement. In case of a hip, the cement is 
strengthened with a metal reinforcements, or it is molded over a femoral stem (Fig.  20.17 ). 
Prefabricated, commercially available cement spacers are an alternative option, and spe-
cial models are available for cement molding intraoperatively. The disadvantages of pre-
fabricated cement spacers are that you need many sizes, and frequently, they do not  fi t 
well and already weak bone must be shaped in form to  fi t the spacer. The complications 
related to cement spacers use are frequent  [  53  ] : most commonly dislocations, especially 

  Fig. 20.15    Extreme bone loss due to chronic 
low-grade PJI caused by CNS 7 years after 
implantation. The presence of a periprosthetic 
fracture is hardly visible       
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a

b

  Fig. 20.16    Clinical appearance after removal of an infected elbow arthroplasty: ( a )  fl exion 
( b ) extension       
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when using handmade spacers and hip spacers with low offsets. Another complication 
is mechanical failure of the spacers itself, i.e., spacer fracture  [  52  ] .    

 Use of gentamicin and other antibiotics in cement has been known for 40 years 
and is clinically well accepted  [  50,   54–  57  ] . Palacos R has been shown to have 
excellent characteristics in terms of antibiotic excretion  [  50,   55,   56  ] . Changes of 
antibiotic susceptibility in pathogens causing bacterial implant infections, 
becoming multidrug resistant for antibiotics including gentamicin  [  50,   57  ] , have 
encouraged the use of vancomycin in antibiotic spacers and beads in two-stage 
implant exchanges. Vancomycin is thermostabile and has favorable eluting prop-
erties, resulting in high local tissue concentrations days after implantation and 
has been shown ef fi cient in clinical use  [  57  ] . Clinical studies where no systemic 
antibiotics were used, just cement loaded with antibiotics, showed a high rate of 
success in terms of ef fi ciency to prepare bacteria-free  fi eld for reimplantation 
(97 %) even when virulent strains where isolated  [  58  ] . Some researchers used 
extremely high doses of antibiotics, most commonly vancomycin and gentami-
cin, without systemic side effects except transient increase of serum creatinine in 
1 out of 36 cases  [  59  ] . Likewise, other studies have not been able to show serious 
side effects or allergies  [  58  ] . Other antibiotics have also been used in cement 
spacers, most commonly clindamycin  [  50  ]  as well as penicillin, methycillin, lin-
comycin, nafcillin, fusidic acid, ceftriaxone, erythromycin, amikacin, and 
daptomycine. 

 A serious but frequently overlooked problem of antibiotic loaded cement is the 
appearance of multidrug resistant bacterial strains because of therapeutic and  prophylatic 
use of antibiotics in cement and the possibility of infection of the cement spacer itself. 

  Fig. 20.17    Two-stage replacement of a total hip arthroplasty with a handmade cemented spacer 
( a ) infected THA ( b ) molded around a femoral component to bridge the interval between the 
stages ( c ) Final result       
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Other potential problems are unrecognized infected loose implants where prophylactic 
antibiotics were used in previous surgeries and are falsely diagnosed as negative due to 
high antibiotic concentrations eluding from cement when cracking and fracturing at the 
time of revision  [  50,   60  ] . Resistance development is probably less common with use of 
antibiotic cement like spacers and beads because they are subsequently removed, 
whereas prophylactic cement once implanted eludes low concentrations of antibiotics 
for a long period which makes it suitable to promote resistance development  [  57  ] . 

 A concise review of laboratory properties and clinical success of antibiotic bone 
cements was published by van de Belt  [  50  ] . 

a b

c

  Fig. 20.18    Two-stage replacement of a total knee arthroplasty with a handmade cemented spacer 
( a ) to bridge the interval between the stages. Good range-of-motion (see Fig. 20.19) in the interval 
between the stages allows for better function restoration after the second stage ( b ) Lateral view, 
( c ) AP view       
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 Many questions are still unanswered in spite of widespread use of two-stage 
implant exchange. It is still not known when is the best time for reimplantation, 
whether the use of antibiotic loaded cement spacers is always bene fi cial and in 
when it is not, what is the optimal dose of antibiotics in cement, how long 
should the antibiotic treatment last and in what form should be applied, whether 
allografts are to be used for bone reconstruction in the second stage, and 
whether cement with antibiotics is superior to cementless  fi xation in second 
stage or not.  

    20.6   One-stage Implant Exchange 

 One-stage implant exchange is a form of treatment where in one stage the 
infected implant is removed, precise, and radical debridement is performed 
nearly as in oncological surgery, and a new implant is inserted. This form of 
infection treatment originated from Europe. Bucholz, from Endo-Klinik in 
Hamburg, was among the originators  [  3  ] . The advantages include faster mobili-
zation, lower morbidity, and lower expenses  [  61  ] . The disadvantages include 
higher reinfection rates, radical debridement with scari fi cation of functionally 
important tissue, and obligatory use of antibiotic cement, which is mechanically 
inferior to ordinary cement. It is generally accepted that even if mechanically 
uncompromised cement (without antibiotics) is used, the survival curve after 
revision with cemented implants is inferior to un-cemented implants. The results 
are thus even more compromised and unpredictable if mechanically weaker anti-
biotic loaded cement is used for revision. 

  Fig. 20.19    Knee  fl exion in a female patient (Fig. 20.18) during spacer implantation       
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 An important prerequisite for successful one-stage implant exchange is good 
general condition of the patient, preoperatively identi fi ed causative organism with 
a favorable antibiogram (no resistance for  fl uoroquinolones with gram-negative 
bacteria and no resistance for rifampicin for gram-positive bacteria). Another 
important prerequisite is the possibility for radical extraction of all infected implant 
parts. One-stage exchange is contraindicated if parts of bone cement, screws or 
other implants in the pelvis, or at some other site with dif fi cult access cannot be 
removed or it is too dangerous to remove them. It is the primary method to treat 
orthopedic implant infections and performed in the majority of presented cases at 
some institutions. If not selectively applied it is, however, only successful if onco-
logic surgery principles are strictly followed which seriously compromises func-
tionality in many patients. It is rationale to choose one-stage exchange when soft 
tissues are intact or only mildly infected with no sinus tracts. In these cases, even 
radical debridement leaves functional tissues like muscles and tendons intact. 
Traditionally, one-stage exchange has been performed with cemented implants, 
with antibiotics mixed into cement  according to the organism isolated and suscep-
tibility tests in the operating theater without applying parenteral antibiotics postop-
eratively. Nowadays, one-stage exchange is performed in different ways, mostly 
with cemented implants, although non-cemented implants are used as well. 
(Fig.  20.20 ) Use of intravenously administered antibiotics in the postoperative 
period is common, depending on the algorithm used by a particular hospital or the 
surgeon. Treatment success varied between 84 and 100 %  [  61–  63  ] .  

 In a large study including 183 patients treated with one-stage exchange in the 
United Kingdom, the total cure rate at 7 years follow-up was 84.2 %. Pain in the 
early postoperative period was proven as a sensitive indicator of long-term success 
 [  62  ] . Another study including 20 patients with staphylococcal and streptococcal 
prosthetic hip infections treated with one-stage exchange was initiated in the 1980s 
 [  61  ] . Antibiotic loaded bone cement as well as systemic antibiotic treatment was 
applied. Patients were followed for 3–17 years. All patients were cured (100 %), 
two patients developed aseptic loosening at 9 and 17 years. Another study including 
72 patients with infected cemented prosthetic hips, caused exclusively by coagu-
lase-negative  staphylococci  (CNS), treated with one-stage exchange, showed 87 % 
cure rate. The interesting  fi nding was the presence of various strains of CNS, resis-
tant to previously applied antibiotics, especially gentamicin when it was mixed in 
the cement during one-stage revision procedure  [  63  ] . 

 One-stage exchange protocol was tried at Endo Klinik also with multiresistant 
organisms, such as MRSA  [  64  ] . Twenty patients with 15 infected hip arthroplasties 
and 5 infected knee arthroplasties were treated between 1996 and 1997. At 16 months 
follow-up, 61 % treatment success was achieved, con fi rmed with postoperative arth-
rocenthesis. Mixing o fl oxacin and vancomycin in metyl-methacrylate cement 
(Refobacin Palacos R) in this setting was advised by the study group. 

 In a series of 305 elbow prosthesis, six implant infections developed. All six 
were treated with one-stage implant exchange with antibiotic-loaded cement, and 
permanent infection eradication was achieved in  fi ve cases, whereas the unsuccess-
ful one was treated with resection arthroplasty  [  65  ] .  
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    20.7   Debridement and Retention 

 Implant associated infections have been a very bothersome companion from the very 
early stages of joint arthroplasty era. Orthopedic surgeons have been  fi ghting them 
from the very beginning as well. Arti fi cial joint replacement is by de fi nition an iatro-
genic disease, and among the different treatment protocols that have evolved, implant 
retention is the least invasive and the most functional. The natural history of an 
infected implanted endoprosthesis is very diverse. Interestingly some proven infec-
tions seem to have healed even without any medical treatment at all  [  4  ]  on the other 
hand patients have died due to sepsis. Reports on success of debridement and reten-
tion vary a lot ranging from only 15 % to  [  4,   66  ]     up to 95–100 % cure rates  [  67–  69  ] . 
Implant retention cure rates before 1992 were around 30 %  [  7, 82  ]  but encouragingly, 

  Fig. 20.20    Successful cementless one-stage exchange after 5 years of follow-up. The causative 
agent was a CNS       
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more recent reports on success of treatment of PJI with implant retention are 
signi fi cantly better, suggesting that our knowledge in this area is improving. 

    20.7.1   Diversity of surgical treatment protocols 

 Treatment protocols vary greatly in detail, yet they all have certain features in 
common: an early debridement, with or without perfusion, suction or passive 
drainage of different lengths, and subsequently additional antibiotic therapy start-
ing intravenously and continuing later orally. Some authors tried arthroscopic deb-
ridement in arti fi cial knee infections  [  70,   71  ]  with 38 and 28 % success rates, 
respectively. Arthroscopic hip debridement is rarely used, and literature is scant. 
Hyman reported achieving 100 % cure rate in eight infected joints, respecting a 
very rigorous postoperative antibiotic protocol  [  72  ] . The Oxford group, however, 
although achieving 82 % success rate in a large series (100 cured cases from 120 
treated) of infected hip implants treated with retention, report arthroscopic debri-
dement as a negative predictor of cure  [  73  ] . Patients were treated with antibiotics 
for quite a long interval – 1.5 years in this study. 

 A special protocol was designed by Este in which infected orthopedic 
implants were treated in two or more stages but without implant removal. A 
thorough surgical debridement was followed by implantation of antibiotic beads 
close to the implant, followed by another revision later, for replacing or remov-
ing beads  [  68,   74  ] . Reported cure rates were high, 90 and 100 %, respectively. 
However, patient follow-up was relatively short (1–4 years). Kelm  [  75  ]  reported 
treating patients with infected hip implants with a vacuum pump (V.A.C.). 
Successful infection eradication was achieved in 92 % (26 out of 28 patients) 
with implants retained and two patients remaining on lifelong antibiotic sup-
pression therapy. 

 Some authors bravely attempted treating PJI with no provisional debridement at 
all, just antibiotics  [  2,   76–  78  ] , some even with just orally given antibiotics  [  76  ] , 
removing or replacing loose implants after 5 months of treatment  [  76,   77  ] . Treatment 
lasted for up to 9 months with successful eradication rates reported ranging from 50 
to 60 %.  

    20.7.2   Drainage 

 The role of postoperative drainage as predictor of successful outcome is cur-
rently unknown, as there have been no large randomized controlled studies done 
in this area. All surgeons performing open debridement also drain the wounds, 
with drains in place from just a few days up to many weeks, with or without 
perfusion.  
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    20.7.3   Implant Stability 

 Retention is usually attempted only in stable implants. An interesting exception was 
shown by the Marseille group. Their protocol included antimicrobial therapy for 
5 months and later a one-stage exchange with reported outcomes ranging from 50 
up to 70 %, with long and precise patient follow-up  [  76–  78  ] .  

    20.7.4   Symptom Duration 

 Symptom duration seems one of the most important predictive factors for successful 
implant retention. Debridement performed early after symptom onset showed con-
sistently higher successful treatment rates in all studies  [  30,   66,   72,   79  ] . Even in 
studies with no clearly de fi ned antibiotic protocol, the results were better when 
treatment was started in the  fi rst days after symptom onset  [  66,   79  ] . 

 It is not yet known at which point after symptom onset stands the time limit, when 
implant retention is still reliably successful. It also remains to be elucidated if symptoms 
follow microbial bio fi lm formation, the main cause of treatment failures. Some authors 
proposed a critical time value of 2 days  [  66,   72,   79  ] , others up to 1 week  [  80,   81  ] , again 
others have set the limit up to a few weeks  [  82, 83–  85  ] , or even a few months  [  98  ] . The 
latter showed a 33 % success rate even in chronic infections in patients with 30 % 
MRSA share. In studies where special “antibio fi lm” antibiotic therapy was used, the 
treating teams allowed longer symptoms duration, compared to in studies with no such 
antibio fi lm therapy, where they were successful only if time frame from beginning of 
symptoms was shorter. The logical explanation is that eradication without antibio fi lm 
therapy is possible only if bacterial bio fi lm is not yet fully developed. 

 We can conclude that the more intense and acute the PJI is, the sooner and more 
aggressively must we react with debridement, lavage, and antibiotic therapy, if we are to 
achieve long lasting cure. This favorable time frame is probably longer in low-grade 
infections, where even diagnosing infection and isolating the responsible pathogenic 
agent is frequently challenging and time consuming. The acceptable time period for suc-
cessful debridement and retention in acute infections is probably weeks after the onset 
of symptoms and in low-grade infections probably months if antibio fi lm agents are used. 
Early infections with early treatment most probably need shorter treatment duration 
compared to long lasting, dif fi cult to diagnose late infections.  

    20.7.5   Pathogenic Agents 

 In the majority of mainly older reports, the studies regarding PJI did not stratify the 
results according to the pathogens but included all of them as one entity. Gram-positive 
bacteria are, however, somewhat more thoroughly and separately discussed in many 
reports, as they represent the majority of causes of implant associated infections. In 
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some studies, the exact microbial species was used as an inclusion criterion. 
Rifampicin-based algorithms showed consistently predictable results in more recent 
era, speci fi c eradication rates for staphylococci have increased up to 80–100 %  [  69, 
  83,   85  ]  and for streptococci as high as 90–100 %  [  72,   81,   86  ] . Everts successfully 
treated 15 out of 16 patients, although 4 of them were treated for a long time with 
suppressive antibiotics. Martinez-Pastor and his coworkers treated 47 patients with 
gram-negative implant associated infection with implant retention, 40 % of isolated 
organisms were  Enterococci  and 20 %  Pseudomonas  spp. The  fi nal infection eradica-
tion rate of 74 % was achieved at 1.5 year follow-up. Another author reports about 
treatment success rate as high as 82 % in treating enterococcal implant associated 
infections  [  87  ] . Even polymicrobial infections were treated successfully with implant 
retention in up to 66 %  [  84  ]  of cases.  

    20.7.6   Antibiotic Therapy 

 Antibiotic therapy protocols are the most variable part of papers reporting about 
treating implant associated infections either with removal or retention of the implant. 
Some progress has been recently achieved. Most authors do not report about the 
types of antibiotics used, or reports are incomplete, i.e., only duration of treatment 
and application mode are presented with no details about which antibiotics were used 
and the dosing regimen. Most reports show variable duration of antibiotic application 
within the study among the patients included and typically depending on the decision 
of the treating surgeon – parenteral (intravenous) application commonly lasted from 
0 to 8 weeks, most often from 3 to 6. Some authors have applied antibiotic treatment 
for up to 1.5 years  [  73  ] . In the early 1990s, the research group around Zimmerli and 
Widmer con fi rmed rifampicin as a unique drug for treatment of staphylococcal PJI. 
It has become the standard part of most treatment protocols. Improved study out-
comes in recent years are probably at least partly re fl ecting the increased rifampicin 
use. It should not be used as monotherapy because of the danger of inducing emerg-
ing resistant bacterial strains. It is most often used in combination with quinolones 
 [  69,   85,   88,   89  ]  but also with beta-lactams  [  76,   85  ] , fusidic acid  [  76,   90  ] , and mino-
cycline  [  2  ] . Favorable results have also been obtained in monotherapy with high-
dose cotrimoxazol  [  77  ] . Quinolones are drugs of choice in treating gram-negative 
infections and together with ceftazidime for  Pseudomonas   [  78  ] . Linezolid has also 
been shown to have good results in treating implant associated infections, as well as 
in implant retention protocols  [  91  ]  with 72 % success rate in acute and 42 % success 
rate in chronic infections. Anemia and thrombocytopenia have been noticed in 5 % 
of patients.  

