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Abstract 
Staffan Tevell (2019): Staphylococcal prosthetic joint infections: similar, 
but still different. Örebro Studies in Medicine 200. 

Staphylococci constitute a major part of our commensal flora but are 
also the most common bacteria causing prosthetic joint infections (PJIs), 
a dreaded complication of arthroplasty surgery. However, not all 
staphylococci are the same. The virulent Staphylococcus aureus has the 
ability to cause severe disease such as bacteremia and infective endocar-
ditis in previously healthy people, while the coagulase-negative staphylo-
cocci Staphylococcus epidermidis and Staphylococcus capitis rarely act as 
pathogens unless the patient is immunocompromised or has an implanted 
medical device, such as a prosthetic joint. This thesis accordingly explores 
similarities and differences between these three staphylococci in PJIs.  

S. capitis can cause early postinterventional and chronic PJIs, a find-
ing that has not previously been described. Furthermore, its nosocomial 
NRCS-A outbreak sublineage, recently observed in neonatal intensive 
care units, is also present in adult PJIs. When comparing nasal and PJI 
isolates, the patterns differed between staphylococcal species. In S. capitis, 
the commensal and infecting strains were separated phylogenetically, while 
they clustered together for S. aureus. This may indicate diverse reservoirs 
and acquisition routes in PJIs caused by different staphylococcal species. 

Outcomes in early postinterventional PJIs were similar in S. capitis 
and S. aureus infections, with 70–80% achieving clinical cure. In S. au-
reus infections, no virulence genes were significantly associated with 
outcome. Although multidrug resistance (MDR) was rare in S. aureus, 
inability to use biofilm-active antibiotics was a risk factor for failure. 
However, in S. epidermidis and in the NRCS-A sublineage of S. capitis, 
MDR and glycopeptide heteroresistance were widespread, highlighting 
the challenge of antibiotic resistance in the treatment of PJIs. 
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Sammanfattning på svenska  
Ledproteskirurgi blir allt vanligare och erbjuds i allt högre utsträckning 
även till patienter som löper större risk för komplikationer, exempelvis 
äldre patienter och patienter med övervikt, diabetes, nedsatt immunförsvar 
eller annan samsjuklighet. Mer än 37 000 sådana ingrepp utfördes under 
2017 i Sverige. En fruktad, men ovanlig, komplikation är djupa postope-
rativa infektioner i anslutning till implantatet (ledprotesinfektion). För att 
bota en ledprotesinfektion krävs ytterligare kirurgi i kombination med 
långvarig avancerad antibiotikabehandling. Oavsett när patienten drabbas 
av ledprotesinfektion innebär det stort lidande för patienten och höga 
kostnader för samhället. 

Stafylokocker ingår i människans normalflora, och återfinns på hud och 
slemhinnor. Exempelvis är 10-30% ständigt koloniserade i näsan med 
Staphylococcus aureus, 40% med Staphylococcus capitis och i det närm-
aste samtliga med Staphylococcus epidermidis. Stafylokocker är även de 
vanligaste bakterier som orsakar ledprotesinfektion. S. aureus är mer viru-
lent, och kan orsaka allvarliga infektioner som sepsis, kotkroppsinfektion 
(spondylodiskit) och hjärtklaffs-infektion (infektiös endokardit) även hos i 
övrigt friska människor. Koagulasnegativa stafylokocker (KNS, t. ex S. 
capitis och S. epidermidis) leder däremot vanligen inte till infektion, om 
inte patienten har någon typ av immunnedsättning eller implantat (till 
exempel central venkateter, pacemaker, mekanisk hjärtklaff, shunt för 
ryggmärgsvätska eller implantat i leder eller skelett). En utmaning för den 
moderna sjukvården vid denna typ av infektioner orsakade av KNS är en 
ofta uttalad antibiotikaresistens. 

Under det senaste decenniet har nya molekylärbiologiska metoder ut-
vecklats och blivit allmänt tillgängliga. Detta har lett till utvidgade möjlig-
heter, både att snabbt identifiera en isolerad bakterie (till exempel med 
hjälp av masspektrometri [MALDI-TOF MS]), men även att generera och 
analysera stora mängder data om bakteriens arvsmassa (helgenomsekven-
sering och bioinformatik) vilket kan leda till ökad kunskap om både sjuk-
domsalstrande faktorer (virulensfaktorer) och släktskap mellan olika sta-
fylokocker.  

Denna avhandling syftar till att undersöka olika aspekter av betydelse 
för de tre vanligaste stafylokockarterna som orsakar ledprotesinfektion (S. 
aureus, S. epidermidis, S. capitis). Avhandlingens fokus ligger både i att 
undersöka kliniska karaktäristika och utfall vid ledprotesinfektion, men 
även i att undersöka bakteriella faktorer såsom resistensepidemiologi, 



10 STAFFAN  TEVELL   Staphylococcal PJIs: similar, but still different 

förekomst av virulensfaktorer samt släktskap mellan de bakteriestammar 
som återfinns vid infektion eller kolonisation. 

I avhandlingens arbete I visades att antibiotikaresistens i allmänhet var 
mycket vanligt hos S. epidermidis; 84% av alla isolat var multiresistenta. 
Dessutom kunde nedsatt känslighet mot glykopeptidantibiotika, de antibi-
otika som vanligen ses som förstahandsval vid multiresistens hos stafy-
lokocker, påvisas hos 78%. 

I arbete II visades att de S. aureus man återfann hos symtomfria näsbä-
rare inte kunde skiljas genetiskt från de som orsakade ledprotesinfektion. 
Det gick heller inte att påvisa några specifika virulensfaktorer som var 
associerade till näsbärarskap, infektion eller utfall vid behandling av in-
fektion. Antibiotikaresistens hos S. aureus var ovanligt, men korrelerade 
till ogynnsamt utfall. Även sen akut infektion spridd via blodbanan var 
kopplat till sämre utfall, jämfört med när infektionen uppträdde tidigt 
efter protesoperationen.  