    20.7.7   Protocols 

 Predictable success in treatment of PJI with retention of the implant according to a 
prede fi ned algorithm was not widely practiced until recently. The main contributor in 
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this area is W. Zimmerli, who published the cornerstone article in the  Journal of 
American Medical Association  ( JAMA ) in 1998  [  69  ] . In a prospective randomized 
study, the ef fi cacy in treating staphylococcal PJI with a cipro fl oxacin/rifampicin com-
bination was compared to cipro fl oxacin in monotherapy. The group receiving 
cipro fl oxacin/rifampicin combination was far more successful (12 out of 12 patients; 
100 % were cured) compared to patients treated just with cipro fl oxacin (7 out of 12 
patients; 58 % were cured). The study protocol anticipated: staphylococcal infections, 
stable implants, early debridement, and a prede fi ned antibiotic therapy. The same 
protocol became widely publicized after the same research group published a review 
article in the  New England Journal of Medicine  ( NEJM ) in 2004  [  25  ] . Before and 
after Zimmerli’s paper, most studies reported only about retrospective patient series 
treated in different ways but shearing some common features. Besides the only ran-
domized article  [  25  ] , there are a few prospective but nonrandomized ones  [  77,   83,   85  ]  
favoring the same conclusions. Berdal from Norway included 29 patients in his study, 
12 with infected total hip arthroplasty, 6 with infected knee endoprosthesis, 8 with a 
partial hip endoprosthesis, and 3 were revision cases. After only 7 days of parenteral 
therapy, oral treatment started with lower dose cipro fl oxacin (500 mg bid.) in combi-
nation with rifampicin. Altogether, the treatment lasted for 3 months independently 
on the joint involved. It was unsuccessful in 5 out of 29 (17.2 %) patients. 

 Until recently our knowledge about PJI with implant retention was based on a 
retrospective analysis of hospital patient records  [  7  ]  and only recently have speci fi c 
protocols emerged that are far from perfect and do not include all aspects of the 
selection criteria, diagnostics, and treatment. Further, well-designed RCT (random-
ized controlled trials) are necessary in this area.  

    20.7.8   Cost Issue 

 In a clinically not validated model of cost ef fi ciency comparing implant exchange 
and retention, it was demonstrated that revision surgery with implant exchange was 
less expensive in younger patients and debridement/retention in older patients 
 [  46  ] .   

    20.8   Permanent Antibiotic Suppression (PAS) 

 With permanent antibiotic suppression, the treatment plan is not to eradicate the 
infection, but rather to relieve patients’ symptoms, hopefully keeping them fully 
asymptomatic. Lifelong suppression therapy is appropriate in selected patients that 
are not life threatened by PJI and are not at risk for sepsis but would be at high risk 
in case of a radical surgical procedure due to their comorbidities. There are other 
conditions supporting the decision for PAS: to avoid extremely demanding and dan-
gerous surgical procedures (Fig.  20.21 ) or surgery that could on one hand cure the 
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septic process but on the other seriously hamper patient functionality. It is important 
to balance the advantages and disadvantages of the potential complete eradication 
of infection on the costs of the impaired functionality of the (elderly) patient.  

 PAS is only possible if the causing organism is of low virulence and susceptible 
for planned oral antibiotics. The prescribed antibiotics must have low long-term 
toxicity and low incidence of side effects to be tolerable on lifelong basis. Suppression 
therapy is occasionally the only choice in patients who decline another surgical 
procedure. 

 The most common indications for lifelong suppression therapy are PJI in older 
patients with many comorbidities and patients with poor general medical health, 
very large bone defects, especially on the pelvis. 

 John Charnley was the  fi rst to propose chronic suppression therapy in the 1970s 
for selected patients  [  92  ] . A Swedish multicenter study showed a 21 % success rate 
(47 out of 225 knees). A New York group has shown a 63 % success rate with or 
without preliminary surgery and different antimicrobial protocols  [  92  ] . Rand ana-
lyzed the results of suppression therapy before 1993 and presented a mean 27 % 
success rate  [  7  ] . A decade later, Rao has shown an 86 % success rate after 5 years 
follow-up in 35 patients  [  93  ] . Patients were  fi rst surgically treated, with thorough 
debridement followed by many weeks of intravenous therapy as well as oral therapy 
with rifampicin in gram-positive organisms, and only later they were treated with 
chronic suppressive therapy. Segretti has also shown a similarly high success rate of 

  Fig. 20.21    Low-grade 
infection in ambulating 
patient with low pain scores. 
Radical surgery would have 
been associated with 
increased risk for 
perioperative complications 
and unpredictable functional 
outcome       
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77 %  [  94  ]  with a treatment protocol of preliminary surgery, parenteral therapy, and 
subsequent switch to chronic suppression for an average of 60 months. Fourteen 
patients were successfully treated:  fi ve with rifampicin+minocycline, one with 
rifampicin+cotrimoxazol, and all the other patients  [  8  ]  with another antibiotic. 

 Suppression therapy is most commonly performed using minocycline, cotrimox-
azol, cephalexin, cefadroxil, oxacillin, dicloxacillin, levo fl oxacin, penicillin, ampi-
cillin, amoxicillin/clavulanic acid, clindamycin and linezolid  [  92–  94  ] , and the 
following combinations: minocycline/rifampicin, cotrimoxazol/rifampicin  [  94  ] . 

 Good therapeutic concentration inside bony tissue has also been shown for cer-
tain newer antimicrobials, all also acting on MRSA  [  95  ] . They are already in clini-
cal use for treating bone infections and in suppression protocols, but no large studies 
have been published considering their use in bone infections and implant associ-
ated infections.  Tigecycline  (Tigacyl), a glycylcycline, a novel promising drug, 
achieved 100 % therapeutic success rate in animal models in combination with 
rifampicin.  Daptomycin  (Cubicin) belongs to the cyclic lipopeptide family. Animal 
studies proved high ef fi ciency in treating bone infections, although its bone con-
centration is low.  Linezolid  is a synthetic compound belonging to the oxazolidine 
group, which has been available for some time and has a broad spectrum against 
gram-positive pathogens, including MRSA, MRSE, and VRE, achieving high bone 
concentrations and ef fi cient in PJI, too. It has also been used for chronic suppres-
sive treatment. 

 It is not yet clearly proven which antibiotics are most ef fi cient for suppressive ther-
apy. Minocycline is most often used for staphylococcal device associated infections. 

 It is also not yet clear how long should suppressive therapy be administered and 
when is the appropriate time for discontinuation of the therapy. It is commonly 
given for many years or even for life. Side effects are common, at best between 8 
and 22 %  [  93,   94,   96  ] , most commonly enterocolitis, allergic, and toxic skin 
eruptions. 

 In author’s own series of six patients on chronic suppressive therapy with tetra-
cycline (minocycline) lasting for many years, only one patient has failed with infec-
tion reactivation. Three patients had side effects: facial and surgical scar area skin 
hyperpigmentation and systemic skin darkening (Fig.  20.22 ). These are rare side 
effects known in dermatology with acne treatment  [  97  ] . These side effects have not 
been yet described in orthopaedics.       

  Fig. 20.22    Face 
hyperpigmentation due to 
chronic antibiotic 
suppression with 
minocycline       
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  Abstract   Total ankle replacements have some peculiarities in comparison to other 
arti fi cial joints. The workout and the algorithm to evaluate a suspicion of an arti fi cial 
ankle infection is presented and discussed in the chapter.  

  Keywords   Total ankle replacement  •  Complications  •  Infections  •  Algorithm      

    21.1   Total Ankle Replacements 

 Total ankle replacements of various designs (Fig.  21.1 ) are becoming more common 
since many patients and doctors assume a superiority of ankle replacements over ankle 
fusions over time. Ankle replacements might have the advantage of protecting adjacent 
joints from early arthritis since range of motion in the ankle is somewhat preserved. So 
far larger studies and a literature review have failed to demonstrate a superior outcome 
of total ankle replacements over ankle fusions  [  1–  3  ] . The infection rates of ankle 
replacements seem to be higher than in ankle fusions  [  3  ] . This is most likely caused by 
wider surgical exposure and larger foreign body. Of note it is often easier to revise an 
infected fusion than an infected ankle replacement. With an infection fusion suppres-
sion of the infection until the fusion heals and then removal of the hardware (usually a 
few screws) is a valid option. This is not a choice in infected ankle replacements.   

    21.2   Scope of Problem 

 Recent studies have shown that the rate of infection in total ankle replacements is 
signi fi cantly higher than in total knee and total hip replacements with rates pub-
lished as high as 6 %  [  3  ] . There are multiple reasons why this might be the case. 
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Many patients who are candidates for total ankle replacements have an underlying 
diagnosis of posttraumatic arthritis often with multiple previous surgeries, multiple 
surgical scars, and therefore compromised soft tissues. Additionally, many patients 
have comorbidities including diabetes and peripheral vascular disease that can cause 
poor blood supply due to microangiopathy as well as macroangiopathy. Overall the 
soft tissue coverage over the prosthesis is scarce, even scarcer than in total knee 
replacements. Limited soft tissue coverage is an argument why the rate of infection 
in total knee replacements is higher than in total hip replacements. Down at the 
ankle, this problem is even more pronounced.  

    21.3   Diagnostic Problems 

 Many patients with major surgery around their ankle will have a signi fi cant degree of 
soft tissue swelling and even some warmth and erythema. These signs do not neces-
sarily indicate an infection. They could just re fl ect a prolonged healing process. In the 
immediate postoperative period, it is hard to distinguish. Sequential CRP, ESR, and 
white blood cell monitoring are good indicators with rising parameters after a few 
days postoperatively constituting a warning sign. Drainage that persists past 7 days 
after surgery is certainly a reason for concern. In case of doubt, it is better to intervene 
early and do an appropriate irrigation and debridement with liner exchange and har-
vest of intraoperative cultures. Antibiotics should only be started at the time of this 
surgery. Starting antibiotics randomly without surgical intervention might suppress 
the infection subclinically for some time but in the end lead to a more resistant infec-
tion in the total ankle prosthesis with a patient that is often in chronic pain. 

a b

  Fig. 21.1    Scandinavian total ankle replacement (STAR) (R. Trebše archive). ( a ) a.p. view, 
( b )  lateral view       
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 Infection rates of total ankle arthroplasties in registry-based data are stated as 
less than 1 % with signi fi cantly higher aseptic loosening complication rates  [  4–  6  ] . 
A doubt arises if all aseptic loosenings in the literature are truly aseptic or if they 
might encompass some septic loosenings with low-grade or suppressed pathogens 
that were not properly diagnosed. An important question to clarify in the patient’s 
history is if he or she received oral antibiotics at any time after implantation for a 
presumed cellulitis in the area of surgery. Well-meaning primary care physicians 
often initiate antibiotic therapy for this kind of clinical picture. In order to guarantee 
the best long-term outcome for patients with loose ankle replacements or suspicious 
soft tissues, all efforts should be undertaken to rule in or rule out an infection with 
the help of the diagnostic algorithms presented in this chapter (Figs   .  21.2  and  21.3 ). 
Oral antibiotics that are given without the proper diagnosis of an infection should be 
stopped and determination of the pathogen should be attempted after discontinua-
tion of antibiotics for at least 5 days.    

    21.4   Treatment Problems 

 Many patients with infected total ankle replacements do present with a signi fi cant 
soft tissue problem and even dehiscence and large defects around the prosthesis. 
Along with the necessary orthopedic surgery and antibiotic treatment, these patients 
often do require coverage with  fl aps and skin grafts. It is recommendable to involve 
plastic surgery early in the treatment course of infected ankle replacements in order 
to improve the outcomes. Vacuum seals are very popular in wound infections and to 
treat soft tissue defects. They can be used for wound management where the fascia 
is closed over the implant or no implant is in place. Vacuum seals are not recom-
mended directly on bone or on an implant, since they will maintain the colonization 
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  Fig. 21.2    Suggested diagnostic and treatment algorithm if symptoms last less than 3 weeks       
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with skin bacteria on foreign materials or bradytrophic tissue and lead to resistant 
bacteria on these structures if used with antibiotic therapy. In some patients, the 
joint is not salvageable, and an arthrodesis, often with large osseous defects 
(Figs.  21.4  and  21.5 ), will have to be attempted. Rarely even below the knee ampu-
tation will be necessary if multiple revision surgeries and targeted antibiotics do not 
render the ankle infection free.        
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  Fig. 21.3    Suggested diagnostic and treatment algorithm if symptoms last more than 3 weeks       
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the removal of the prosthetic 
ankle (R. Trebše archive)       
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  Abstract   The emerging technology of percutaneous osseointegrated skeletal 
attachment of arti fi cial limbs, for the amputee population, presents new research 
and clinical challenges for preventing and treating infections at the implant/skin 
interface and the deep bone/implant attachment. The goal of this chapter is to review 
the current literature and to identify the challenges and possible solutions to these 
challenges that would ultimately allow wider introduction of this technology, par-
ticularly for the bene fi t of patients with multiple short stump amputations not 
 amenable to current socket prosthetic docking systems.  

  Keywords   Amputees  •  External osseointegrated implant  •  Complications          

    22.1   Introduction 

 For centuries, stump socket prosthetic docking technologies have been the only 
means for the attachment of arti fi cial limbs to patients with limb loss. This grasping 
of the residual limb through the stump skin, underlying soft tissues, and boney 
prominences has always been a source of problems that can prevent the truly 
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 effective use of prosthetic arms and legs. In spite of advances in biomaterials and 
socket designs, including suction sockets and harness attachment, these dif fi culties, 
which are intrinsic to the biology of the amputation stump and the physics of the 
stump/socket attachment system, are unlikely to have a timely solution. When put 
into the perspective of the activity expectations and the physical demands of modern 
day patients, particularly young and otherwise healthy patients with short stumps 
and multiple limb amputations, like those resulting from the wars in Iraq and 
Afghanistan, the limitations of socket technology become glaringly obvious.  

    22.2   Issues with Current Socket Technologies 

 In even the most advanced socket technologies, maintaining proper stump/socket  fi t 
is very dif fi cult and very expensive. Stump volumes  fl uctuate due to soft tissue 
edema and muscle and soft tissue atrophy. Muscle atrophy and bone mineral loss 
occur from failure to mechanically load these tissues. Improper  fi t results in pressure 
sores, skin breakdown, and sometimes infection.    Resultant stump pain prevents 
socket use and some otherwise optimally  fi tted sockets, in even single-limb  amputees, 
allow only several hours of prosthesis use each day.    Between 62 and 95 % of all 
amputees experience skin breakdown  [  1 ; Todd Kuiken – personal communication]. 
Because socket-induced pain can result in halting and inef fi cient and antalgic gait 
patterns, patients experience back pain, early osteoarthritic changes in the joints of 
the opposite intact extremity, and greater metabolic and oxygen demands compared 
to individuals with normal gait patterns. Upper extremity prostheses also produce 
skin breakdown and the inability to lift weight and maneuver complex robotic arms. 
Suspensory systems such as straps and socket  fl anges impinge upon the shoulder 
girdle and breasts. Socket impingement on the pelvis and groin, particularly in bilat-
eral short stump amputees, prevents sitting with prostheses attached. As “donning 
and dof fi ng” of lower limb prostheses is a lengthy and time-consuming process that 
requires undressing, exertive physical effort, and the common need for assistance, 
“walking” in sockets is dif fi cult and inconvenient and becomes more and more 
infrequent. Adding to these limitations, situations of multiple short stump amputa-
tions (of both upper and lower extremities), heterotopic ossi fi cation seen particu-
larly with the military victims of improvised explosive device (IED) blast injuries, 
and the problems of obesity and psychological depression, it is no wonder that prac-
tical locomotion eventually devolves to the use of a wheelchair. 

 Short of limb regeneration, the attachment of exoprostheses directly into the 
bone of the residual limb, offers an ideal solution to the problems of socket technol-
ogy. Direct skeletal docking obviates the need for sockets, allows muscle function 
and bone loading, eliminates skin breakdown, reduces pain, and improves gait  [  2  ] . 
Ideal for multiple extremity limb loss and short residual limbs, this technology 
allows implantation into as little as 10–12 cm of remaining bone. There is no socket 
to impinge upon proximal joints and shoulder or pelvic girdles, and any underlying 
heterotopic ossi fi cation is essentially bypassed  [  3  ] . As the residual limb bone retains 
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proprioceptive innervation, patients utilizing skeletal prosthetic attachment 
 experience “osseoperception,” which is an ability to perceive underlying terrain 
changes and limb position in space  [  4  ] . There is little to no restriction on the length 
of time the prosthesis is worn, short of discomfort at the attachment site. The pro-
cess of “donning and dof fi ng” exoprosthetic limbs is effortless and takes only sec-
onds. Patients can repeatedly sit and stand, and unlimited sitting with attached 
prostheses even with bilateral short limb amputations is no longer a problem  [  5  ] . 
Finally, skeletal attachment is ideal for the secure docking of advanced exoprosthe-
ses, such as the DEKA arm, Utah arm, and powered knee prostheses, as well as 
robotic devices with neural and myoelectric control systems.  

    22.3   Percutaneous Osseointegrated Prostheses 

 It is beyond 20 years since Rickard Brånemark  fi rst introduced skeletal exopros-
thetic attachment in human patients  [  6  ] . There are now three systems of percutane-
ous osseointegrated prosthesis (POP) attachment currently in use in European 
amputee volunteers  [  2,   7,   8  ] . As would be anticipated, a major complication facing 
this technology is that of infections at the implant stoma and the deep bone-implant 
interface. The deep infections may begin with primary bacterial contamination 
occurring during initial implantation surgery or later due to the hematogenous 
spread of bacteria from the skin, mouth, or urogenital tract as in conventional total 
joint arthroplasty infections  [  8–  10  ] . Percutaneous osseointegrated devices, how-
ever, bear the additional vulnerability of ascending infection with ingress along the 
tract of the stomal linkage that begins with a super fi cial stomal infection and can 
conclude with deep periprosthetic infection and osteomyelitis. 

 Historically, the infection rates in POP devices, including deep and super fi cial 
infection, range from 18 to 30 %  [  8,   11  ]  (Astrid Clausen and Horst Heinrich Aschoff 
– presentation at the First International Endo-Exo Meeting, May 2009, Lubeck, 
Germany). While these historic infection rates are signi fi cantly higher than those 
experienced in total joint arthroplasty (between 1 and 2 %), it is interesting that 
most patients, perhaps greater than 70–80 %, experience no signi fi cant problems 
from infection and indeed are infection-free for periods of years  [  8  ] . This is quite 
remarkable in that it would be intuitively anticipated that 100 % of devices would 
become infected because the bone/implant interface communicates with the outside 
microbial environment. While it appears that through modi fi cation of implant 
designs and postoperative strategies these infection rates have decreased  [  7 ; Horst-
Heinrich Aschoff – personal communication], percutaneous systems face the same 
problems inherent to any implanted device, i.e., those of microbial resistance to 
antibiotics  [  12,   13  ] , bio fi lm  [  14–  17  ] , and persister cell  [  18,   19  ]  infection, and some-
times the ultimate need to remove devices to control infection  [  7,   8,   20,   21  ] . 

 Percutaneous-bone-attached prostheses, by de fi nition, have two structural 
requirements with biological implications. The  fi rst is an osseointegrated bone/
implant interface involving viable bone growing into or attaching onto a metal 
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implant. Current systems have either a “cancellous” structured surface in intimate 
initial contact with endosteal bone  [  7,   8  ]  or a smooth implant with the con fi guration 
of a large screw, which, after tapping the medullary canal, is screwed in place into 
the canal  [  2  ] . These systems, unlike total joint replacements, have no moving parts 
subject to wear and in theory are free from the risk of particle debris and resultant 
particle-induced osteolysis. As they have the potential to last a lifetime, the stable 
biological attachment provided by osseointegration (OI) is, in theory, a much better 
attachment option than that of bone cement. The second “biostructural” require-
ment is a skin-implant interface or stoma, the exit point of the POP that permits the 
linkage between the stump bone and the exoprosthesis. Again, in current European 
models, this interface is handled by different strategies. In the Brånemark titanium 
alloy  fi xture and abutment system (see Figs.  22.1a  and  22.2a ), the defatted skin is 
attached and grows onto the distally resected surface of the vascular cortical stump 
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  Fig. 22.1    Representative European percutaneous OI implant designs. ( a ) Brånemark    design by 
integrum AB Sweden. ( b ) ESKA endo-exo prothesis Germany.  1  femurstem,  2  sleeve (optional),  3  
dual cone adapter,  4  silicone cap,  5  sleeve,  6  rotating disc,  7  knee connecting adapter. ( c ) ITAP 
prothesis UK       
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  Fig. 22.2    European percutaneous osseointegrated implants in human subjects in clinical trials. ( a ) 
Brånemark implant in humerus. ( b ) Endo-exo implant in femur       
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bone, limiting skin motion at the stoma. Thus, the distance from the outside  microbial 
environment to the endosteal bone is only millimeters  [  2  ] .   

 The endo-exo system of Aschoff uses medullary canal press  fi t and has a cast-
structured cobalt chrome steel shaft and an expanded section that caps the end of the 
stump bone (see Figs.  22.1b  and  22.2b ). In the third generation of the endo-exo 
device, the second stage surgical procedure uses a core to penetrate the skin, inten-
tionally leaving a 2 cm depth of skin and underlying healthy soft tissue to “separate” 
the outside microbial environment from the cap of the device. This cap is itself dis-
tal to the resected bone surface and thus protects against bacterial entry to the 
endosteal bone  [  7  ] . The soft tissue tract along the connecting shaft, in theory,  fi lls 
with granulation tissue from the deep regions of the initial surgical wound and 
simultaneously re-epithelializes, i.e., the surface skin grows down into the granula-
tion tissue in the soft tissue tunnel. It is assumed that, as the wound matures, this 
epithelialized surface attaches in the deep granulations, providing a biological bar-
rier to microbial ingress. 

 The ITAP device, designed by Blunn’s group  [  22  ]  at the University College 
London, is in essence a hybrid of the two previously described devices in that it 
employs a press- fi t titanium alloy stem and a porous subcutaneous titanium  fl ange 
(see Fig. 22.1c   ), the latter with novel surface features that attempt to mimic the 
boney anatomy at the skin/bone interface in deer antlers  [  23  ] . With the skin showing 
secure attachment to this hydroxyapatite-coated  fl ange, the investigators designate 
this system to be one of “osseocutaneous integration” or one where both the bone 
and the skin become integrated with the implant. 

    22.3.1   Infection Associated with Current OI Implants 

 The incidence of infections associated with the current percutaneous skeletal attach-
ment systems appears to be changing as the systems and techniques themselves 
have undergone improvement iterations over time. Brånemark’s group, as of 
September 2009, had treated over 100 patients with femoral titanium implants: 3 
with tibial implants, 15 with humeral implants, and 20 with implants in the radius 
or ulna of the forearm  [  5  ] . In order to allow for improvements in technique estab-
lished from 1990 to 1999, once a standard treatment protocol was de fi ned, Tillander 
et al.  [  8  ]  evaluated a cohort of 39 patients previously treated with 45 transcutaneous 
osseointegrated titanium implants, selected during a 6-month period in 2005, and 
then identically reevaluated the cohort after 3 years. Their aims were to describe the 
frequency of clinical infections and the bacterial  fl ora at the stoma and its relation 
to the development of local and implant-related infection as well as antibiotic use. 
Intramedullary titanium “ fi xtures” had been implanted a mean of 54 months earlier 
than the  fi rst study (range 3–132 months). The cohort randomly captured 33 femo-
ral, 1 tibial, 4 ulnar, 4 radial, and 3 humeral implant patients returning for routine 
clinical follow-up in that 6-month window. There were three more men than women, 
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and mean age was 49 years (range 28–74 years). Implants were considered 
 osseointegrated when they were stable upon clinical examination and pain-free 
when loaded and radiography showed no radiolucent zone around the implant, indi-
cating loosening. It was assumed that these patients were a representative sample of 
the entire population  [  8  ] . 

 In the Tillander study, routine patient follow-up included an evaluation for pain, 
implant stability, and the condition of the skin and soft tissues. Radiographs were taken 
for evidence of implant loosening or deep infection (“osteolysis with or without 
periosteal sclerosis”). A questionnaire determined any infectious complications and 
antibiotic use during the 6 months preceding evaluation. At the beginning of the study 
and at 2.5–3 years follow-up, microbial samples were taken from the native, unprepared 
skin-implant interface with a sterile cotton swab and “cultured on routine agar plates for 
at least 2 days.” No mention was made of the use of enrichment culture media, modi fi ed 
growth conditions, or extended incubation periods, which would be required to detect 
fastidious, anaerobic, or slow growing bacteria, respectively. However, it was mentioned 
that it was unfortunate that genetic typing of the bacteria was not done. 

 Clinical degrees of infection were de fi ned as:

    1.     De fi nite implant infection : Clinical symptoms and radiographic signs of deep 
implant infection and three of  fi ve intraoperative cultures with the same 
pathogen.  

    2.     Probable implant infection : Same criteria but with a “positive relevant culture.”  
    3.     Possible implant infection : Same criteria but no relevant cultures.  
    4.     Local infection in the skin penetration area : Local signs and symptoms of infec-

tion including in fl ammation, with or without secretions, but no evidence of deep 
infection including negative radiographs but positive  or  negative relevant stomal 
cultures.  

    5.     Bacterial colonization around the skin-implant interface : No in fl ammation or 
symptoms of infection with or without secretion, negative radiographs but posi-
tive bacterial cultures.     

 From their results, infection frequencies for de fi nite/probable/possible implant infec-
tions at inclusion were 5 % (2 of 39), while the questionnaire revealed that 6 months 
prior to inclusion, seven patients had experienced local infections at the stoma, and 
of these, four were successfully treated with short-term antibiotics. At the study’s 
2.5–3 year endpoint, the investigators reported 18 % (7 of 39) of the patients had 
infections; however, it is worth noting that due to some dropouts and poor compli-
ance, only 30 patients had cultures taken. The “results” for the limbs of the remain-
ing nine patients were reported to be infection-free by local physicians. During the 
6 months preceding the last data points, 11 of the 39 patients had local infections, six 
of whom had been treated with short-term antibiotics. Fourteen patients had secre-
tion from the “skin pocket,” and of these, ten patients had purulent secretions. 

 The seven infected cases involved six patients with femoral implants and one 
with a humeral device. Two femoral patients had chronic skin  fi stulas for 5 years 
prior to and throughout the study but with no pain, fever, or implant loosening and 
no antibiotic therapy. They were listed as implant infections and grew group B 
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Streptococcus (GBS) from the  fi stula and GBS and  Proteus mirabilis  from the skin 
penetration site in one-patient and coagulase negative staphylococci (CNS) from the 
 fi stula and  Staphylococcus aureus  at the stoma, in the other. Two other infected 
patients had “poor primary osseointegration,” which assumes preexisting micromo-
tion at the bone-implant interface. One had the femoral device extracted and grew a 
mixed  fl ora of CNS, alpha streptococci, and  Peptostreptococcus  sp.    The humeral 
implant had a stomal culture of CNS, but an  Escherichia coli  infection was veri fi ed 
by deep culture at biopsy and was treated for 6 months with cipro fl oxacin. One year 
later there were no signs of relapse. Two of the remaining patients had good primary 
osseointegration but bone and soft tissue infection, one with  S. aureus  and CNS and 
the other with  S. aureus  and  Enterococcus faecalis . Each had a revision and pro-
longed antibiotic treatment and was listed as “on-going.” Finally, one femoral 
implant patient had acute osteomyelitis at the mid- fi xture level and grew CNS and 
 S. aureus.  The functional summary of these six patients with salvaged devices stated 
that in two patients “prosthetic use was not affected at any time, three patients were 
affected only brie fl y during the time around surgical intervention, and for the patient 
with acute osteomyelitis the treatment outcome is still pending.” 

 The most common bacteria at the stoma in all patients (those with and without 
infection) were  S. aureus  > CNS > GBS > group G Strep > group A Strep. Other bac-
teria cultured at the interface, in single uninfected patients, were  Citrobacter  sp., 
 Serratia  sp.,  Pseudomonas  sp., other Gram-negative rods, aerobic  Streptococci , 
alpha  Streptococci,  and Coryneforms. Eight of the inclusion stomas showed no bac-
terial growth, but none of the  fi nal cultures, at the end of the study, were negative, 
and all grew at least colonizing bacteria. There were no methicillin-resistant 
 Staphylococcus aureus  strains detected during the study. 

 Brånemark’s group speculated that bacteria ascending from the stoma, facilitated 
by loose devices, likely accounted for infections in two of their patients. No patients 
appeared to develop infection from residual contamination resulting from the initial 
surgical procedures as infections were commonly delayed beyond 2 years, and were 
more likely the result of hematogenous spread similar to those seen in late infec-
tions common to the arthroplasty experience. Approximately half of the patients 
were colonized with  S. aureus  at the skin interface; however, only three patients 
suffered from a  S. aureus  infection.    The investigators felt that titanium oxide is 
more biocompatible than stainless steel and cobalt chrome alloys and that the tight 
junction at the bone/implant interface might help prevent bacterial adhesion, deep 
colonization and subsequent bio fi lm formation, and infection. 

 In 1999, ESKA Implants of Lubeck, Germany, produced the  fi rst generation 
endo-exo femur prosthesis, and it was implanted into the femur of a young motor-
cyclist with a transfemoral amputation. In 2010, Aschoff et al.  [  7  ]  reported on a 
population of 37 patients, mostly male (30 of 37) trauma victims using the  fi rst and 
second generations of this device. In a  fi rst stage procedure, the stable amputation 
stump is revised of redundant soft tissue, the medullary canal prepared with “cold” 
rasps, and the implant impacted into the femoral canal. The femur is cut proximally 
to 16 cm from the knee axis to allow for the joint mechanism of the prosthetic limb. 
Six to eight weeks later, using a sharp circular coring tool with a diameter  intentionally 
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greater than the diameter of the connecting coupler, the skin is entered and the 
 prosthesis coupler is attached to the intramedullary implant. Once the coupler is 
attached, “the skin heals around it in a few days.” The skin will epithelialize around 
the stoma channel from the outer skin margin, and granulating connective tissue will 
 fi ll in the gap from the femoral cortex out, “in a manner similar to how a dental 
implant heals.” Full weight bearing occurs in 4–6 weeks of this procedure  [  7  ] . 

 Analysis of Aschoff’s patients showed, as with Brånemark, better results with 
increasing experience with surgical and rehabilitative procedures and advancing 
implant design changes. Twenty of the 37 patients underwent further revisions and 
four required implant removal, of the latter, one for chronic intramedullary infec-
tion, two for “chronic soft-tissue problems at the dermal interface” (not de fi ned as 
infection), and one with mechanical implant failure at 7 years (the metal exit point 
broke). Two of these patients had successful reimplantation at a later date. Fourteen 
patients had problems with the rough subcutaneous surface of the  fi rst generation 
implant, and 12 of these had replacement with a smooth polished coupler solving 
the problem of skin irritation. These revisions were not due to infection. 

 In May of 2009, Drs. Astrid Clausen and Horst Aschoff presented a summary of 
the microbiological analysis from the endo-exo femur prosthesis (EEFP) experience, 
at a meeting in Lubeck, Germany. Apparently, they used “conventional agar plate 
culture techniques,” presumably implying the isolation of bacteria capable of grow-
ing under aerobic conditions only. At this stage of implant development, they reported 
ten “clinically relevant” infections in 30 patients. The bacterial populations were 
very similar to those reported by Brånemark and included  fi ve patients with  S. aureus , 
three with  Peptostreptococcus , three with Bacteroides, and one each with multiresis-
tant  Staphylococcus epidermidis ,  Enterobacter ,  Proteus mirabilis,  and beta-hemo-
lytic  Streptococcus viridans . As these numbers total greater than ten bacterial strains, 
they indicate that some patients had mixed infections. Of these ten patients,  fi ve were 
classi fi ed as early infections linked with implantation of the EEFP and  fi ve were late 
infections. While the infecting bacteria were presumed pathogens, many of the same 
species were cultured at the stoma of uninfected patients and many stomas showed 
polymicrobial colonization. The quantity of bacterial colonization included 13 with 
 S. aureus , 3 Bacteroides, 3  Enterococcus faecalis , 3  Escherichia coli , 3 
 Peptostreptococcus  sp., and 3 group B  Streptococci , with the number of bacterial 
species colonizing any given stoma 0–7 species. The spectrum of colonizing bacteria 
included, in addition to those mentioned,  Acinetobacter  sp., MRSA,  Staphylococcus 
haemolyticus  and  S. anginosus ,  Pseudomonas aeruginosa ,  Proteus  sp., and 
 Peptostreptococcus  sp. Of note was that the patients done earliest in the series and, 
still free of infection, had a more varied polymicrobial colonizing  fl ora, including 
aerobic and anaerobic bacteria, than patients operated later in the series. 