I arbete III-V låg fokus på S. capitis, en KNS som inte sedan tidigare 
funnits karaktäriserad vid ledprotesinfektion. I dessa arbeten beskrevs både 
ett relativt gynnsamt resistensmönster och utfall vid behandling av ledpro-
tesinfektion orsakad av S. capitis. Oroväckande nog påvisades dock att en 
del av dessa infektioner orsakades av en undergrupp av S. capitis som 
benämns NRCS-A. Denna undergrupp var sedan tidigare mest känd för 
att orsaka svåra infektioner hos för tidigt födda barn på neonatala inten-
sivvårdsavdelningar, och karaktäriseras av multiresistens mot antibiotika 
inkluderande nedsatt känslighet mot glykopeptidantibiotika. Slutligen 
noterades vid släktskapsanalys att de allra flesta normalflorestammar av S. 
capitis från näsbärare utgjorde en egen grupp, som verkar ha låg förmåga 
att orsaka sjukdom. I det sista arbetet, arbete V, diskuterades att de mi-
krobiologiska kriterier som gäller för att definiera ortopediska implantat-
associerade infektioner i dagsläget har inneboende svagheter. Det finns en 
risk att två stammar som isolerats vid samma tillfälle hos samma patient 
kan se olika ut när de analyseras med rutinmetoder på ett kliniskt mikro-
biologiskt lab, trots att de är oskiljaktiga vid mer djupgående analys med 
helgenomsekvensering. 

Sammanfattningsvis visar denna avhandlings resultat att de tre vanlig-
aste arterna av stafylokocker vid ledprotesinfektion uppvisar olika karak-
tärsdrag: 
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i. Multiresistens mot antibiotika var i Sverige mycket vanligare 
hos S. epidermidis och undergruppen NRCS-A hos S. capitis, 
än hos övriga S. capitis och S. aureus. Eftersom antibiotikare-
sistens kan ha betydelse för såväl strategier vid profylax i an-
slutning till ledproteskirurgi som vid behandling av ledprotesin-
fektion och även för utfallet efter behandling, är det av stor vikt 
att ha kunskap om lokala resistensmönster. 

ii. Nedsatt känslighet mot glykopeptidantibiotika (heteroresistens) 
kan vara ett underskattat fenomen hos S. epidermidis och S. 
capitis. 

iii. Förekomst av virulensfaktorer som kan särskilja stammar som 
orsakar infektion eller kolonisation saknades hos S. aureus. Li-
kaså saknades genetiska markörer, annat än antibiotikare-
sistens, som kunde kopplas till utfall vid behandling av ledpro-
tesinfektion orsakad av S. aureus. 

iv. S. capitis har förmågan att orsaka ledprotesinfektion. Dessutom 
förekommer den nosokomiala, multiresistenta klonen NRCS-A 
inte bara inom neonatal intensivvård, utan även som orsak till 
ledprotesinfektion. 

v. Sannolikheten för gynnsamt utfall vid behandling av ledprotes-
infektion var mindre om man drabbades av infektion med S. 
aureus än S. capitis. Förekomst av antibiotikaresistens eller av-
saknad av möjlighet att behandla S. aureus-ledprotesinfektion 
med antibiotika som utövar effekt i biofilm, var också associe-
rade med ogynnsamt utfall. 

vi. Vid släktskapsanalys av isolat från näsa (normalflora) och de 
som orsakat ledprotesinfektion påvisades olika mönster hos S. 
aureus och S. capitis. Detta kan indikera att olika stafy-
lokockarter har olika nischer; till exempel patientens näsa, per-
sonalens hud eller sjukhusmiljön. Beroende på var de har sin 
reservoar kommer också kolonisation, och i värsta fall infekt-
ion, hos patienter som genomgår ledproteskirurgi att ske på 
olika sätt. Därför är det inte självklart att en preventiv åtgärd 
som har effekt för att minska risken för ledprotesinfektion or-
sakad av en sorts stafylokock, även har motsvarande effekt på 
en annan stafylokockart. 
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Introduction 

In the beginning… 
Ever since Sir John Charnley’s work in the 1960s marked the start of 
modern arthroplasty, prosthetic joint infections (PJIs) have been recog-
nized as a serious complication (1, 2). An initial frequency of infection 
reaching 10% of procedures (3) led to efforts to reduce the occurrence of 
post-operative PJIs. As antibiotic prophylaxis was suspected at that time 
of increasing the risk of postoperative infection (4), attention was on anti-
sepsis in the operating theatre, including the use of ultraclean air. Not 
until the 1980s was it shown that ultraclean air and antibiotic prophylaxis 
complemented each other in reducing the risk of PJI (5). Curing PJIs 
proved difficult, and treatment relied on prosthesis removal, long-term 
suppressive antibiotics, or amputation (6, 7). Beta-lactam antibiotics ad-
ministered without surgical intervention led to cure in fewer than 10% of 
PJIs (8). As the importance of dormant bacteria embedded in biofilms on 
foreign bodies became evident (9, 10), animal models were designed to 
study this phenomenon in vivo (11). This eventually led to one of the few 
randomized controlled trials in the field of implant-associated orthopedic 
infections (12), proving that implant retention is possible when using bio-
film-active antibiotics after thorough surgical debridement. However, as 
the number of arthroplasties performed is increasing worldwide, so is the 
number of PJIs (Figure 1) (13). This leads to a substantial economic bur-
den on healthcare systems, as each infection is estimated to add a cost 
equivalent to 1.7–3.8 times that of an uncomplicated primary arthroplasty 
(14, 15). Also, repeat surgery followed by long-term antibiotics is trying 
for patients, and still not all are cured. Even in those in whom the infec-
tion is eradicated, functional outcomes are worse than after successful 
arthroplasty (16), also demonstrated by the fact that 57% of Swedish 
patients with PJIs filing injury claims to LÖF (Landstingens ömsesidiga 
försäkringsbolag, i.e. Swedish national patient insurance) were compen-
sated for permanent disability (17). Because of this, LÖF has initiated the 
PRISS (“prosthesis-related infections shall be stopped”) project, aimed at 
reducing the incidence of PJIs.  
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Figure 1. Historical and projected number of infected total hip arthroplasty 
(THA), total knee arthroplasty (TKA), and total (THA + TKA) procedures in the 
United States (2001–2020). The dashed lines represent the projected values per 
surgery type, and the dotted lines represent the 95% CIs of the historical estimates 
(2001–2009) and the statistical projections (2010–2020). Reprinted from Kurtz et 
al. (13) with permission from Elsevier. 

The evolution of antibiotic resistance further threatens results and out-
comes (18), as this may force the use of second-line antibiotics for both 
antibiotic prophylaxis and treatment, as our historically best-documented 
and most-effective agents will no longer be viable options. 

Further knowledge of the pathogenesis, virulence, and resistance epide-
miology of pathogens involved in PJIs is crucial in creating decision sup-
port for both the prevention and treatment of these devastating complica-
tions of arthroplasty, to ensure that this intervention we now take for 
granted as a cure for arthrosis pain and hip fractures will still be practica-
ble in the future.  
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Figure 2. Host factors in hip arthroplasty. Left: ASA-scores. Right: BMI. All num-
bers are percentages; blue represents males and red females. Adapted and reprinted 
with permission from the Swedish Hip Arthroplasty Register annual report, 2018 
(www.shpr.se). 