 Aschoff’s conclusions pertaining to the microbiology of his initial experience were:

   “Bacterial colonization of the stoma is unavoidable.” (and we might add, may be 
bene fi cial.)  
  “Bacterial colonization does not correlate with infection.”  
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  “Pathogenicity and virulence of bacteria does not correlate with the appearance 
of infections.”  
  “Disinfection and antibiotic treatment of colonizing bacteria are 
counterproductive.”    

 In 2010, the Stanmore group  [  24  ]  reported the 2-year follow-up of their experi-
ence with “osseocutaneous integration” of a press- fi t, intraosseous transcutaneous 
implant in a transhumeral amputee. Surgery was done as a single-stage procedure. 
As mentioned previously, their system is a hybrid of the devices used in the two 
larger series. The defatted skin with its’ subdermal vascular plexus intact attaches to 
a parasol-shaped subcutaneous porous and perforated titanium expansion ( fl ange) 
of the intramedullary attachment.    The surface, that is intended to mimic the exit 
region of the deer antler and that allows bone and skin attachment, is coated with 
hydroxyapatite. On the  fl ange this coating ends at the central exit shaft that is then 
further coated with diamond-like carbon. The skin is held against the  fl ange surface 
with a Poron washer during the time the cutaneous integration occurs. At the time 
of publication, this was the only patient to receive this device. There had been no 
episodes of infection, and with a fairly large expansion for attachment of skin and 
soft tissue, they reported that the “skin-implant interface remains stable, with no 
serous discharge or pain.”  

    22.3.2   Prevention of OI Implant Infection 

 Avoidance of deep and super fi cial infection, in the situation of a percutaneous 
device interface, is a complex problem, and clinical investigators working with 
human volunteers and some with translational animal experimentation have 
approached the problem in various ways. There seems to be a general consensus 
that the skin-implant interface should ultimately become micromotion-free and that 
a solid device/bone interface is essential. Brånemark found that preexisting implant 
loosening resulted in deep infection, and in a sheep amputation implant system, we 
found that implant loosening resulted in the only deep infections in the series. 
Immediate and continued, tight and stable implant “ fi t and  fi ll,” in the medullary 
canal, is absolutely essential when weight bearing is begun if osseointegration rather 
than  fi brous attachment is to be achieved. Fibrous attachment leads to ultimate loos-
ening and infection. 

 The time it takes for osseointegration to occur varies with device design. In 
human designs impacted (press  fi t) into the medullary canal, weight bearing is 
begun generally at about 12 weeks from the  fi rst stage surgery  [  7  ] . In patients with 
good bone, this period is sometimes shortened to allow partial weight bearing sev-
eral weeks after the second stage percutaneous attachment is placed. Using a can-
cellous structured titanium implant surface, our press- fi t sheep amputation model 
showed that very stable osseointegration occurs by 3 months and continued to 
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increase out to 1 year, as veri fi ed by scanning electron microscopy and Instron 
 pull-out studies  [  25  ] . Interestingly, in this translational model, the sheep bore weight 
immediately after the single-stage procedure. The Brånemark system uses a tita-
nium screw that is placed into the tapped medullary canal  [  5  ] . Since weight bearing 
puts non-impacting forces on the interface, they delay weight bearing until pre-
sumed osseointegration occurs based upon past clinical experience and pain felt by 
the patient at the attachment site with weight bearing. This can delay full weight 
bearing for much longer periods of time out to 12–18 months. It appears that 
osseointegration can occur with either a structured cobalt chrome interface or with 
titanium implants. There has been discussion that the biocompatibility of titanium 
may be an asset to a tight interface attachment and that this solid bond excludes 
bacterial bio fi lms from the interface once the race for the implant surface, a race 
between potentially infecting bacteria and ingrowing bone, is won by the bone  [  5  ] . 
Tight and precise initial “ fi t and  fi ll” apposition of the implant to the medullary bone 
(see Fig.  22.3a ) with less than 50  m m separating the two surfaces favors rapid 
osseointegration (see Fig.  22.3b ) and lessens a  fi brous tissue interface and probably 
the chance of infection  [  26,   27  ] .  

 Having a “cap” on the entrance to the medullary canal may prevent deep bac-
terial ingress, assuming healthy skin and soft tissues surround the cap. All 
devices other than the Brånemark system have this feature and, in our sheep 
model, an immediate skin seal, and cap separation (see Fig.  22.3c ) probably 
contributed to our sheep remaining infection-free out to 1 year, in a barnyard 
environment  [  25,   28,   29  ] . 

 The design of the surface structure of the shaft connecting the implant to the 
outside environment has been approached in several ways. The Brånemark design 
is an abutment of titanium that in theory has minimal soft tissue surrounding it as it 
exits the bone surrounded by defatted skin attached to the bone portal. The endo-exo 

a

Time = 0 3−months 6−months 12−months

c

b

  Fig. 22.3    Translational animal model of osseointegration and skin seal in sheep with porous struc-
tured titanium. ( a ) X-ray showing medullary “ fi t and  fi ll.” ( b ) SEM-back scatter image showing 
bone integrating with porous implant at various times post surgery. ( c ) BJRL implant in a sheep 
forelimb (2 weeks post surgery)       
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femur prosthesis has eliminated the aggressive subcutaneous structure of the  fi rst 
generation (which eroded through the skin) and the smooth cobalt chrome steel of 
the second generation, in favor of a third generation, low energy, ultra smooth sur-
face of “oxy-nitrate” that prevents bio fi lm adhesion by a “lotus effect” (Horst 
Aschoff - personal communications). These patients wash their interfaces once or 
twice daily with a mild soap and a soft washcloth or shaving brush and wrap a sterile 
sponge around the shaft to absorb any serous drainage. In most patients, there is 
little or no drainage, and with this third generation device, there have been no infec-
tions in 24 of 24 patients, with some of the patients possessing implants for almost 
3 years. Aschoff avoids disturbing colonizing bacteria with disinfectants and rigor-
ously avoids antibiotics for fear of bacterial evolution to resistant forms and 
superinfection.   

    22.4   The Skin Microbiome and Its Implications 

 As previously mentioned, it is remarkable that 70–80 % of patients with skeletal 
docking of their prosthetic limbs remain infection-free for years, and it seems likely 
that the biology of the skin-implant interface holds the clue to this improbable suc-
cess. Recent advances in molecular identi fi cation of bacteria have shown that only 
3 % of the resident bacteria populating the human skin can be found with conven-
tional culturing techniques. 

 The Human Microbiome Project (HMP) [  http://nihroadmap.nih.gov/hmp    ], initi-
ated by the National Institutes of Health in 2007, has sought by molecular means, to 
determine all of the genomes of the myriad bacteria that defy cultivation but populate 
the human  [  30  ] . The skin and four other body sites are being characterized (mouth, 
vagina, gut, and nasal/lung). The intent of the HMP is to determine if changes in the 
human microbiome are associated with human health or human disease states and if 
it will “also de fi ne parameters needed to design, implement and monitor strategies 
for intentionally manipulating the human microbiota, to optimize its performance in 
the context of an individual’s physiology”  [  30  ] . The skin microbiome  [  31  ]  has been 
found to vary with skin sampling sites on the individual (axilla, groin, nares, chest, 
forearm, etc.) but correlate with speci fi c sites in multiple individuals  [  32  ] . There is 
also temporal variability that is somewhat site speci fi c in individuals; although gen-
erally individuals remain more like themselves, over time, than like other tested sub-
jects  [  33  ] . Although the relationships are complex, there is strong evidence to suggest 
that microbes that can live commensally on the skin, i.e., from the genera 
 Staphylococcus ,  Corynebacterium ,  Propionibacterium ,  Streptococcus , and 
 Pseudomonads , may directly bene fi t the host (mutualism) and only rarely will they 
become pathogens  [  34  ] . They indeed can inhibit other pathogenic bacteria and com-
bine to maintain healthy skin by helping to promote the skin bacterial barrier and 
enhance innate immunity. In fact a product of  Pseudomonas  fl uorescens  has been 
used as a topical antibiotic (mupirocin) against staphylococcal and streptococcal 
pathogens, and  Pseudomonas  itself inhibits the growth of many fungal species  [  34  ] . 

http://nihroadmap.nih.gov/hmp
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The history of bone and joint infection has amply shown that bone is particularly 
vulnerable to  S. aureus   [  12,   13  ]  and that it is less susceptible to Gram-negative bacte-
rial invasion, although not completely so  [  35,   36  ] . It seems highly likely that seren-
dipitous variation in the colonizing bacteria comprising the stomal microbiotas of the 
70–80 % of individuals who tolerate percutaneous bone docking systems plays an 
unrecognized role in implant survival. Further molecular studies of the stoma and 
surrounding skin may open the door to manipulating them to the advantage of the 
individual. Perhaps, the unrecognized polymicrobial communities of bacteria colo-
nizing the skin-implant interface are indeed the guard dogs at the gate.      
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  Abstract   The most important issue in treatment of PJI is the correct evaluation of the 
patients and the decision about the appropriate treatment strategy, namely, debridement 
and retention, one-stage exchange, two-stage exchange, permanent resection arthro-
plasty, and permanent antibiotic suppression. The chosen strategy determines the  fi nal 
functionality and clinical results but the probability of infection cure as well. In gen-
eral, more aggressive treatment results in poorer functionality but better chance of 
eradication of infection. This is not true for all subsets of patients. The algorithm helps 
to discriminate which patients would have an acceptable probability for eradication 
with less invasive treatment strategy. The goal is to apply the strategy that gives the best 
function without trading-off the probabilities of permanent infection cure too much.  

  Keywords   Algorithm  •  Diagnosis  •  Surgical strategy  •  Medical treatment      

    23.1   Introduction 

 Prosthetic joints can fail in many ways and the underlying reasons are numerous 
(Fig.  23.2 ). A PJI is an iatrogenic condition in which there is a con fl ict between 
organisms growing on a foreign material causing infection and host defense mecha-
nism. The proprieties of the foreign material, the virulence of the invading organ-
ism, and the strength of the host defense mechanisms determine the clinical 
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manifestation of the disease (Fig.  23.1 ). It is thus easy to understand the whole vari-
ety of clinical manifestations that range from acute fatal sepsis to a fully asymptom-
atic course. The concept of asymptomatic infections is not widely accepted, but a lot 
of evidence supports it  [  7,   15,   23  ] . These infections are relevant because they can 
become clinically manifested in the case of sudden deterioration of immune status 
as after application of biological or other immunosuppressing drugs and in other 
conditions that in fl uence host defense mechanisms.   

 The precise incidence of the device-related infections is thus not known, but the 
published incidence (refer to Chap.   6    ) is surely underestimated and depending on the 
working de fi nition. The stronger the diagnostic tool used, the higher the incidence of 
the infection found. 

 As for the treatment of any disease, the most important issue in the evaluation of 
a problematic arti fi cial joint is to  fi nd a correct diagnosis. Since the treatment of a 
septic and aseptic failure of an implant differs considerably the major challenge in 
revision surgery is to reliably diagnose infection preoperatively. Wrongly diagnosed 
PJI as an aseptic failure leads to high rate of subsequent failures. 

 Every symptomatic arti fi cial joint with no obvious reason for the symptoms and 
also joints that failed prematurely are potentially infected and need assessment 
regarding infection.  

 The diagnostic evaluation consists of veri fi cation of the presence of an ongoing 
infection, isolation of the etiologic organism, and determination of its antibiotic 
susceptibility. It is of the utmost importance to perform the diagnostic evaluation 

  Fig. 23.1    High variability of clinical presentation patterns for prosthetic knee infections       
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before starting with treatment activities. If it is not successful, the last chance to 
determine the presence of an infection and obtain the organisms with its antibiotic 
resistance pattern is during the surgical procedure. If we fail any treatment after-
ward is guesswork and the prognosis poor. 

 Diagnosing a PJI can be very easy in the case of high-grade infections but dif fi cult 
in low-grade ones. Consequently, we need to build up the diagnosis by using staged 
system to con fi rm the suspicion and  fi nally to ful fi ll one of the aforementioned cri-
teria (refer to Chap.   4    ) that determine that an arthroplasty is infected.    If more than 2 
out of 3 or more tissue cultures grow the same organism (one positive is enough for 
synovial  fl uid culture taken by aspiration) or there is a direct communication with 
the implant or there is acute in fl ammation around the prosthetic joint in the form of 
pus, either macroscopic, cytological, or histological, the PJI is con fi rmed. 

 In order to institute an appropriate treatment, it is important to de fi ne the indica-
tions for evaluation for infection and the appropriate diagnostic work fl ow. Every 
patient with a problematic implant is a potential candidate for evaluation for infec-
tion if the reason for the problem cannot be readily established.  

    23.2   The Indications for Diagnostic Evaluation 

 Most frequently, patients with a diagnosis of PJI (or infected OS material that 
needs to be treated with a joint prosthesis) present before any attempt of treatment 

  Fig. 23.2    A simpli fi ed    overview of modes of failure affecting arti fi cial joints       
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affected with one of the three classic types, namely, early, delayed, or late infec-
tion, or with a “low-grade” infection that can be of either early, delayed, or late 
onset. 

 There are, however, many patients presenting differently. They commonly 
have a history of PJI (or infected osteosinthesis) and have already been submitted 
to  various attempts of treatment with doubtful success, or they may still have 
problems but it is not known if the symptoms are related to former  infection or 
not. 

 Some of the patients present for a regular second stage after being primarily 
treated for PJI with removal of the arti fi cial joint. It is helpful to follow an algorithm 
for evaluation of these patients to avoid errors, increase success rate, and repeat-
ability (Fig.  23.3 ).  

     Fig. 23.3    The diagnostic algorithm for evaluation of patients presenting for a second step 
(re)implantation of an arti fi cial joint       

 



27323 The Algorithm for Diagnostic Evaluation and Treatment

 They are either with or without a spacer, frequently with some foreign material 
(screw, wire, antibiotic-loaded cement beads, or something else) left in the joint 
region (Fig.  23.4 ).  

 The prior surgical and/or medical treatment at the time of presentation could 
have been conducted properly, insuf fi ciently, or it is unknown. 

  Sometimes the reason for diagnostic workout to evaluate potential infection is an 
early failure of an implant (Fig.  23.5 ), unexplained pain, repeat dislocation, or stiffness. 
It is dif fi cult to de fi ne an early failure. But since most of the contemporary implants 
have more than 90 % survival rate after 10 years with aseptic loosening as an end point 
 [  14  ] , it seems reasonable to consider an early failure if it occurs less than10 years after 
the implantation. There are many potential reasons for an early aseptic failure (Fig.  23.1 ) 
such as poor cementation  [  12  ] , suboptimal component placement (Fig.  23.6 ), overuse, 
implant failure, allergy  [  10  ] , soft tissue problems, trauma, and some others.    

 An important reason especially after the exclusion of the aforementioned reasons 
is infection. 

    Evaluation    for possible infection is one of the necessary and the most 
important steps in the assessment of nearly any patient which presents with a 
problematic arti fi cial joint despite the type of the problem besides those 
presenting with a periprosthetic fracture and aseptic loosenings more than 
10 years after primary implantation. 

  Fig. 23.4    Girdlestone 
situation with antibiotic-
loaded beads still present       
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 Of course, it is possible that even some of those patients that fail more than 
10 years after primary implantation have a low-grade infection. It is, however, 
dif fi cult to justify the complete evaluation since the probability that the cause of the 
failure is in fact an aseptic process is much higher. The history of long-term and 
early-onset problems such as pain, occasional chills, and unexplained fevers raises 
the suspicion that there is a hidden septic process around an arti fi cial joint (or any 
other implant). In patients (especially immunode fi cient) presenting with sepsis of 
unknown origin that have had implanted prosthetic joints or other devices, evalua-
tion of these joints for sepsis is very important even if the joints seem asymptomatic. 
The presence of foreign material gives enough probability for a septic focus to allow 
for evaluation. 

  Strati fi cation . In the  fi rst instance, it is important to stratify presenting patients 
according to the risk factors they carry to determine the probability of infection and 

  Fig. 23.5    Cemented stem 
breakage 2 years after 
implantation. Excellent 
cement mantle       
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base the diagnostic treatment strategy accordingly  [  1  ] . In an immunocompromised 
patient, low-grade symptoms are more likely caused by an infection than in a nor-
mal subject, for instance. There are many studies that can be performed to increase 
or decrease the probabilities for correctly diagnosing a septic failure such as the 
following. 

  Laboratory evaluation . In a recent guideline published by the American Academy 
of Orthopaedic Surgeons (AAOS), screening for in fl ammatory markers like eryth-
rocyte sedimentation rate (ESR) and C-reactive protein (CRP), has achieved strong 
level of recommendation especially for ruling out PJI. The recommendation is sup-
ported by excellent evidence  [  1  ] . Based on the analysis of the included papers, it 
seems, however, that the problem of low-grade infections was underestimated. In 
the recommendation number  fi ve regarding the repeat aspiration, the authors, how-
ever, acknowledged this potential inadequacy. 

  Fig. 23.6    Component malposition resulting in painful total knee 
arthroplasty. The infection was ruled out prior to revision in this 
patient       
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 These low-grade CRP-negative PJI are actually the real challenge if we want 
to avoid early repeat, presumably aseptic, revisions. In our series of 150 + culture 
proven infections, 25 % have presented with CRP below 5 mg/L. The question 
is what would the failure rate be if those would have been treated as normal 
revisions. With combined ESR and CRP, we can successfully rule out 
in fl ammation but not infection. Other studies like peripheral white blood cell 
count and differential are neither speci fi c nor sensitive enough to warrant 
consideration. 

  Imaging . It is important to perform x-ray studies in presumed PJI, mainly to rule 
out other causes for failure and to ascertain whether the implant is stable or loose. 
Other imaging studies to be considered are the arthrography and the  fi stulography. 
CT scan and MRI probably have no major additional role to discriminate between a 
septic and aseptic failure (see Chap.   14       ,  [  1  ] ). 

  Bone scans . There are several nuclear imaging studies useful for diagnostic 
workout of potential PJI (see Chap.   14     for more detailed discussion), namely, bone 
or bone marrow scans, FDG-PET imaging, gallium imaging, or labeled-leukocyte 
imaging, and especially the combinations of the later with either bone or bone mar-
row scan. Their value is not yet fully determined (Chap.   14    ,  [  1  ] ). They are useful to 
narrow the selection of patients that need further diagnostic studies. 

 In all cases, with no obvious aseptic reason for symptoms, it is necessary to 
perform an aspiration to try to obtain the pseudosynovial  fl uid. The sample is than 
cultured (Chap.   17    ,   18    ) and if the quantity of the aspirated liquid allows also anal-
ysed by a cytologist (see Chap.   15    ) and, especially in cases with  low-grade symp-
toms, also by molecular methods (see Chap.   19     ). There is a general consensus to 
withhold the antibiotics for two weeks before the aspiration in patients without 
serious systemic signs of infections  [  1  ] .  Since the sensitivity of the aspiration is 
about 70 % (Chapter   14    ,   17    ,   18     ) a repeat aspiration is justi fi ed in some patients, 
where clinical data and other previous evaluations like bone scans, laboratory 
evaluation etc. indicate high probability of a PJI. 

       The primary goal in the evaluation of PJI is to  fi nd out the germ(s) with its anti-
biotic susceptibility since this information guides further steps.    If the treating team 
was able to diagnose the PJI with a high probability, but was not able to  fi nd the 
germ, the treatment method tend to be the most aggressive, namely, two-stage 
replacement with a long interval between steps. 

    23.2.1   The Allocation    of Patients with PJI to 
Treatment Options 

 It is convenient to divide presenting patients with diagnosed PJI into categories with 
similar evaluation and treatment needs. The considered information retrieved from 
the previous chapter serves as the basis for development of the algorithm about the 
treatment options (Fig.  23.7 ).  

http://dx.doi.org/10.1007/978-1-4471-2482-5_14
http://dx.doi.org/10.1007/978-1-4471-2482-5_14
http://dx.doi.org/10.1007/978-1-4471-2482-5_14
http://dx.doi.org/10.1007/978-1-4471-2482-5_17
http://dx.doi.org/10.1007/978-1-4471-2482-5_18
http://dx.doi.org/10.1007/978-1-4471-2482-5_15
http://dx.doi.org/10.1007/978-1-4471-2482-5_19
http://dx.doi.org/10.1007/978-1-4471-2482-5_14
http://dx.doi.org/10.1007/978-1-4471-2482-5_17
http://dx.doi.org/10.1007/978-1-4471-2482-5_18
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    23.2.1.1   The Causative Agent 

 The most important element for the decision about which way to proceed in the 
treatment protocol is the causative agent with its characteristics especially the sus-
ceptibility against antibiotics.  If the treating team was not able to reliably  identify 
the germ, a predictable treatment can only be a two-stage exchange  since the organ-
ism may not be responsive to any antibiotic treatment. In this case, it also seems rea-
sonable to avoid spacers. They may act as a foreign body if the unidenti fi ed germ (or 
germs) is not reactive to the antibiotics loaded in the cement that forms the spacer. 
Unidenti fi ed agent may even be a fungus or another type of unusual pathogen with 
unknown antibiotic af fi nities like, for instance, those from the genus  Abiotrophia  or 
 Granulicatella  or mixed  fl ora with diverse antibiotic susceptibility. 

 It is important to acknowledge that in general,  PJI caused by rifampicin-resistant 
staphylococci and Gram-negative bacteria resistant to quinolones should better be 
treated by a two-stage exchange .    If organisms, which are generally described as 
“dif fi cult to treat” including MRSA, VRE, molds, yeasts,  Granulicatella , 
 Abiotrophia , and “small colony variants,” are identi fi ed the patient should again 
only be treated by two-stage exchange. If bacteria that caused the PJI are not reac-
tive to planned antibiotic regimens displayed in Table  23.1 , it is better to avoid deb-

  Fig. 23.7    The algorithm for patient allocation to treatment options       
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   Table 23.1    Selection of antibiotics for systemic treatment of PJI  [  22 ,  24  ]    

 Causative agent  Antibiotic  Dose  Alternative  Dose 

 Staphylococci 
( S. aureus 
and CNS ) 
– penicillin 
sensitive 

 benzylpenicillin 
  + rifampicin 
 for 2 weeks, then 
ciprofl oxacin 
 + rifampicin 

 4 × 5 MU 
 2 × 450 mg 

 2 × 750 mg 
 2 × 450 mg 

 i.v.
  p.o. 

 p.o. 
 p.o. 

 cefamezin 
 + rifampicin 

 amoxicillin 
 + rifampicin 

 3 × 2 g 
 2 × 450 mg 

 3 × 750 mg 
 2 × 450 mg 

 i.v. 
 p.o. 

 p.o. 
 p.o. 

 Staphylococci 
( S. aureus 
and CNS ) 
– methicillin 
sensitive 

 (fl u) cloxacillin
  + rifampicin 
 for 2 weeks, then 
ciprofl oxacin 
 + rifampicin 

 4 × 2 g
  2 × 450 mg 

 2 × 750 mg 
 2 × 450 mg 

 i.v.
  p.o. 

 p.o. 
 p.o. 

 cefamezin 
 + rifampicin 

 amoxicillin + cla. 
 + rifampicin 

 3 × 2 g 
 2 × 450 mg 

 2 × 1 g 
 2 × 450 mg 

 i.v. 
 p.o. 

 p.o. 
 p.o. 

 Staphylococci 
( S. aureus 
and CNS )  
 – methicillin 

resistant 

 vancomycin
  + rifampicin 
 for 4–6 weeks, 
then 

 2 × 1 g
  2 × 450 mg 

 i.v.
  p.o. 

 teicoplanin 
 + rifampicin 

 co-trimoxazole 
 or fusidic acid, 
 monocyclic and 
 ciprofl oxacin 
 + rifampicin 

 1 × 400 mg 
 2 × 450 mg 

 3 × 1 DS tab 
 3 × 500 mg 
 2 × 100 mg 
 2 × 750 mg 
 2 × 450 mg 

 i.v., i.m. 
 p.o. 

 p.o. 
 p.o. 
 p.o. 
 p.o. 
 p.o. 

  Streptococcus  sp.  benzylpenicillin
  for 4 weeks, then 
 amoxicillin 
 + rifampicin 

 4 × 5 MU 

 3 × 750 mg 
 2 × 450 mg 

 i.v. 

 p.o. 
 p.o. 

 ceftriaxone 

 clindamycin 

 1 × 2 g 

 3 × 600 mg 

 i.v. 

 p.o. 

  Enterococcus  sp. 
– penicillin 
sensitive 

 benzylpenicillin
  + gentamicin 
 for 4 weeks, then 
 amoxicillin 

 4 × 5 MU 
 2 × 120 mg 

 3 × 750 mg 

 i.v. 
 i.v. 

 p.o. 

 vancomycin  
+ gentamicin 

 amoxicillin 

 2 × 1 g 
 2 × 120 mg 

 3 × 750 mg 

 i.v. 
 i.v. 

 p.o. 

 Anaerobes  clindamycin
  for 2–4 weeks, 
 then 
 clindamycin 

 3 × 600 mg 

 3 × 600 mg 

 i.v. 

 p.o. 

 metronidazole  4 × 500 mg  p.o. 

 Enterobacteriaceae 
– ciprofl oxacin 
sensitive 

 ciprofl oxacin
  for 1 week, then 
 ciprofl oxacin 

 2 × 400 mg 

 2 × 750 mg 

 i.v. 

 p.o 

 ceftriaxone  1 × 2 g  i.v. 

  Pseudomonas 
aeruginosa  

 ceftazidime  3 × 2 g  i.v.  imipenem/
cilastatin 

 4 × 500 mg  i.v. 

 + gentamicin 
 for 2–4 weeks, 
 then 
 ciprofl oxacin 

 1 × 240 mg 

 2 × 750 mg 

 i.v.

p.o. 

 + gentamicin  1 × 240 mg  i.v. 
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ridement and retention or one-stage revision and seek a consultation with an 
infectious disease specialist with experience in device-associated bone infections. 
The data about the success rates for treatment of PJI caused by these organisms is 
either not existing or too con fl icting to recommend any other option but two-stage 
exchange (for details, refer to chap.   20    ).   

    23.2.1.2   The Duration of Symptoms 

 Another important element that in fl uences the decision regarding the treatment type 
is the duration of the symptoms. For acute PJI that last up to 1 month, debridement 
and retention or one-stage replacement depending on soft tissue status is indicated 
if the causative agent is identi fi ed and the antibiotic susceptibility suitable. There is 
evidence that it is safe to extend this period to 3 months  [  21  ] . 

 Especially in low-grade infections, it is, however, dif fi cult to establish exactly 
the symptomatic period.  

    23.2.1.3   The Soft Tissue Quality 

 It is dif fi cult to objectively visually grade the quality of the soft tissues or the degree 
of in fl ammation during the surgical procedure. The easiest way is to  consider every 
wound with a discharging sinus as a contraindication for debridement and retention 
or one-stage exchange due to poor soft tissue envelope. With internal sinuses that do 
not communicate through the skin, the reasoning is a bit different. If the surgeon is 

 Causative agent  Antibiotic  Dose  Alternative  Dose 

 Mixed infections 
(without 
methicillin 
resistant 
staphylococci) 

 imipenem/
cilastatin or 

 piperacillin/
tazobactam 

 for 2–4 weeks, 
then: 
individually 
(infectologist) 

 4 × 500 mg 

 3 × 4.5 g 

 i.v. 

 i.v. 

 ? 

 meropenem 

 amox. + clav. 

 3 × 1 g 

 3 × 1.2 g 

  Total length of treatment: 3 months (THR, TSR) or 6 months (TKR, TAR). 
 For patients older than 70, rifampicin doses can be reduced to 300 + 300 mg daily. 
 Doses must be adjusted depending on renal function, blood cell count, and serum creatinine level. 
 Methicillin-resistant S. aureus should not be treated with  fl uoroquinolones. 
 DS tablet equals 160 mg trimethoprim + 800 mg sulfametoxazole. 
 Vancomicin trough levels should be monitored to achieve the target concentrations 15–20 µg/ml 
 For enterococci and methicillin resistant staphilococci daptomincin 8–12 mg/kg can be used in 
special circumstances. 
 For gram-positive anaerobes penicillin G or ceftriaxone can be used and metronidazole for the  
gram-negative, rifampicin 2 x 450mg p.o. can be administrated in Propionibacterium acnes. 
  MU  million units,  p.o.  per os,  i.v.  intravenous,  i.m.  intramuscular.  

Table 23.1 (continued)

http://dx.doi.org/10.1007/978-1-4471-2482-5_20


280 R. Trebše and A. Trampuž

able to dissect the entire in fl amed joint capsule, the soft tissues might be considered 
acceptable for debridement and retention or one-stage  procedure. If, however, there 
is a sinus extending into the pelvic cavity through an  opening in the acetabular dome 
which cannot be dissected and removed or a similar situation in the popliteal region 
of the knee, the soft tissues must be considered inadequate for retention or one-stage 
replacement. In case where during surgical procedure it would be necessary to 
remove in fl amed but viable muscles and tendons to achieve a healthy soft tissue 
environment, it is better to leave these tissues in place and proceed with a two-stage 
exchange; otherwise, the functionality could be severely impaired.  

    23.2.1.4   The Stability of the Implant 

 There are two levels of assessment of the stability of the implant. Preoperatively, we 
base our judgment on serial x-rays and arthrography. Occasionally the studies are 
supplemented with a CT scan (see chap.   14     on imaging). 

 On the radiographs, we are looking for implant shifting, tilting or subsidence, 
and radiolucent lines around prosthetic components. 

 In THA, radiographic acetabular loosening is considered when there is a com-
plete radiolucent line >1 mm in all three zones of DeLee and Charnley, cup migra-
tion of more than 3 mm or more than 5° of cup inclination. The femoral component 
is considered loose if serial radiographs demonstrate a change in position of the 
femoral component (i.e., subsidence of more than 2 mm or varus or valgus tilt) as 
described by Engh  [  8  ] . Expansile osteolyses do not necessarily determine a loos-
ened implant, but long-term stability might be questioned in their presence. 

 Despite ful fi lling all the criteria described below for retention of the implant, consid-
erable osteolyses (might be encountered in late hematogenous infections) indicate the 
need for exchange of the implant to avoid early re-revision for mechanical loosening. 

 The  fi nal assessment of stability is performed during surgery. Manual testing 
for stability of the implants shall be done and a try of removal with one strong 
blow with the hammer. If the implant does not change in position, it might be con-
sidered stable enough to warrant retention if all other prerequisites for retention 
are met as well.   

    23.2.2   Debridement and Retention of the Implant 

   Inclusion Criteria 

  Acute early or late infection <1–3 months symptoms duration.  • 
  Known pathogen; susceptible to predetermined antibiotics (Table  • 23.1 ) (i.e., 
 staphylococci  susceptible to rifampicin, Gram-negative organisms to quinolones).  
  Good soft tissue envelop (no  fi stula or sinus tract).  • 
  Stable implant (x-rays and intraoperative manual testing).  • 
  No severe permanent immunosuppression (a relative contraindication).     • 

http://dx.doi.org/10.1007/978-1-4471-2482-5_14
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    23.2.3   One-Stage Exchange 

   Inclusion Criteria 

  Symptom duration not limited.  • 
  Known pathogen(s); Staphylococci susceptible to rifampicin,  Gram-negative • 
 organisms to quinolones.  
  Good soft tissue envelop (no  fi stula or sinus tract).  • 
  No severe permanent immunosuppression (a relative contraindication).     • 

    23.2.4   Two-Stage Exchange 

 All the patients that do not ful fi ll the criteria for debridement and retention, one-
stage reimplantation, or permanent resection arthroplasty are best treated with a 
two-stage exchange.
  Inclusion Criteria 

  Patients not suitable for debridement or one-stage exchange and not candidates • 
for permanent resection arthroplasty     

    23.2.5   Two-Stage Exchange: Early Reimplantation 

 There is a subgroup of immuno competent patients that are candidates for early 
reimplantation – a fast track two-stage procedure. The candidates were not suitable 
for one-stage procedure due to the presence of the  fi stula or the causative agent was 
not known, but they were infected with low-grade pathogens, or pathogens with 
optimal antibiotic susceptibility. The prosthetic joint can be reimplanted during the 
same hospitalization within 2–4 weeks as soon as the skin has healed. Early results 
are promising but the  long-term success is still to be assessed.  