Several studies have examined risk factors in arthroplasty (19), and hazard 
ratios for PJI following total hip arthroplasty (THA) are reportedly 2.2 if 
the ASA-score is III–IV versus I–II, and 1.6 for BMI 30–35 and 2.4 for 
BMI ≥35, respectively, versus BMI 18.5–30 (20). According to PRISS 
guidelines (https://lof.se/patientsakerhet/vara-projekt/rekommendationer/), 
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Prosthetic joint infections (PJIs) 

Epidemiology 
In Sweden, 14,957 total knee arthroplasties (TKAs) were performed in 
2017 (www.myknee.se). In the same year, 18,148 total hip arthroplasties 
(THAs) were also performed and an additional 4,029 hip fractures were 
operated on with hemiprosthesis. One third of these procedures were per-
formed in patients 80 years and older, one fourth in patients with BMI 
≥30, and one fifth in patients with American Society of Anesthesiologists 
Physical Status Classification System scores (ASA-scores) of III–IV (Figure 
2, www.shpr.se), which are defined as indicating severe systemic disease 
(https://sfai.se/riktlinje/medicinska-rad-och-riktlinjer/anestesi/asa-
klassifikation/). 
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ASA-score ≥III, over/underweight, diabetes mellitus, anaemia, immuno-
suppression, smoking, and alcohol/drug use all represent risk factors for 
PJI after arthroplasty. In addition, nasal colonisation with Staphylococcus 
aureus may also increase the risk (21). 

Still, PJIs are rare complications. Huotari et al. (22) estimated the cu-
mulative incidence of PJI in Finland, 1998–2009, to be 1.2% (hip: 0.9%, 
knee: 1.4%), comprising 47% early infections (<3 months after surgery), 
32% delayed infections (3–24 months after surgery), and 21% late infec-
tions (>24 months after surgery). The incidence of late infections was 
0.069% per prosthesis-year and of very late infections (>5 years after sur-
gery) 0.051% per prosthesis-year. Swedish data indicate a cumulative 
incidence of PJIs after THA of 0.9%(23), with the highest incidence rate 
during the first three months after surgery (Figure 3).  

Figure 3. Histogram illustrating time from THA to diagnosis of PJI. Reprinted 
from Lindgren et al. (23) with permission from Cambridge University Press. 
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Pathogenesis and types of PJIs 
Formation of biofilm, consisting of bacterial communities protected inside 
an extracellular matrix on the implant surface, is a central pathogenetic 
factor in PJIs (24, 25), and exponentially smaller bacterial inocula are 
required to cause infections adjacent to implants versus in native tissues 
(26). More virulent species, most commonly S. aureus, can cause infec-
tions after hematogenous seeding, and low-virulence bacteria such as 
Staphylococcus epidermidis and Staphylococcus capitis may convert from 
being colonizing commensals to invasive pathogens when an implant is 
contaminated peri- or postoperatively (27). Biofilm not only impairs local 
immunity (28) but also has an impact on antibiotic resistance and thus on 
the selection of antimicrobial treatment. Furthermore, microbiological 
techniques for culture diagnostics of pathogens in biofilm, as well as for 
discriminating between pathogenic and commensal low-virulence bacteria 
in this setting, pose a challenge to the clinical microbiologist (25). 

The classification of PJI (Figure 4) considers factors that have an impact 
on treatment strategy, i.e. mainly duration of symptoms (i.e. maturity of 
biofilm) and time since index surgery or since suspected bacterial seeding 
(i.e. maturity of biofilm and quality of prosthesis) 

 

Figure 4. Classification of PJIs. Adapted from Zimmerli and Sendi (29). 

There are several possible routes for the seeding of bacteria to the implant 
in PJIs. These, together with factors related to bacterial species, will de-
termine the type of infection.  
  

Type of PJI  Characteristics 
Acute hematogenous Infection with a symptom duration of three 

weeks or less, after an uneventful postopera-
tive period 

Early postinterventional  Infection that manifests within one month of 
an invasive procedure such as surgery or ar-
throcentesis 

Chronic Infection with symptoms that persist for more 
than three weeks beyond the early postinter-
ventional period 
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i) The wound and implant may be contaminated during implan-
tation. To prevent this, a combination of preoperative (e.g. 
optimization of patient factors, chlorhexidine wash, and anti-
biotic prophylaxis) and perioperative (e.g. optimizing operat-
ing room environment, including adequate ventilation and 
surgical technique) measures are taken (21, 30). Regarding 
antibiotic prophylaxis, cloxacillin (usually in combination 
with local gentamicin in the cement) is the recommended 
agent in Sweden, unlike in many other countries where cepha-
losporins such as cefazoline, sometimes in combination with 
glycopeptides, are recommended. In recent years, it has be-
come apparent that prophylaxis with beta-lactam antibiotics 
rather than other agents is associated with a lower risk of 
postoperative infection (31-33). 

ii) Bacteria may reach the prosthesis in the early postoperative 
phase, before closure of the wound. Measures must therefore 
be taken to optimize the prerequisites for wound healing, in-
cluding nutrition status and adequate wound dressings. 
Infections acquired perioperatively or in the early postopera-
tive phase may present themselves as early postinterventional 
or chronic infections (Figure 4). The distinction between these 
types of infection lies in the duration of infection, being a 
proxy for biofilm maturation. In early postinterventional in-
fections, prosthesis retention through surgical debridement 
followed by biofilm-active antibiotics (i.e. debridement, anti-
biotics, and implant retention [DAIR]) is a valid option. In 
chronic infections, however, prosthesis exchange is required 
for healing, as the biofilm is mature and septic loosening of 
the prosthesis is not uncommon. 

iii) PJIs may occur through hematogenous spread long after im-
plantation. S. aureus is the most common pathogen in these 
cases (34). Bacterial seeding to a previously functioning pros-
thetic joint in conjunction with S. aureus bacteremia (SAB) 
reportedly occurs in 34–41% of patients (35-37). These infec-
tions are acute hematogenous infections and DAIR may be an 
adequate choice in these cases as well (29, 38-40). 
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Clinical features of PJIs 
Depending on infection type, pathogen, host immune response, and fac-
tors associated with the joint/tissues, the clinical features are heterogene-
ous. However, some patterns are evident. Acute hematogenous infections 
usually present with joint pain and swelling together with signs of systemic 
infection, ranging from fever and/or elevated CRP to sepsis (34, 37). 
Chronic infections, which are often caused by low-virulence pathogens, 
rarely present with fever but rather with joint pain associated with implant 
loosening. Also, the appearance of a sinus tract may be associated with 
chronic infection (29). Early postinterventional infections, however, may 
debut both as systemic infection with fever and bacteremia and as low-
grade infection, in which wound healing disturbances, effusion, and joint 
pain are common (29, 41). 