    23.2.6   Permanent Resection Arthroplasty 

   Absolute and Relative Inclusion Criteria 

  Patients not suitable for debridement or one-stage exchange.  • 
  Patients with severe dementia.  • 
  Bedridden patents (the reason not related to PJI).  • 
  Intravenous drug abusers.  • 
  Poor medical conditions (ASA 4).  • 
  Retained and extremely dif fi cult to remove foreign material (intrapelvic screws, • 
cement, etc.).  
  Patient not willing to attempt reimplantation.  • 
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  Severe permanent immunosuppression.  • 
  Dif fi cult-to-treat organisms.  • 
  Repeat failed reimplantation.     • 

    23.2.7   Jiont fusion 

    Indications are the same as for one- or two-stage exchange. The only difference is 
instrumental fusion instead of implant exchange. The anatomic conditions do not 
allow for functional prosthetic reconstruction (i.e., no functional knee extensor 
mechanism etc.). For some PJI (i.e. total ankle arthroplasty infection) the results of 
fusion are more reliable than the results of the revision.  

    23.2.8   Amputation 

   Absolute and Relative Inclusion Criteria 

  Life-threatening PJI not responding to resection arthroplasty and antibiotics.  • 
  Repeat unsuccessful two-stage revisions with poor limb function and  discharging • 
wound.     

    23.2.9   Permanent Antibiotic Suppression 

   Inclusion Criteria 

  Patient not willing to sustain further surgery.  • 
  Low-virulence organism.  • 
  Good function of the infected prosthetic joint that would potentially be lost after • 
revision.  
  Extremely technically demanding revision.  • 
  Long-term antibiotic tolerance.      • 

    23.3   The Surgery 

 Surgical revision is a necessary step in PJI treatment independently on the treatment 
option chosen (Except for the antibiotic suppression). During the surgical proce-
dure, extensive debridement is performed by which all necrotic soft tissue and bone 
are removed. Retained necrotic material is avascular and if it is not completely 
removed serves as growth medium and a reservoir for pathogenic organisms from 
where they spread again around the joint after the procedure. In the avascular 
necrotic tissues, the antibiotic concentrations are very low because the drug can 
only reach the area by diffusion from the surrounding vascularized tissues. After 
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thorough debridement and lavage with large amounts (5 L) of saline, the vast major-
ity of bacteria is removed and the probability for emergence of resistant strains 
during subsequent antibiotic therapy is considerably reduced (Fig.  23.8 ). 

    23.3.1   The Surgical Technique 

 Depending on the joint involved, it is advisable to choose an extendible approach 
(Figs.  23.9 ,  23.10 , and  23.11 ). There is no place for limited approaches in revision 
total joint arthroplasty being septic or aseptic in nature because unexpected  fi ndings 
or events are frequent. The surgery starts with excision of the previous skin scar 
(and dissection of the  fi stula if there is one), and the procedure continues with dis-
section and removal of infected subcutaneous tissues. Dissection of the joint pseudo-
capsule follows. At this point, it is helpful to dissect as much as possible around the 
pseudo-capsule before entering the joint space. Aspiration of the liquid releases the 
capsule and provides the sample for cytological, microbiological investigation and 
Gram staining. After opening the capsule, the joint cavity is thoroughly rinsed with 
saline and inspected for hidden sinuses and pockets that may not have been seen on 
preoperative arthrography. The capsule is then removed as well as all pockets that 
were found (Fig.  23.12 ). At this stage, three to six tissue biopsies are taken for 
microbiological investigations as well as one for histopathology. The best samples 
are pseudomembranes in contact with the implant. If muscles, tendons, major ves-
sels, and nerves are in fl amed but seem viable, it is better to debride their surface but 

  Fig. 23.8    Mechanical reduction of bacterial load        
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  Fig. 23.10    Approach with 
tibial tubercle osteotomy 
(Courtesy of S. Kovač, MD)       

  Fig. 23.11    Reimplantation 
of a revision total hip 
arthroplasty. A transfemoral 
approach was needed for 
removal of the femoral 
component       

  Fig. 23.9    Extended approach 
for knee revision surgery. 
Revision of failed hinged 
total knee arthroplasty       
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leave these important structures in place. These structures will be necessary for 
reinstitution of function afterwards.     

    All dead bone needs to be removed as well as the in fl amed bone. The exemption is 
the bone of the insertion region of a major muscle complex such as tibial tuberosity, 
trochanter, and similar. It is important to preserve bony attachment of major muscles 
to retain the function after reconstruction.  

 In case the criteria for retention are ful fi lled, the joint is dislocated and all the 
exchangeable parts are removed and sonicated. The parts of the joint cavity behind the 
implant are inspected and debrided if necessary. In case of one- or two-stage exchange, 
the implant is removed together with all the screws, wires, pins, and bone cement. 
Every possible effort is needed to remove all pieces of foreign material in the joint 
proximity. The description of procedures for removal of a stable implant is beyond the 
scope of this book. The technique is demanding and, besides the necessary experience 
with revision surgery, necessitates a large variety of revision tools including chisels of 
many different shapes and thicknesses. The removed implants are placed in boxes for 
sonication. The bony bed is then checked and the remaining interface membranes 
removed. After extensive lavage with several liters of saline the bones are prepared for 
reimplantation, spacer, or being left as such depending on the protocol chosen preop-
eratively (Fig.  23.13 ). The wound is meticulously closed in layers and a drain is left in 
situ. We usually leave the drain closed for 3 h. After that, the drain is opened to release 
50 mL of blood once every 4 h (night excluded), until the drainage stabilizes. The 
drain should be left in situ for up to 7 days depending on the circumstances.  

 The eventuality of a plastic surgeon’s help for wound closure should have already 
been considered and planned in advance. 

 After the perioperative prophylaxis has been administrated, the antibiotics are 
prescribed as planned in accordance with susceptibility of the causative agent if it is 
known. If the agent is not known, a broad spectrum beta-lactam antibiotic in com-
bination with an aminoglycoside is administered until the results of cultures are 
available. Other antibiotics might be indicated empirically in case of a particular 
local microbiological environment. 

  Fig. 23.12    Severe degree of 
tissue destruction due to PJI 
at the knee. Tibial component 
still in situ       
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 Among the most challenging procedures in PJI surgery is the reimplantation of a 
total hip arthroplasty after a long-lasting Girdlestone situation with 5 cm or more of 
shortening. Soft tissue contractions encountered during surgery make it look, at  fi rst 
instance, very dif fi cult or nearly impossible to achieve the correct leg length. We 
developed a technique that helps in this situation. In the  fi rst instance, it is necessary 
to remove all the  fi brous tissue that has formed in place of the former hip joint. The 
bone in the acetabular region is then prepared and the socket implanted. The selec-
tion of the surgical technique and the implant for socket reconstruction depend on 
the bone loss present. After the socket is securely  fi xed in the acetabular cavity, the 
proximal femur is exposed and prepared according to the preoperative plan and then 
the largest trial rasp is left in situ and the femur is reduced with a short head. If this 
is readily performed, larger rasps are tried until the reduction with short trial head is 
hardly possible. With the trial femoral component in situ gentle movements through 
the range of motion forcing  fl exion, extension, abduction, and adduction are per-
formed for 5 min, and then the short head is exchanged for the medium one. The 
procedure is then repeated until we are able to reduce the trial femoral component 
with the longest head. If the leg length is not yet correct, the rasp is exchanged for a 
larger one and the steps repeated. It is usually possible to lengthen the leg more than 
2 cm from the starting point achieved with the  fi rst trial forceful reduction.   

    23.4   The Systemic Antibiotic Treatment 

 The antibiotics that are suitable for treatment of PJI must obtain elevated concentrations 
in bone and be active against adherent bacteria. Bone concentration is dependent on 
bone vascularity, chemical features of the antimicrobial, lipid solubility, and pH value. 

 Just after the surgical debridement has been performed, the antibiotic treatments 
start according to the susceptibility pattern and the protocol from Table  23.1  where 

  Fig. 23.13    Debrided soft 
tissues and bone prepared for 
one-stage reimplantation of a 
total knee arthroplasty       
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antibiotic dosages are displayed as well. In the case causative agents were not 
identi fi ed before surgery, empirical antibiotic should be administrated based on 
local bacterial susceptibility pattern. A combination of broad spectrum  b -lactam 
antibiotic (i.e., amoxicillin/clavulanic acid) combined with an aminoglycoside is 
indicated in institution with low incidence of MRSA. 

 In case of debridement and retention or one-stage exchange, anti-bio fi lm antibi-
otic regimes are administrated (Table  23.1 ) including rifampicin.  For two-stage 
exchange or permanent resection, an osteomyelitis antibiotic treatment is adminis-
trated for 6 or 12 weeks  for acute (<3 months) or chronic (>3 months) PJI, respec-
tively (Fig.  23.14 ).  For osteomyelitis treatment, rifampicin is not indicated .  

  Staphylococcus aureus PJI  systemic antibiotic treatment is the most studied and 
well supported by in vitro and in vivo studies  [  25  ] . Rifampicin is the drug of choice 
 [  20  ]  but it, cannot be administered alone because of rapid development of resis-
tance. For early parenteral application, a  b -lactam antibiotic like cloxacillin, nafcil-
lin, or cefazolin is suitable for methicillin-sensible and vancomycin or alternatively 
linezolid  [  17  ]  for methicillin-resistant  S. aureus . Linezolid is active against Gram-
positive cocci including methicillin-resistant  S. aureus  (MRSA) and vancomycin-
resistant  enterococci  (VRE). The utility of the drug is hindered by its toxicity which 
includes central and peripheral neuropathy and myelosuppression. Daptomycin 

Debridement 
and retention

One stage

Two stage
(short interval)

Two stage 
(long interval)

SURGICAL AND ANTIBIOTIC
TREATMENT CONCEPTS 

Onset of
infection 2–4 weeks 

i.v.
8–10 weeks 

p.o.

Explantation and implantation

Explantation Implantation

6 or 12 weeks 
i.v. + p.o.

Explantation Implantation

2 weeks

“Biofilm 
treatment”

(with rifampicin)

“Osteomyelitis 
treatment”: 

acute or chronic

Debridement

  Fig. 23.14    Timetable of surgical intervention and antibiotic treatment       
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(Cubicin ® ) has the potential of becoming the drug of choice for MRSA and VRE 
PJI, especially in combination with aminoglycosides, and rifampicin  [  4,   9  ] . 

 Initial intravenous treatment should last for 2 weeks for cloxacillin ( b -lactam) and 
4 weeks for vancomycin. The initial intravenous treatment serves for rapid killing of 
the planktonic bacteria that were left in the wound after meticulous debridement and 
lavage. Because of good ability to penetrate the bio fi lm, and synergistic activity with 
 b -lactams, aminoglycosides can be added  [  5  ] . Rifampicin has shown good activity 
on adhered and slow-growing staphylococci in vitro in animal models and in vivo  [  2, 
  21,   25  ]  and should be added to the therapy as soon as the wound dries. To prevent the 
development of resistant strains, it must not be applied alone but only in combina-
tion. After the initial parenteral therapy has been administrated and the infection has 
dwindled, as con fi rmed by serial CRP measurements, the oral antimicrobial therapy 
is prescribed. Optimally rifampicin is combined with a quinolone (cipro fl oxacin or 
levo fl oxacin). Cipro fl oxacin activity does not change within the bio fi lm in contrast 
with other antibiotic agents  [  16  ] . Depending on the susceptibility pro fi le, rifampicin 
can be used also in combination with fusidic acid  [  6  ] , minocycline  [  11,   18  ]  or co- 
trimoxazole  [  19  ] . As for chronic osteomyelitis treatment in two-stage or permanent 
resection, the total length of antimicrobial treatment should last for 3 months but for 
total knee and ankle arthroplasty even 6 months of oral treatment is recommended. 

  For coagulase-negative staphylococci  (CNS), the same antibiotic protocol 
applies as for  S. aureus.  

  Streptococcal PJI  are best treated with benzylpenicillin, alternatively with ampi-
cillin, amoxicillin, or ceftriaxone  [  13,   24  ]  for 4 weeks and after that amoxicillin 
orally for 2 months (6 months for the knee and ankle replacement). 

  Enterococcus species PJI  treatment typically is initiated with a combination of 
benzylpenicillin and aminoglycosides (if the bacteria is susceptible), for 2–4 weeks, 
and continued with amoxicillin orally till the end of the third month (sixth months 
for the knee and ankle replacement). 

  Enterobacteriaceae : Not a lot of studies are available reporting clinical results of 
PJI caused by Gram-negatives. According to bone penetration studies, ease of appli-
cation and susceptibility pro fi les quinolones are the treatment of choice for 3 months 
(or 6 months for total ankle and knee PJI). 

  Pseudomonas aeruginosa PJI  systemic treatment starts with a combination of 
ceftazidime and aminoglycosides for 2–4 weeks and continues with cipro fl oxacin 
orally till the end of the third month (sixth months for the knee and ankle replace-
ment). This combination was clinically used with success  [  3  ] . 

  Anaerobes PJI  can be initially treated intravenously with benzylpenicillin or 
clindamycin for 2–4 weeks and continued orally with clindamycin for the same 
time span as for the other causative agents. For Propionibacterium acnes rifampicin 
should be added initially. 

  Mixed infections (no MRSA or MRCNS included)  are better not treated with deb-
ridement and retention or one-stage replacement. In case it happens, the possible 
initial intravenous antimicrobials include imipenem or piperacillin/tazobactam and 
followed orally according to the antibiotic susceptibility.      
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  Abstract   Prosthetic joint infections are associated with various degrees of bone 
loss. Different procedures and materials are available to  fi ll bone defects in this set-
ting. This chapter overviews the indications for use of bone and bone substitutes in 
two- and one-stage procedures, their bene fi ts, and disadvantages. Differences in 
bone defect treatment in septic and aseptic revisions are discussed as well.  

  Keywords   Bone grafts  •  Bone graft substitutes  •  Revision surgery  •  Infection      

    24.1   Introduction 

 Bone grafts are increasingly used to  fi ll bone defects in orthopedic and trauma sur-
gery  [  18  ] . Autologous, fresh cancellous bone grafts are typically harvested from the 
iliac crest and transplanted as  fresh  bone grafts during the same operation  [  12  ] , but 
due to the limited amount of material, they are seldom used in arthroplasty surgery. 
Alternatively, allogeneic cancellous bone grafts can be harvested from femoral 
heads during primary hip replacement surgery and stored as so-called  fresh-frozen  
bone grafts in a bone bank  [  16,   27  ] . During implantation of the arti fi cial joint, they 
can be either used as structural grafts  [  20,   22,   40  ]  or morselized for impaction graft-
ing  [  3,   5,   23  ] . The combination of both preparations is possible; if necessary, addi-
tional reinforcement rings can be used in combination  [  34  ] . 

 Another strategy to  fi ll bone defects is the use of  processed cancellous bone grafts 
(human  or  bovine)  or  arti fi cial bone grafts  such as  b -tricalcium phosphate ( b -TCP) or 
hydroxyapatite (HA)  [  3,   6  ] . Some authors also investigated mixing both fresh-frozen 
human and arti fi cial bone grafts  [  5,   17  ] .  Bone graft substitutes  (such as poly(methyl 
methacrylate) [PMMA]) loaded with antibiotics  [  8  ]  are a third option in the  reconstruction 

    M.   Clauss ,  M.D.   (*) •     T.   Ilchmann ,  M.D., Ph.D.  
     Department of Orthopedic Surgery ,  Kantonsspital Basel land Liestal ,
  Rheinstrasse 26 ,  Liestal ,  CH-4410 ,  Switzerland    
e-mail:  martin.clauss@ksli.ch  ;   thomas.ilchmann@ksli.ch   

    Chapter 24   
 Bone Grafts and Bone Graft Substitutes 
in Infected Arthroplasty       

      Martin   Clauss         and    Thomas   Ilchmann           



292 M. Clauss and T. Ilchmann

of bony defects in revision arthroplasty. The fundamental difference between the two 
latter groups is that bone grafts get incorporated by the host bone and are substituted 
either completely (fresh-frozen cancellous bone, processed cancellous bone,  b -TCP) or 
partially (HA), while bone graft substitutes are not biodegradable and, thus, remain 
permanently incorporated in the bone unchanged. 

 The majority of infections associated with arti fi cial joints are caused by staphy-
lococci (70–90 %)  [  15,   24,   25  ] , which are typically growing attached on the surface 
as a specialized structure known as bio fi lm  [  11,   24  ] . Bio fi lm is recognized as the 
main challenge in treatment of infections associated with implants and bone surgery 
 [  18,   37  ] . Infections associated with bio fi lms on foreign material are more dif fi cult 
to treat than the ones caused by bacteria growing in free-living (planktonic) form. 
Susceptibility of bacteria growing in bio fi lm against antibiotics is about 1,000-fold 
decreased to planktonic counterparts  [  4,   35,   36,   38,   39  ] . Eradication of bio fi lm 
infections is therefore often only possible by complete removal of the foreign body 
(arthroplasty) and long-term antimicrobial treatment  [  13,   18  ] . 

 In case of infected arti fi cial joints, there are various treatment concepts which are 
described in detail in this book. In brief, treatment options can be described as either 
a one-stage or two-stage exchange of the arti fi cial joint. Both concepts have shown 
reasonable success rates exceeding 90 % curing implant-associated infection  [  1,   8, 
  14,   19,   33,   39  ] . Additionally, debridement and retention of the implant has also 
shown reasonable results under well-de fi ned circumstances  [  7,   26,   37,   39  ] . 
Alternative treatment options would be a lifelong antibiotic suppression or a girdle-
stone procedure  [  37  ] ; both options are not to be discussed in this chapter. 

 The fundamental difference between two-stage exchange    (i) on the one hand and 
one-stage exchange or debridement and retention (ii) is the treatment of an osteo-
myelitis in absence of an implant (i) or the treatment of the infection in presence of 
an arthroplasty (II). Therefore, the two groups and potential impact of bone grafts 
and bone graft substitutes on the procedures will be discussed separately. There is a 
complete lack of randomized controlled clinical trials on different treatment options 
combined with the use of bone grafts and bone graft substitutes in the presence of 
an infected arthroplasty; thus, only an overview over the current literature is given.  

    24.2   Two-Stage Exchange 

 Regarding the use of bone grafts and bone graft substitutes, the two-stage exchange 
has to be analyzed as two separate procedures: (1) explantation of the infected arthro-
plasty and management of the dead space and (2) replantation of the arthroplasty. 

 The  fi rst step of a two-stage exchange of infected arthroplasties is usually the com-
plex implant removal including cement bone graft (substitutes) and soft tissue debri-
dement and is performed with a spacer formed out of PMMA and loaded with 
antibiotics. These spacers are either preformed and industrially loaded with antibiotics 
or custom-made with an individualized antibiotic loading. The use of antibiotic-loaded 
PMMA is well established from the treatment of osteomyelitis  [  29,   30  ] . The creation 
of a  so-called bead pouch is a variation to  fi ll cavities in the  fi rst interval of a two-stage 
exchange. This would increase the surface area/volume of the bone graft substitute 
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 [  31  ]  but will not allow weight bearing of the joint. Thus, this might be an option in the 
exchange of, e.g., infected shoulder and elbow arthroplasties where weight bearing is 
not needed. We found only one study  [  2  ]  dealing with infected total hip arthroplasties 
using a bead pouch in the  fi rst step and impaction grafting in the second step but with-
out the use of any IV antibiotics. The authors were able to show a success rate of 86 % 
to cure the infection but reported various limitations of the study. 

 Another option to  fi ll the cavity after explantation of the infected arti fi cial joint 
might be the use of antibiotic-loaded collagen  fl eeces  [  31  ]  or antibiotic-loaded 
 calcium sulfate  [  28  ]  which is currently used in the treatment of osteomyelitis. There 
are various other synthetic materials which are currently tested in vitro and in vivo 
but are currently lacking clinical data. 

 The concept of generating a bead pouch is as mentioned well established in the 
treatment of chronic osteomyelitis, but we are not aware of any clinical study deal-
ing with other materials than PMMA in the context of infected arthroplasties. 

 During replantation (step two), the infection is expected to be cured; thus, the use 
of local antibiotics is not mandatory. The use of bone grafts and bone graft substi-
tutes in this step therefore depends on the need to reconstruct bony defects and/or to 
create a stable bone bed for anchoring the implants  [  3,   5,   20,   22,   23,   40  ] . Fresh, 
fresh-frozen, and arti fi cial bone grafts and bone graft substitutes can facultatively be 
mixed or coated with antibiotics. Buttaro et al.  [  9  ]  showed good infection control in 
two-stage exchange on infected total hip arthroplasties with meticulous debride-
ment in the  fi rst step followed by IV antibiotics and the use of    Vancocin-loaded 
cancellous bone grafts and impaction grafting in the second stage. We found no 
clinical data in favor of one or the other concerning success rates in the treatment of 
infected arthroplasties.  

    24.3   One-Stage Exchange and Retention and Debridement 

 Radical debridement is a prerequisite to cure an implant-associated infection. The 
exchange (one step) or retention of the implant is linked to special prerequisites. 
Independent from exchange or retention of the implant, an infected operative site 
cannot be sterilized during surgery by debridement alone. The debridement shall 
reduce the predominant amount of bioburden, but even the most careful cleaning 
cannot prevent residual bacterial colonies to remain in niches of the debrided site. 
Therefore, systemic and/or local antibiotics are mandatory to cure the infection. 
Buchholz et al. were the  fi rst who proved that one-stage revision with the use of 
antibiotic-loaded PMMA showed reasonable results  [  8  ] . Anyhow, one-stage revi-
sion using antibiotic-loaded cement has not gained widespread use, although it 
shows obvious clinical and economic advantages  [  32  ] . 

 The antibiotic release from PMMA is low concerning the whole amount of antibi-
otics added; thus, other carrier materials might be superior to deliver local  antibiotics. 
In one-stage exchange, PMMA has, despite delivering antibiotics, another even more 
important function, namely,  fi xation of the implant. Thus, all other potential carrier 
materials must additionally be able to  fi x the new implant, too. To our knowledge, 
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there is no clinical nor laboratory data on any other materials except cancellous bone 
loaded with antibiotics that showed the ability to substitute PMMA. 

 Winkler et al. developed a method to impregnate allograft bone with high levels 
of antibiotics and used the prepared material for impaction grafting. They performed 
37 one-stage revisions of infected THRs  [  33  ]  and showed a 92 % success rate curing 
the infection. They additionally noted that the incorporation of bone graft was com-
parable with non-impregnated grafts. 

 We found no clinical data on the additional use of bone grafts or bone graft sub-
stitutes as local antibiotic carriers in the context of debridement and retention alone. 
There might be a potential bene fi t from high local antibiotic levels in this procedure, 
too.    Anyhow, this advantage might be dearly bought by potential third particle were 
from loose material  fi nding their way into the bearing surfaces.  

    24.4   Outlook and Future Development 

 Current research in material science has developed various materials with increased 
resistance against infection superior to PMMA  [  10  ] . Common shortcoming of all 
new synthetic materials is that they are not able to withstand the load after implanta-
tion of an arti fi cial joint without additional reinforcement  [  21  ] . 

 From our point of view, in case of (infected) revision arthroplasty, orthopedic 
surgeons should rely on proven concepts like antibiotic-loaded PMMA or cancel-
lous bone chips (with/without antibiotics) for impaction grafting at least until the 
promising new materials are also able to show at least equal mechanical 
properties.      
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  Abstract    In this chapter, the peri- and post-operative monitoring of antibiotic ther-
apy in infected total joint arthroplasty is presented from the clinical pharmacist’s 
point of view. Recommendations for selection, risk factors, and monitoring are 
given. 

 The provision of clinical pharmacy service in infected total joint arthroplasty can 
be considered under a number of sections:

   Medicines reconciliation at every transition of care  • 
  Perioperative medication management  • 
  Monitoring of medical therapy  • 
  Assuring in-patient and out-patient compliance during antimicrobial therapy    • 

  Keywords    Antibiotics • Adverse events • Prevention • Rifampicin 

   Introduction 

 Periprosthetic joint infections are caused by microorganisms growing in bio fi lms, 
rendering these infections very dif fi cult to diagnose and to eradicate. The treatment 
modalities differ from case to case, but always include antimicrobial therapy 
(Chap. 23). The current recommendations include 2 weeks of parenteral antibiotic 
treatment, followed by peroral antibiotics for overall duration of 3 months (6 months 
for knee prosthesis)  [  1,   2  ] . Most of the selected antimicrobial agents, especially 
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rifampicin 1 -combination regimens, for treatment of periprosthetic joint infections 
are related with high incidence of adverse events. Especially the elderly patients are 
prone to hard-to-bear adverse drug events, which can lead to treatment failure. In 
this population, the adverse event rate is higher than that of younger adults due to 
the clinically signi fi cant changes in renal and hepatic function, and body composi-
tion associated with aging. Another important factor is the number of medications 
the elderly consume. 

 The optimal dosage regimen is also of clinical importance for effective antimi-
crobial therapy. High dosing is needed to achieve suf fi cient concentration in bone 
and surrounding tissues  [  1  ] . Taking into account the duration of antibiotic treat-
ment, the adverse events are even more likely to occur. 

 Orthopedic surgeons frequently underestimate the impact of drug–drug and 
drug–disease interactions on negative results of antimicrobial treatment in these 
cases. It must be emphasized that most of the potential adverse drug events can be 
avoided with appropriate strategy, which includes medications reconciliation, drug 
therapy monitoring, and patient compliance assurance.  

   Polypharmacy in Orthopedic Surgical Patients 

 The majority of orthopedic patients undergoing primary total joint arthroplasty (TJA) 
are of age above 65, one-half of them older than 75, while revision total hip arthro-
plasty procedures were most commonly reported in the age group 75–84  [  3–  5  ] . 
Polypharmacy in the elderly is a common phenomenon secondary to the amount of 
medications required to treat the conditions that become more prevalent with age, such 
as heart disease, lung disease, metabolism problems, and diabetes. The presence of 
malignancy or systemic autoimmune disease such as rheumatoid arthritis also increases 
the incidence of polypharmacy  [  6  ] . In case of infected total joint arthroplasty, the 
introduction of antibiotic therapy, usually highly aggressive, can result in unexpected 
interactions with routinely used medications and lead to poor or negative outcomes. 
Patients with multiple medications, especially elderly, are at increased risk. 

 The potential interactions of routinely used medications with newly introduced 
antibiotic therapy can lead to two opposite situations: treatment failure because of 
decreased ef fi cacy of antibiotic or, on the other hand, co-existing disease progres-
sion because of decreased ef fi cacy of routinely used medications. Nevertheless, 
adverse drug events can signi fi cantly impact patient morbidity and mortality.  

   Dosing Regimen Impact 

 According to current concepts, long-term antibiotic treatment with high dose is 
needed to achieve treatment goals because of the bio fi lm resistance pattern. Generally 
the recommended antibiotics for treatment of infected total joint arthroplasty are not 

   1   Rifampicin (INN) or rifampin (USAN) – vstaviti na dnu strani kot opombo!  
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of fi cially approved for these indication, which is why the optimal dosing regimen in 
these cases is not established too. In most cases, the highest labeled dose of selected 
antibiotic (parenteral and peroral) approved for the most similar indication available 
is used for the treatment of prosthetic joint infections (PJI) (Chapter 23). However, 
the study results showed low cure rate when labeled dosing regimen was used for 
some antibiotics, especially rifampicin and co-trimoxazole  [  7–  12  ] . Higher doses are 
needed. Current dosing regimens in contemporary clinical praxis are more or less 
empirical, without human pharmacokinetic/pharmacodynamics studies support. It 
must be emphasized that optimal dosing regimen, i.e., route of administration, dose 
and dosing interval of selected drug, is directly correlated to pharmacokinetic pro fi le 
of a drug. In drugs with complex, nonlinear pharmacokinetic pro fi le, narrow thera-
peutic index and signi fi cant intra-individual variability due to genetic polymor-
phisms of metabolizing enzymes, even slight changes in dosage regimen can result 
in decrease or loss of pharmacological effect and/or adverse events occurrence. 
Rifampicin has the most complex pharmacokinetic pro fi le among antibiotics used in 
antimicrobial treatment of infected total joint arthroplasty. 

 The enormous inconsistency in dosing regimen is present for rifampicin, which 
has become the cornerstone for the treatment of infected PJI caused by  staphylococci . 
According to published studies, the applied daily doses varied from 300 to 1,200 mg, 
as a single or subdivided doses  [  13–  16  ] . On the other hand, the published evidence 
support only rifampicin doses of 450 mg twice daily to achieve high cure rate in com-
bined antibiotic therapy  [  17  ] . It must be stressed that selected dosage regimen and 
duration of treatment strongly impacts on pharmacokinetics of rifampicin. A series of 
human studies indicate that daily dosages higher than 300–450 mg result in a more-
than-proportional increase in both the peak concentrations of the drug and the area 
under the curve (AUC) in blood because of the saturation of ef fl ux transport system 
through small intestine wall. The features of this effect differ if the same daily dose is 
administered as single dose or in subdivides doses. The daily  fl uctuation in serum 
concentration is more marked if higher doses are administered as single dose  [  18,   19  ] . 
It is of concern that during prolonged treatment rifampicin’s bioavailability decreases 
from the excellent 93 % to only 68 % due to auto-induction of its own metabolism. 
Rifampicin’s maximal auto-induction is reached in about 4 weeks  [  20,   21  ] . In the 
author’s opinion, different dosage regimes can induce such  fl uctuations of serum con-
centration of rifampicin that therapeutic levels above MIC are not guaranteed for the 
entire 24-h time interval. It is very likely that this variability of serum concentrations 
is strongly dependent on rifampicin auto-induction mechanisms. Further studies are 
necessary to investigate dosage regimen impact on cure rate in these cases. Until 
clari fi cation of this topic, the author endorses the use of rifampicin dosage regimen of 
450 mg twice daily, supported by the only published randomized control trial (RCT), 
for combined antimicrobial treatment of PJI caused by  staphylococci .

   Note  

  Caution is needed when using  • off-label  dosing regimen especially in antibiotics 
with complex pharmacokinetic pro fi le; the impact on kinetic pattern can lead to 
an unexpected decrease in ef fi cacy of antibiotic treatment and increase of adverse 
event incidence.     
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   The Role of Adverse Drug Interactions 

 In the broadest sense, a drug interaction occurs whenever one drug affects the phar-
macokinetics, pharmacodynamics, ef fi cacy, or toxicity of another drug. When the 
drug combination results in an undesired effect, the drug interaction becomes an 
adverse drug interaction. 

 Patients on antibiotic treatment of infected total joint arthroplasty, especially 
elderly, are highly exposed to adverse drug interactions because of their comorbidi-
ties and polypharmacy present. When high doses for prolong time are used, the 
incidence of adverse drug interactions is even higher. The question is which of them 
are clinically important? Readers should agree that clinically important adverse 
drug interactions which lead to adverse events that need treatment can negatively 
impact on patient compliance and contribute to poor treatment results. 

 With some simple calculations based on the reported magnitude of an interac-
tion, it is possible to estimate the potential risk to a patient. Based on the degree of 
risk and the bene fi t of administering the drugs, the appropriate management options 
can then be selected  [  31  ] . 

 Drug interactions of major clinical signi fi cance for antibiotics for infected PJI 
are listed in Table  A.1   [  22–  30  ] . Of note is the fact that the beta-lactams rarely cause 
clinically signi fi cant drug–drug interactions.       

   Rifampicin 

 Among all antibiotics used for the treatment of infected joint replacements, rifam-
picin is the most problematic from the drug interaction point of view. Rifampicin is 
one of the strongest inducers of a number of drug-metabolizing enzymes, having the 
greatest effect on the expression of cytochrome P450 (CYP) in the liver and in the 
small intestine, among all drugs currently used. In addition, rifampicin induces 
some drug transporter proteins, such as intestinal and hepatic P-glycoprotein and 
MRP (multidrug-resistance protein). Full induction of drug-metabolizing enzymes 
is reached in about 1 week after starting rifampicin treatment and the induction dis-
sipates in roughly 2 weeks after discontinuing rifampicin. Rifampicin has its great-
est effects on the pharmacokinetics of orally administered drugs that are metabolized 
by CYP3A4, CYP2C9, and CYP2C19 and/or are transported by P-glycoprotein and 
MRP  [  32,   33  ] . 