Definitions and diagnosis of PJI 
There are several co-existing sets of diagnostic criteria for PJI (Figure 5), 
and no gold-standard definition. The Zimmerli definition (29) was rec-
ommended in the 2018 Swedish Society for Infectious Diseases (Svenska 
infektionsläkarföreningen [SILF]) PJI guidelines (40). However, during the 
2018 International Consensus Meeting on Musculoskeletal Infection 
(ICM) in Philadelphia, a new definition/scoring system was proposed (42) 
(Figure 6). In the Swedish context, one problem associated with the possi-
ble implementation of this scoring system is the impact of histological 
examination on the final decision, a method rarely used in Sweden due to 
a shortage of clinical pathologists. More recently, Trampuz et al. pub-
lished a new definition and classification of PJI (43), the European Associ-
ation of Nuclear Medicine (EANM) in association with the European 
Society of Radiology (ESR) and European Bone and Joint Infection Society 
(EBJIS) published a consensus document on the diagnosis of PJI (44), 
while the World Association against Infection in Orthopedics and Trauma 
(WAIOT) presented a concept paper on the definition of high- and low-
grade PJIs (45). Furthermore, during the 38th EBJIS meeting in September 
2019, an international working group presented proposed EBJIS criteria 
for the diagnosis of clinically suspected PJIs. Further validation is needed, 
and which definition comes to dominate research and clinical practice in 
the future remains to be seen. 
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Figure 5. Definitions of PJI. Adapted from Hozack and Parvizi (46), Osmon et al. 
(39), Parvizi et al. (47), and Zimmerli and Sendi (29). 

Diagnosis of PJI is based on a set of criteria the determination of which 
sometimes requires invasive procedures. In clinical practice, two scenarios 
are most common. Either there is a patient for whom the suspicion of PJI 
is high, for example, a febrile, newly operated patient with wound healing 
disturbance and effusion, or a patient with SAB and new-onset pain in a 
prosthetic joint. In these cases, reoperation aiming at both etiologic and 
clinical diagnosis as well as cure is recommended. However, in chronic 
infections due to low-virulence pathogens, where there is more uncertainty 
about the diagnosis and prosthesis retention is not an option, further in-
vestigation is required to ensure that the best possible surgical/antibiotic 
strategy is used. As growth in one, or even two, tissue biopsies of a low-
virulence pathogen may be difficult to assess in terms of clinical signifi-

 MSIS 
(2011) 

IDSA  
(2012) 

ICM 
(2013) 

ZIMMERLI  
(2015) 

Criteria: D = definitive (major) 
S = supportive (minor) 

D S D S D S D S 

Number of supportive criteria required:  4/6  n.a.  3/5  n.a. 

Presence of a sinus tract communicating 
with the prosthetic joint 

X X X X 

Growth of identical microorganisms in 
at least two intraoperative cultures, or 
combination of preoperative aspiration 
and intraoperative cultures 

X X X X 

Presence of purulence, without another 
known aetiology, surrounding the pros-
thetic device 

X X  X 

Acute inflammation consistent with 
infection on histopathologic examina-
tion of periprosthetic tissue 

X X X X 

Isolation of a microorganism in one 
culture of periprosthetic tissue or fluid 

X  X  

Growth in a single specimen from syno-
vial fluid or periprosthetic tissue of a 
virulent microorganism (e.g. S. aureus or 
Escherichia coli) 

 X  X 

Elevated leukocyte count in the synovial 
fluid 

X  X X 
and/or 

Elevated neutrophil count (%PMN) in 
the synovial fluid 

X  X X 
 

Elevated ESR and CRP X 
(ESR or CRP) 

 X  
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cance (39), further workup, including radiology to detect loosening and 
soft tissue conditions, and arthrocentesis for the analysis of synovial fluid, 
is recommended in these cases (48). 

Figure 6. ICM 2018 definition/scoring system. Reprinted from Shohat et al. (42) 
with permission from Elsevier. 

Nevertheless, detection of the causative pathogen using microbiological 
technologies is an important part of all diagnostic algorithms, and growth 
of the same microorganism in two tissue biopsies is a definitive criterion in 
all definitions. Current knowledge of microbiological sampling and pro-
cessing in PJIs was reviewed in a recent WAIOT document (49). In brief, 
conducting five perioperative tissue biopsies (each taken with a new clean 
set of instruments), if possible with accompanying synovial fluid samples, 
is standard procedure in diagnosing PJIs (50). Culturing tissue in blood 

Major criteria (at least one of the following) Decision
Two positive growth of the same organism using standard culture methods

InfectedSinus tract with evidence of communication to the joint or visualization of 
the prosthesis

Minor Criteria
Threshold

Score
Decision

Acute€ Chronic

Combined 
preoperative and 
postoperative 
score: 

≥6 Infected 

3-5 Inconclusive* 

<3 Not Infected

Serum CRP (mg/L) 

or

D-Dimer (ug/L) 

100

Unknown

10

860

2

Elevated Serum ESR (mm/hr) No role 30 1

Elevated Synovial WBC (cells/μL) 

or

Leukocyte Esterase 

or

Positive Alpha-defensin (signal/cutoff) 

10,000

++

1.0

3,000

++

1.0

3

Elevated Synovial PMN (%) 90 70 2

Single Positive Culture 2

Positive Histology 3

Positive Intraoperative Purulence¥ 3
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culture bottles (51-53) and sonication of implant components (54, 55) 
reportedly improve the sensitivity of diagnosing biofilm-associated infec-
tions, but are not generally implemented in Sweden. Molecular techniques, 
such as 16S rRNA-PCR (already used in selected cases), multiplex PCR, 
whole-genome sequencing (WGS) (56), or metagenomics (57, 58) may in 
the future lead to new strategies for microbiological diagnostics. However, 
none of these techniques enables phenotypic antimicrobial susceptibility 
testing (AST), meaning that culture-based diagnostics still remain indis-
pensable in the management of PJIs.  

Finally, creating strain collections of PJI isolates would enable future re-
search combining clinical and microbiological data gathered using modern 
technologies.  

Management of PJIs 
In the treatment of PJIs, multidisciplinary management is crucial, as a 
strategy combining adequate surgery and corresponding antibiotics is 
needed for cure (59, 60). To reach a decision on treatment strategy, one 
must consider factors related to:  

i) The prosthesis, including stability or loosening and quality of
the surrounding soft tissue.

ii) The pathogen, including antibiotic susceptibility. In addition,
some microorganisms (e.g. rifampin-resistant staphylococci,
fluoroquinolone-resistant Gram-negative bacteria, enterococ-
ci, and fungi) are known to be difficult to treat (DTT) (61).
Furthermore, recent evidence suggests that the prognosis is
not as good as previously assumed for acute hematogenous
PJIs caused by S. aureus treated with DAIR (34, 62).

iii) The patient, including state of health and ability to withstand
repeat surgery and prolonged antimicrobial therapy.