 Thus, for example, oral midazolam, triazolam, simvastatin, verapamil, and most 
dihydropyridine calcium channel antagonists are ineffective during rifampicin treat-
ment. The plasma concentrations of several anti-infectives, such as the antimycotics 
itraconazole and ketoconazole and the HIV protease inhibitors indinavir, nel fi navir, 
and saquinavir, are also greatly reduced by rifampicin. The use of rifampicin with 
these HIV protease inhibitors is contraindicated to avoid treatment failures. 
Rifampicin can cause acute transplant rejection in patients treated with 
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 immunosuppressive drugs, such as cyclosporin. In addition, rifampicin reduces the 
plasma concentrations of methadone, leading to symptoms of opioid withdrawal in 
most patients. Rifampicin also induces CYP2C-mediated metabolism and thus 
reduces the plasma concentrations of, for example, the substrate (S)-warfarin and 
the sulfonylurea antidiabetic drugs. In addition, rifampicin can reduce the plasma 
concentrations of drugs that are not metabolized (e.g., digoxin) by inducing drug 
transporters such as P-glycoprotein. Thus, the effects of rifampicin on drug metabo-
lism and transport are broad and of established clinical signi fi cance  [  34,   35  ] . 

 The main concern is caused by substantial intra- and inter-individual pharma-
cokinetic variability due to the presence of gene polymorphism of drug in fl ux and 
ef fl ux transporter genes. These polymorphisms result in signi fi cant reduction in 
rifampicin AUC0-24. The presence of transporter gene polymorphisms is highly 
unpredictable and probably the reason of unexpected adverse drug interaction or 
treatment failure  [  36  ] . 

 Potential drug interactions should be considered whenever beginning or discon-
tinuing rifampicin treatment. It is particularly important to remember that the con-
centrations of many of the other drugs used by the patients will increase when 
rifampicin is discontinued as the induction starts to decrease!  

   Complementary and Alternative Medicines 

 Patients on antibiotic therapy are very likely to use complementary and alternative 
medicines (CAMs) in good faith of avoiding adverse event due to antibiotics and 
contribute to better treatment outcome. However, CAMs, i.e., glucosamine, chito-
san, St. John’s Worth, vitamins and minerals, CoQ10, therapeutic nutrition shakes, 
are related with potentially or con fi rmed serious interactions with prescription medi-
cines concurrently taken  [  37  ] . We must take into account the unregulated nature of 
many CAM products and that the suspected mechanism of an interaction may not be 
what it appears. During antibiotic treatment, especially rifampicin-based, all CAMs 
should be avoided. Caution is also needed in the enterally fed patients because of 
increased incidence of diarrhea due to concomitant therapy with antibiotics  [  38  ] . 
Enteral feeding products also signi fi cantly decrease the absorption of quinolones, 
thus a particular attention must be put on correct dosing time between both  [  39  ] .

   Note  

  The majority of adverse drug–drug and drug–disease interactions can be predicted.  • 
  Half-lives of two interacting drugs are not good indicators to estimate the time • 
required for induction onset and offset.  
  Adverse drug interaction could result not only after drug introduction, but also • 
after drug discontinuation.  
  Drug interaction classi fi cation systems should be used only for general guid-• 
ance! The individual patient risk factors and variables evaluation should always 
be the platform for decision on suitable course of action.      
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   Adverse Events Impact 

 Among orthopedic surgeons, there is a common belief that side effects of prolong 
antibiotic treatment are mild and there is no need of treatment interruption  [  1,   2,   15  ] . 
In fact, none of the published studies on treatment of PJI have discussed this issue. 
Antibiotics commonly used in PJI treatment are very likely to cause adverse events. 
The incidence and severity of antibiotic adverse event is increased especially in 
elderly patients due to their altered pharmacokinetic and pharmacodynamics patterns, 
comorbidities, and the presence of polypharmacy. High dosing regimen and pro-
longed duration of antibiotic therapy are additional factors. Severe adverse event 
leads to discontinuation of treatment with selected antibiotic and transition to, in most 
cases, suboptimal antibiotics. Additionally interruption of treatment or noncompli-
ance with treatment regimen is highly present in case of hard-to-bear adverse events 
among outpatients on prolonged antibiotic treatment. All these facts have strong neg-
ative impact on the cure rate of infected total joint arthroplasty. 

 These adverse events are in most cases preventable or at least ameliorable if the 
strict and continuous therapy monitoring is implemented during hospital stay and 
after discharge  [  6,   40  ] . 

   Hypersensitivity 

 Among all antibiotics used in the treatment of infected TJA, beta-lactams have the 
greatest potential to induce hypersensitivity reactions. Immunoglobulin E (IgE)-
mediated hypersensitivity reactions to penicillins occur in between 1 and 10 % of 
exposed patients, but true anaphylactic reactions occur in less than 0.05 % of treated 
patients. There is an association with increased incidence when beta-blockers are 
used concomitantly with penicillins. Delayed hypersensitivity reactions include 
drug fever, erythema nodosum, and a serum-sickness-like syndrome, hypersensitiv-
ity rashes are particularly common with semisynthetic penicillins such as ampicil-
lin, cotrimoxazol, and clindamycin. Cephalosporins,  fl uoroquinolones, and 
vancomycin are implicated as well, but to a lesser degree  [  39  ] . The use of minocy-
cline is associated with serum-sickness-like reactions  [  41  ] . Daptomycin is associ-
ated with rare but life-threatening eosinophilic pneumonia in cases of treatment that 
last >2 weeks  [  42  ] . Predicting hypersensitivity is dif fi cult. Skin testing is only help-
ful in predicting reactions caused by IgE antibodies. Most nonpruritic maculopapu-
lar rashes are not predictable by skin testing. Very useful in detecting the sensitization 
in progress is the monitoring the eosinophil count during the antibiotic therapy, 
especially with penicillins, vancomycin, and daptomycin. Although signi fi cant 
allergic disease can occur in the absence of eosinophilia, allergic disorder remains 
the most common cause of signi fi cant increase of eosinophil count  [  43  ] .

   Note  

  Most allergic reactions occur within hours to 2 weeks after taking the medica-• 
tion. However, rashes may develop up to 6 weeks after starting certain types of 
medications.  
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  Fever, nausea, vomiting, diarrhea, abdominal pain or cramps are uncommon • 
symptoms of a drug allergy, often unrecognizable as such.  
  Eosinophil count especially during parenteral antibiotic therapy should be • 
monitored.     

   Nephrotoxicity 

 In PJI antibiotic treatment, nephrotoxicity is relatively frequent because it is mostly 
dose related. Age depending changes in renal function and nephrotoxic concomitant 
drugs are additional factors. It must be emphasized that nephrotoxicity means toxic 
effect of the drug on kidneys and should not be confused with dose adjustment 
needed in antibiotics with predominately renal excretion because of decreased renal 
function. Aminoglycosides, sulfonamides (cotrimoxazole), and minocyclin may 
affect renal function by directly effecting tubules, while rifampicin and vancomycin 
are associated with acute interstitial nephritis.

   Note  

  Nephrotoxicity should not be confused with the fact that some medications have • 
a predominantly renal excretion and need their dose adjusted for the decreased 
renal function.     

   Gastrointestinal Toxicity 

 Nausea, vomiting, and increased bowel peristalsis, sometimes amounting to diar-
rhea, are common, but are generally of minor inconvenience during the majority of 
oral antibiotic treatment regimens. Oral treatment for PJI is mostly based on rifam-
picin, cipro fl oxacin, minocyclin, clindamycin, fusidic acid, cotrimoxazole, and 
amoxicillin, depending on the causing microorganism. Gastrointestinal side effects 
in this cases are very common and hard-to-bear because large doses are applied for 
a long time mainly in elderly patients with polypharmacy as a rule. Rifampicin, 
fusidic acid, clindamycin, and minocycline are associated with high incidence of 
epigastric distress,  fl atulence, heartburn, nausea, and vomiting. The author recom-
mends to introduce proton pump inhibitors (PPI) until the end of the antibiotic 
treatment. Pantoprazole should be the therapy of choice because of the smallest 
impact on CYP-mediated metabolism of concomitant antibiotics. Nausea and vom-
iting, if present, occur mostly in 3–5 days after introduction of oral antibiotic treat-
ment and in most cases disappears after a few days. Short-term therapy with an 
antiemetic is reasonable in these cases, especially considering the potential patient 
rejection and omission of antibiotic treatment. Diarrhea occurs in 2 % of patients on 
cipro fl oxacin and in about 5–10 % of patients taking oral ampicillin or clindamycin 
 [  23  ] . The most notorious complication is  Clostridium dif fi cile -related colitis with 
high mortality rate among elderly patients. To avoid the development of pseudomem-
branous colitis, the author recommends to interrupt the antibiotic treatment in 
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elderly patients as soon diarrhea occurs and to switch to another antibiotic, if 
possible.  

   Hepatotoxicity 

 Several antibiotics used for treatment of PJI, including clindamycin and fusidic 
acid, can produce minor elevation in liver enzymes. However, rifampicin, amoxicil-
lin-clavunate, and cotrimoxazole are associated with acute cholestatic injury. Elderly 
patients receiving >2 weeks of treatment appear at signi fi cantly increased risk of 
 fl ucloxacillin-associated jaundice. Prolonged treatment with linezolid has been 
associated with severe liver failure and lactic acidosis  [  44  ] . Rifampicin has the high-
est rate of hepatotoxic adverse events due to prolong treatment with high doses. 
Hepatitis and jaundice have occurred mainly in patients with underlying liver dis-
ease and in combination with other hepatotoxic agents  [  45  ] . Serum transaminases 
and bilirubin should be measured at baseline and every 2–4 weeks during therapy. 
Elevated liver function tests per se are not a contraindication to the use of rifampicin 
unless they indicate worsening or acute liver disease. Strict monitoring of these 
patients, however, is crucial. In cases when high levels persist, rifampicin should be 
discontinued at once.

   Note  

  Elevated levels often occur transiently in 10–15 % of patients, usually during • 
 fi rst 3–5 days of treatment with rifampicin. Rifampicin should be promptly 
 discontinued when high levels persist.      

   Administration Type Impact 

 Due to high dosing of antibiotics used in treatment of PJI, the occurrence of periph-
eral vein thrombophlebitis during intravenous therapy is very likely, especially with 
antimicrobial agents available in powder. The incidence of adverse events due to 
intravenous administration depends directly on reconstruction technic ( fi lters should 
be routinely used to minimize particle contamination), diluent used, concentration of 
the reconstructed solution and  fl owrate. Clinical signs of peripheral vein throm-
bophlebitis (i.e., increased CRP level, fever) are too often underestimated and wrongly 
interpreted as symptoms of the current infection rather than side effects of the intra-
venous therapy. The highest rate of complications related to intravenous administra-
tion is present with strongly acidic drugs such as vancomycin, penicillin G, and 
ceftazidime. 

 The rate and clinical importance of these complications can be highly reduced or 
prevented by following precise reconstruction and administration instructions pro-
vided by pharmacy service and adapted to each case separately. 
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 Fluid and electrolyte overload is another possible, but in clinical praxis often 
 overlooked adverse event after administration of large parenteral doses of certain 
antibiotics, available as sodium or potassium salts. Ampicillin, piperacillin and 
 ticarcillin, imipenem/cilastatin and ceftazidime contain high quantity of sodium. 
Large doses for prolonged time can result in sodium overloading and congestive cardiac 
failure, particularly in patients with impaired renal function. Thus, sodium-containing 
agents should be avoided in patients who are edematous or hypervolemic. Penicillin G 
is available as sodium or potassium salt. Alternating both types of salts when large 
doses are needed is advantageous in patient with impaired renal function.  

   How to Avoid Pitfalls? 

   Medicine Reconciliation 

 Medicine reconciliation is the process of comparing a patient’s medicine orders to 
all of the medicines that the patient has already been taking. This reconciliation is 
done to avoid medication errors such as omissions, duplications, and dosing errors 
at every transition of care  [  46  ] . Interventions by clinical pharmacists also address 
and correct some of recognized weaknesses in prescribing arrangements due to drug 
interactions. In this way, the negative impact of drug–drug and drug–disease inter-
actions on ef fi cacy of antimicrobial treatment can be avoided or minimized.  

   Perioperative Medication Management 

 In the case of surgical intervention in PJI surgery-speci fi c drugs and typical medica-
tions used for the treatment of intra- and early post-operative complications can 
interact with concomitant antimicrobial agents, leading to signi fi cant adverse events. 
On the other hand, parenteral antibiotic treatment as a rule in early postoperative 
period can result in high increase of surgery-related complication rate. Elderly 
patients with signi fi cant renal failure, presence of pulmonary embolism, signi fi cant 
electrolyte imbalance, excessive blood loss are the most frequently exposed to this 
danger. The selection of antibiotic agent and its dosage regimen should be promptly 
adjusted on patient current status.  

   Therapeutic Drug Monitoring 

 Therapeutic drug monitoring (TDM) is de fi ned as a strategy by which the dosing 
regimen for a patient is guided by repeated measurements of plasma drug 
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 concentrations  [  47  ] . TDM is used to avoid drug toxicity and to improve therapeutic 
ef fi cacy. In PJI it is reasonable to undertake TDM during treatment with vancomy-
cin and aminoglycosides (gentamycin), especially in elderly patients, receiving 
>2 weeks of treatment, signi fi cant blood loss (hemoglobin < 100 g/L) and renal 
impairment. It must be emphasized that the inappropriate timing of blood sampling 
leads to misleading results!  

   Drug Therapy Monitoring 

 Monitoring drug treatment allows for assessing the degree of therapeutic response 
and detecting the adverse events. Through targeted routine lab testing it is possible 
to detect declinations prior the adverse events occurrence. Laboratory tests include 
monitoring parameters for liver and kidney functions, complete blood count and all 
other relevant laboratory data, depending on pharmacokinetic and pharmacody-
namic pro fi le of the target drug. The frequency of these tests should be based on 
clinical judgment of the patient’s status and the anticipated frequency of the inci-
dence of the potential singular adverse event.  

   Patient Compliance 

 In prolonged antibiotic treatment, patient adherence to therapeutic regimen is of 
great importance for good clinical outcome. Patient compliance in fl uence on treat-
ment failure is underestimated. In published studies on the treatment of PJI, this 
issue is regularly missing. Duration of antibiotic treatment and hard-to-bear side 
effects are the main reasons for poor compliance, increased by older age, lower 
educational levels and lower socioeconomic status. Strategies for improving patient 
compliance include better patient education, clear and simple instructions, tailoring 
the treatment to the patient’s life-style, encouragement of family support, informing 
patients about side-effects, monitoring of adherence and provision of feedback to 
the patient in case of problems.   

   Conclusion 

 Current recommendations for the treatment of PJI include prolonged antibiotic 
treatment with application of high doses because of bio fi lm resistance pattern. 
Rifampicin-based combination regimen is the most common due to high incidence 
of staphylococcal infections. Although drug-related complications in patients with 
PJI are common and severe, orthopedic surgeons still underestimate their impact on 
the treatment failure. 
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 The majority of patients with PJI are elderly and are prone to hard-to-bear adverse 
drug events which can lead to treatment failure. In this population, the adverse event 
rate is higher than in younger adults due to clinically signi fi cant changes in renal 
and hepatic function, and body composition associated with aging. Polypharmacy is 
another important issue which must be taken into account when introducing antibi-
otic therapy. Unexpected drug–drug or drug–disease interaction can result in high 
incidence of adverse events, leading to antibiotic treatment discontinuation and 
signi fi cant increase in patient morbidity and mortality rate. 

 Another important issue is patient adherence to antibiotic treatment. Especially 
out-patient compliance can be very poor due to duration of therapy and high rate of 
adverse events. 

 There are therefore different approaches from clinical pharmacy service for the 
prevention of drug-related complications impact on treatment failure:

   Medicines reconciliation of newly introduce antibiotic agent with already taken • 
drugs  
  Perioperative medication management in surgery patients  • 
  Monitoring of medicine therapy  • 
  Assuring in-patient and out-patient compliance during antimicrobial therapy    • 

 In this way the majority of drug-related complications can be avoided.     
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