In some cases, the best option is to relinquish hopes for cure, and instead 
aim for symptom control through life-long antibiotic suppression (63-65). 
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Surgery in PJIs 
There are several different surgical concepts in the treatment of PJIs. In 
deciding what strategy to use, biofilm maturation, type of pathogen and 
antibiotic susceptibility, soft tissue conditions, and general state of 
health/surgical risk to the patient must be considered (Figure 7). All surgi-
cal concepts include thorough surgical debridement of infected and necrotic 
tissue. 

Figure 7. Factors influencing surgical strategy in PJI. Reprinted from Zimmerli and 
Moser (61) with permission from Blackwell Publishing; permission conveyed 
through Copyright Clearance Center. 

Debridement, antibiotics, and implant retention (DAIR) is the only cu-
rative option without prosthesis exchange. DAIR shall be performed as 
soon as possible after symptom debut to address the biofilm problem early 
during its maturation phase, preferably within seven days but at least 
within four weeks (66). However, data on how long after symptom debut 
DAIR is a valid option are divergent, and some authors claim that more 
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delayed treatment is still acceptable (67). All mobile components must be 
exchanged (34). Other prerequisites for improving success rates in DAIR 
are:  

 
i) Intact or slightly damaged soft tissue 
ii) No loosening of the implant 
iii) Microorganisms susceptible to antibiotics with good bioavail-

ability and activity in biofilm 
 

After DAIR, 8–12 weeks of biofilm-active antibiotic therapy should be 
administered (29, 40, 68-72). 

One-stage exchange can be considered when soft tissues are intact or 
slightly damaged, there is loosening of the implant, and the causative mi-
croorganism is not DTT. In these cases, preoperative microbiological di-
agnosis is essential. During the course of one operation, the infected pros-
thesis is extracted, followed by reimplantation after sterile re-draping and 
exchange of surgical instruments. After one-stage exchange, biofilm-active 
antibiotics are traditionally administered for 12 weeks (40, 70). This sce-
nario was challenged during the 2018 ICM, when 4–6 weeks of postoper-
ative treatment was instead recommended (72).  

In two-stage exchange, explantation of the infected prosthesis and re-
implantation occur in two operations separated by a prosthesis-free inter-
val. This is the best option when the infection is caused by DTT microor-
ganisms or when soft tissues are moderately or severely damaged, regard-
less of infection type or prosthesis stability. A spacer (i.e. antibiotic-
containing cement in the shape of a prosthesis) is often used in the pros-
thesis-free interval. Pathogen-directed, non-biofilm-active antibiotic thera-
py is administered for 4–6 weeks after prosthesis extraction, followed by a 
two-week antibiotic holiday (or wash-out period) to ensure reliable cul-
tures at reimplantation (40, 70, 73). Inflammation markers do not seem to 
predict relapses after reimplantation (74, 75). However, Ascione et al. (75) 
questioned the use of the antibiotic holiday, which in their study was asso-
ciated with significantly higher relapse rates. Two-stage exchange (short 
interval), rarely used in Sweden, is a concept incorporating 2–3 weeks of 
intravenous antibiotic treatment between explantation and reimplantation. 
After reimplantation, however, another 12 weeks of oral antibiotics are 
recommended (70). 

Finally, resection arthroplasty (“Girdlestone arthrodesis”) (76) or am-
putation may be the only remaining options to achieve cure in select pa-
tients.  



STAFFAN  TEVELL  Staphylococcal PJIs: similar, but still different  27 
  

Figure 8. Surgical and antimicrobial concepts in PJIs. Red arrows denote time of 
diagnosis, yellow circles revision or reoperation, grey arrows (up) prosthesis re-
moval, and grey arrows (down) prosthesis reimplantation. Adapted from Zimmerli 
et al. (29, 70) 

Antibiotics in staphylococcal PJIs 
In the early phase after DAIR, the contemporary concept includes antibi-
otic treatment directed at planktonic (i.e. dividing) cells to reduce bacterial 
load and provide adequate coverage in case there is simultaneous bactere-
mia. For methicillin-sensitive staphylococci, beta-lactam antibiotics such 
as cloxacillin are the drugs of choice (40). In cases of methicillin re-
sistance, vancomycin has historically been the most reliable option. How-
ever, recent years have seen a rise in daptomycin use, considering its bacte-
ricidal effect and activity in biofilm (77, 78). It must be noted that recom-
mended daptomycin dosages in PJIs differ from those recommended in the 
drug SPC (79). 

After the first weeks of intravenous therapy, biofilm-active follow-up 
therapy is required to achieve cure. Rifampin is the most important bio-
film-active agent, but as one single-point mutation in the rpoB gene is 
enough for the development of resistance (80), rifampin must be used with 
caution (81) and combined with another effective antibiotic. In a retro-
spective study of DAIR for S. aureus PJIs, Puhto et al. (82) showed the 
impact of combining rifampin with a fluoroquinolone compared with 
other agents (Figure 9).  
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However, especially in S. epidermidis, resistance to rifampin and/or 
fluoroquinolones is not uncommon. In rifampin-sensitive strains, 
clindamycin, fusidic acid, trimethoprim/sulfamethoxazole, doxycycline, or 
linezolid have been used (39, 40), though all of these interact with rifam-
pin, leading to either antagonism or a decrease in serum levels that in 
some cases may be so pronounced that antibiotic concentrations become 
subclinical (83-90). Daptomycin may, based on its properties (77), in se-
lect cases prove useful in combination with rifampin even if intravenous 
outpatient antibiotic therapy may be challenging. Another presumptive 
option for treating multidrug resistant (MDR) staphylococci in the ab-
sence of effective oral antibiotic agents could be dalbavancin, a lipoglyco-
peptide with an exceptionally long half-life (91-94), even though the role 
of combining this drug with rifampin remains to be evaluated.  
 

Figure 9. Impact of antibiotic combinations after DAIR in S. aureus PJIs. Reprint-
ed from Puhto et al. (82) with permission from Springer Nature. 



STAFFAN  TEVELL  Staphylococcal PJIs: similar, but still different  29 
  

Outcome after treatment of PJIs 
It is impossible to report universal cure rates after treatment for PJIs, as 
they differ depending on the type of infection, type of microorganism, and 
surgical strategy (Figure 10). 

Figure 10. Cure in acute hematogenous PJIs caused by S. aureus (n=139), Entero-
coccus spp. (n=11), and other microorganisms (n=190). Reprinted from Wouthu-
yzen-Bakker et al. (34) with permission from Elsevier. 

DAIR has previously been reported to be successful for 63–82% of pa-
tients in several case series, though these often contain insufficient data to 
evaluate outcome in relation to infection classification, pathogen, and 
surgical intervention (95-97). Nevertheless, Triantafyllopoulos et al. (98) 
reported cure in 55.1% of 78 patients, with a significantly increased risk 
of failure with increased time between symptom onset and DAIR, while 
Puhto et al. (82) reported favourable outcomes in 61.9% of 113 patients, 
noting the importance of adequate empirical therapy and of combining 
fluoroquinolones and rifampin in staphylococcal PJIs. Two studies (34, 
62) have reported overall cure rates of 55%, but of only 45% for acute 
hematogenous S. aureus PJIs.  

Finally, a randomized controlled trial by Lora-Tamayo et al. (69) illus-
trates some of the problems encountered in PJI research: 63 of 171 includ-
ed patients were available for intention-to-treat analysis (65% cure rate), 
while only 44 remained for the per-protocol analysis (93% cure rate). In 
conclusion, when a staphylococcal PJI can be treated according to plan, 
the prognosis is good. However, deviation from best clinical practice is 
often necessary in real life, owing to, for example, antibiotic resistance, 
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drug–drug interactions, or intolerance, resulting in a significantly de-
creased probability of success. 

In two-stage exchange, cure rates are generally high at 83–94% (75, 
99), even when the infection is caused by bacteria resistant to biofilm-
active antibiotics (100). It is worth noting that Ford et al. (101) reported 
worse outcomes, with a cure rate of 60% and a substantial proportion of 
patients never reaching reimplantation. 

 
Staphylococci 
Staphylococci are Gram-positive cocci clustering in grape-like structures. 
The name is derived from the Greek words staphyle, meaning “bunch of 
grapes”, and kokkos, meaning berry. The first observations linking these 
bacteria to wound infections were made in the late 19th century by Bill-
roth, Ogston, and Rosenbach (102). It was also during work on staphylo-
coccal colonies that Alexander Fleming made his discovery of penicillin in 
1928 (103). By 2014, 47 species and 23 subspecies of staphylococci had 
been characterized and classified according to both coagulase production 
and implications for human health (Figure 11) (102). 

Figure 11. Clinical and epidemiological schema of staphylococcal species based on 
the categorization of coagulase as a major virulence factor and its impact on hu-
man health. Reprinted with permission from Becker et al. (102). 
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Species identification 
Not until 1934, when the analysis of coagulase production was introduced 
(104), was it possible to distinguish the more virulent, coagulase-positive 
S. aureus, from the heterogeneous group of commensal coagulase-negative 
staphylococci (CoNS) (102). Depending on the source of isolation, until 
recently, further subtyping only aimed at identifying what were judged to 
be relevant CoNS (i.e. S. epidermidis, Staphylococcus lugdunensis, and 
Staphylococcus saprophyticus). Identification was based on differences in 
metabolic activity between species and could be performed either through 
observing reactions in bacterial suspensions in test tubes or through using 
commercial kits, such as ID32STAPH. However, over the last ten years, 
matrix-assisted laser desorption/ionization time-of-flight mass spectrome-
try (MALDI-TOF MS) has become readily available in routine workflow 
at clinical laboratories, meaning not only rapid species identification but 
also subtyping of clinical CoNS isolates to an extent previously impossi-
ble. This may lead to deeper knowledge of the prevalence and clinical role 
of different CoNS species in modern healthcare.

Basics of the staphylococcal genome 
Most work on staphylococcal genomics has been performed on S. aureus, 
and advances in whole-genome sequencing (WGS) have led to an exponen-
tial increase in available genomic data over the last decade. When discuss-
ing the genomics of staphylococci in 2009 (105), Gill noted that 17 ge-
nomes, whereof 13 were S. aureus, had been sequenced. To put this in 
perspective, in 2017 Strauβ et al. (106) explored the origin and evolution 
of the hypervirulent USA300 MRSA clone through the analysis of WGS 
data for 224 isolates, all belonging to a single lineage denoted ST8. 

The sizes of staphylococcal genomes are variable: the chromosome of S. 
capitis is approximately 2.4 Mbp (107), while that of S. epidermidis is 2.6 
Mbp and of S. aureus is 2.8 Mbp (108).  
     In S. aureus, about 80% of the genes constitute the core genome, i.e. genes 
present in all strains. By analysing differences in the sequence in a select 
number of housekeeping genes (i.e. arc, aroE, glpF, gmk, pta, tpi, and 
yqiL) within the core genome (multi-locus sequence typing, MLST), fur-
ther distinguishing of sequence types (STs) is possible. The different STs 
can be clustered together in clonal complexes (CCs), defined as “groups of 
STs in which every ST shares at least six of seven identical alleles with at 
least one other ST in the group” (109). Using WGS data, a much larger 
number of core gene alleles can be compared with a predefined curated 
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set, which is the basis of core-genome MLST (cgMLST). It is worth noting 
that there is also an MLST scheme for S. epidermidis, albeit using another 
set of housekeeping genes. 

Genes not included in the core genome constitute the accessory genome. 
In S. aureus, approximately half of the virulence factors are located in the 
accessory genome, which may consist of mobile genetic elements (MGEs) 
such as plasmids, chromosomal cassettes, and pathogenicity islands (105). 

Staphylococcus aureus 
Of staphylococci, the human pathogen S. aureus has received the most 
attention, mainly because of its ability to cause serious infections such as 
SAB, infective endocarditis, vertebral osteomyelitis (spondylodiscitis), 
septic arthritis, and post-operative wound infections in otherwise healthy 
people. Not long after the introduction of penicillin, clinically significant 
penicillin resistance was documented among S. aureus in 1942 (110), fol-
lowed by methicillin resistance (i.e. methicillin-resistant S. aureus 
[MRSA]), reduced susceptibility to vancomycin (i.e. vancomycin-
intermediate S. aureus/heterogeneous vancomycin-intermediate S. aureus 
[VISA/hVISA]), and true vancomycin resistance (i.e. vancomycin-resistant 
S. aureus [VRSA]), although the latter is extremely rare worldwide (111, 
112). Unlike in most of the world, MRSA is uncommon in Sweden, reach-
ing no more than 1.2% of invasive isolates in 2017 (113). Data regarding 
the incidence of VISA/hVISA are lacking, both nationally and internationally. 

Several attempts have been made to correlate CCs and agr types to type 
of disease, but there seems to be no difference in CCs between isolates 
causing SAB and those causing endocarditis, and agr types seem to be 
mainly linked to CCs (114-117). In a study including 105 PJIs, the most 
common CCs were CC1, CC5, CC8, CC30, CC45, and CC59 (115). Iso-
lates containing agrI (e.g. CC45) have been demonstrated to produce less 
biofilm than those containing agrII (e.g. CC5/CC15), but as there was no 
correlation to the biofilm-related genes that were absent or present, the 
authors concluded that these differences were caused by the association of 
several genes (114). 

Although S. aureus has the potential to act as a virulent pathogen, it 
may also act as a commensal through the downregulation of virulence 
factors, with substantial colonization rates in the nares (20–30%), perine-
um (22%), hands (20%), chest/abdomen (15%), and axillae (8%), and the 
hand colonization rate even reaches 69% in patients with eczema (118, 119).  
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The first report connecting nasal carriage to disease was published in 
1931 (104), and in 2001 von Eiff et al. proposed that 80% of SAB may be 
of endogenous origin, as there was a high correlation between genotypes 
found in isolates from nares and blood (120). Nasal carriage is of special 
interest in orthopedic surgery, as S. aureus is one of the most common 
pathogens causing PJIs (23, 121), and nasal carriage is associated with an 
elevated risk (OR = 5.92) of post-operative surgical site infections (SSIs) 
(122). Furthermore, several publications (123, 124) have reported reduced 
risk of SSIs or wound complications when a screening/decolonization pro-
gramme focusing on S. aureus has been initiated.  

Humans may be persistent (10–30%), intermittent (30–47%), or non-
carriers (10–47%) of S. aureus in the nares (104, 125), even though it has 
been questioned whether intermittent and non-carriers really are two sepa-
rate groups, as they have similar responses to S. aureus inoculation (126). 
However, the distinction between persistent carriers and intermittent or 
non-carriers is important, as persistent carriers have a higher bacterial 
load and are at greater risk of S. aureus infection (104, 120, 125). To de-
termine carriage status, repeated samplings are needed; as this complicates 
the concept of pre-decolonization screening, which in addition is costly, 
general decolonization has been tested (123). However, no definitive rec-
ommendation was made on this topic at the ICM in 2018 (127). Routine 
decolonization before arthroplasty is currently not recommended in Swe-
den, while guidelines state that it may be considered in MRSA carriers to 
make it possible to use standard beta-lactam prophylaxis (128). 

Staphylococcus epidermidis 
From early on, CoNS were considered apathogenic bacteria. However, in 
1958, a series of CoNS isolates from patients with bacteremia was pub-
lished, and in the late 1970s, Archer published the antibiotic resistance 
profile of a series of S. epidermidis isolates, showing that 63% were 
methicillin resistant (129, 130). This was followed by Clarke (131), who 
in 1979 discussed the fact that S. epidermidis was the second most com-
mon pathogen in PJIs, and considered whether that should have implica-
tions for preoperative prophylaxis. Still, before the 1980s, interest was low 
and typing methods were unreliable, and even though interest in S. epi-
dermidis had increased, no more than two isolates were whole-genome 
sequenced by 2009 (105, 129). 

S. epidermidis resides on the skin, preferably in the axillae, inguinal, 
and perineal areas, on the head, and in the nares, with 97% of people 
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being nasal carriers (27, 129, 132). As determined using MLST, three STs 
seem to dominate the hospital-associated clones, including those causing 
PJIs, i.e. ST2 and ST5 (worldwide) and ST215 (northern Europe), while 
commensal strains display a more heterogeneous pattern (133, 134). Re-
cently, STs have been assigned to genetic clusters (GCs), with an 
overrepresentation of nosocomial isolates in GC5 (135). These nosocomial 
strains seem well adapted to the hospital environment, with an adjustable 
genome containing the IS256 insertion sequence as well as biofilm-forming 
ability, SCCmec, and MDR (133). In addition, heterogeneous glycopeptide 
intermediate strains of S. epidermidis (hGISE) have been reported (136, 
137). However, even with these highly specialized nosocomial clones, 
disease is rarely seen among immunocompetent individuals without cen-
tral venous catheters, cerebrospinal shunts, prosthetic heart valves, vascu-
lar grafts, orthopedic implants, or other foreign bodies (27, 102). Thus, as 
S. epidermidis is the one of the most common pathogens in PJIs (138), it 
poses a considerable treatment challenge, considering the MDR phenotype 
and frequent SCCmec carriage.  

Staphylococcus capitis 
In 1975, the coagulase-negative S. capitis was first described by Kloos et 
al. (139, 140). In the original publication (139), it was reported to reside 
mainly on the head and arms, occasionally on the legs, and rarely in the 
nares, and populations persisting over a one-year period were maintained 
on head and arms in 20% of participants. However, more recent data 
indicate nasal carriage in over 40% of participants (141).  

S. capitis is classified as belonging to the S. epidermidis-like group of 
CoNS (Figures 11 and 12), and even though it is indistinguishable from 
Staphylococcus caprae in the 16S rRNA gene, the species can be discrimi-
nated by sequencing the sodA or tuf genes, as well as by MALDI-TOF MS 
(142-144). 

Based on colony morphology, urease activity, and the ability to produce 
acid from maltose under aerobic conditions, in 1991, Bannerman and 
Kloos described two distinct subspecies: S. capitis subsp. capitis and S. 
capitis subsp. urealyticus (145). In the early 2000s, nosocomial late-onset 
sepsis (LOS), occurring in neonates after three days of life, caused by a 
heterogeneous glycopeptide intermediate S. capitis (hGISC) was reported 
(146), and in 2011 Cui et al. (147) elaborated on the roles of the two sub-
species in LOS. In that study, S. capitis subsp. urealyticus was found to be 
more prone to biofilm production and reduced susceptibility to antibiotics 
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(including methicillin resistance). The dominance of S. capitis subsp. urea-
lyticus over S. capitis subsp. capitis in clinical isolates, as well as their 
relatedness in PFGE phylogeny, suggested that the former is the more im-
portant nosocomial pathogen of the two. Further work in recent years 
(148-152) characterized a S. capitis subsp. urealyticus clone (NRCS-A) 
disseminated throughout the world, in Europe, Asia, Oceania, and the 
Americas, though almost exclusively in NICUs. No more than a handful 
of case reports on S. capitis-associated illness in adults have been pub-
lished (153-158), none of them including data on subspecies or clonal 
relatedness to NRCS-A. 

 

Figure 12. Neighbor-joining tree displaying the relationships between different 
CoNS. Reprinted from Cameron et al. (107) with permission. 
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Characteristics of the NRCS-A outbreak clone are:  
 

i) High genetic stability 
ii) Resistance to penicillin and aminoglycosides 
iii) Methicillin resistance (conferred through an SCCmec-

SCCcad/ars/cop element including CRISPR/cas) 
iv) Glycopeptide heteroresistance (hGISC) 
v) Biofilm production 
vi) Resistance against nisin, a bacteriocin produced by gut micro-

flora, possibly involved in the colonization of the gastrointes-
tinal tract preceding LOS in neonates 
 

The reservoir of S. capitis in the hospital setting remains unknown, 
though recent data suggest that it resides in the environment (e.g. on 
stethoscopes and incubators) rather than on health-care workers (159), 
and that infection control measures using a steam cleaner to decontami-
nate incubators may be beneficial in pre-emptive measures to eliminate 
NRCS-A infections in NICUs (160). 

Virulence 
As staphylococci constitute a diverse group of bacteria, virulence traits 
differ between as well as within species. S. aureus possesses abilities to 
cause serious infections in otherwise healthy individuals, while CoNS such 
as S. epidermidis and S. capitis usually require foreign bodies or immuno-
compromised individuals for their transition from commensals to patho-
gens. While the methicillin-sensitive S. aureus (MSSA) populations isolated 
from SAB over 30 years were genetically diverse (161), S. epidermidis 
populations isolated from PJIs (134) are dominated by three nosocomial 
STs, and S. capitis in LOS in neonates is highly clonal (149), implying that 
virulence factors necessary for invasion and persistence are common 
among S. aureus, while there is a more distinct separation between com-
mensal and invasive lineages among these CoNS.  

Examples of types of virulence factors in staphylococci are:  
 

i) Regulatory factors (agr) 
The quorum-sensing, regulatory agr system affects many 
types of staphylococcal infections; upregulation of virulence 
factors is important early on in an acute infection, while 
downregulation through agr can lead to enhanced biofilm 
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formation. There are four different agr types in S. aureus and 
three in S. epidermidis (162, 163). 

ii) Factors located on the cell surface 
Many of the adhesins located on the staphylococcal cell sur-
face capable of binding host proteins (e.g. plasma or extracel-
lular matrix [ECM]) are defined as microbial surface compo-
nents recognizing adhesive matrix molecules (MSCRAMMs) 
based on their properties (164). Through initiation of staphy-
lococcal attachment to host plasma proteins, these play a key 
role in bone and joint infections (165). In addition, coagulase 
belongs to this group 

iii) Factors located on the cell wall (e.g. wall teichoic acid [WTA] 
and capsule polysaccharides) 

iv) Secreted factors (e.g. leukocidins, toxins, proteases, and he-
molysins)  
 

In a recent study of S. epidermidis from bone and joint infections (163), 
biofilm formation and antibiotic resistance (characterized by the presence 
of bhp, qacA, ccrA, ccrB, and the IS256-like transposase gene) were all 
associated with poor outcome, while agr type was not. 

In addition, S. aureus and CoNS may evade the immune system through 
the invasion of host cells (both phagocytes and endothelial cells) and sub-
sequent intracellular persistence (27, 102, 166). During this process, met-
abolic changes occur, affecting growth rate, phenotypic appearance, and 
the expression of virulence factors. Although these small-colony variants 
(SCVs) are often discussed in chronic, implant-associated infections, their 
clinical significance remains unclear (167), and SCVs are rarely mentioned 
in reports from clinical laboratories. 

Also, S. aureus and S. epidermidis may be internalized in osteoblasts 
(168, 169) and, for both S. aureus and S. epidermidis, this, as well as low 
pH, seems to promote SCV development (169-171). Although internaliza-
tion has an impact on antibiotic resistance in vitro (172), it is unclear 
whether this is relevant in a clinical setting (168).  

Biofilm 
Biofilm consists of structured bacterial communities sheltered by the sta-
bility of the extracellular matrix (ECM) structure, which comprises poly-
saccharides, proteins, and extracellular DNA (eDNA). Since the pioneer-
ing work of Costerton and Gristina (9, 10), the concept of biofilm for-
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mation has become central to our understanding of how to handle ortho-
pedic implant-associated infections such as PJIs. Not only do bacteria in 
biofilm express 100–1000-fold higher levels of antibiotic resistance than 
do their planktonic counterparts (173), but persistence in biofilm is also 
part of staphylococcal immune evasion strategies, including inhibition of 
phagocytosis by polymorphonuclear neutrophil granulocytes (PMNs) and 
reduced activity of antimicrobial peptides (AMPs) (26, 168, 174, 175). 
The mere presence of a foreign body reduces the infective dose of S. aureus 
at least 10,000-fold (26, 28). 

Several factors are of importance. First, the depletion of nutrients and 
oxygen created by a gradient to the centre of the biofilm, in combination 
with an acidic environment, affects bacteria and alters their metabolic 
status from planktonic to dormant (or persister) cells. These metabolic 
alterations, together with gradients in antibiotic diffusion and in ECM 
polymers binding and inactivating antibiotics, contribute to decreased 
antibiotic susceptibility inside the biofilm. These gradients also apply to 
antibodies, which become less efficient as the biofilm matures. In addition, 
granulocyte function is impaired, affecting phagocytosis, superoxide pro-
duction, and bactericidal activity (26).  

Biofilm formation can be divided into four stages: 

i) Attachment
ii) Accumulation
iii) Maturation
iv) Detachment/dispersal

The initial attachment of microorganisms to a surface is usually mediat-
ed through unspecific mechanisms such as hydrophobic interactions, 
charge, or van der Waals forces. Cell-wall anchored proteins such as WTA 
and autolysin (Atl/AtlE) are also involved in this step, as is eDNA, re-
leased from staphylococci after hydrolysis mediated by Atl/AtlE. However, 
as host-derived factors such as plasma proteins, collagen, and platelets 
also start covering the surface of an implant shortly after insertion, staphy-
lococcal adhesion to these factors may be crucial later in the biofilm for-
mation process. This may be mediated by both MSCRAMMs and WTA.  
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Figure 13. Stages in biofilm development. Reprinted from Sabaté Brescó et al. 
(175) with permission.

Following attachment and accumulation, the maturation of the biofilm 
commences. Multiplication of staphylococci and intercellular adhesion 
results in multilayered cell aggregates. Polysaccharide intercellular adhesin 
(PIA, also known as poly-N-acetylglucosamine, PNAG), encoded by the 
icaADBC operon, plays an important role in this step, and detection of the 
ica genes is often used in the genotypic detection of biofilm production. 
Nevertheless, not all staphylococcal isolates producing biofilms contain 
the ica genes; PIA-independent biofilms can be mediated through, for ex-
ample, accumulation-associated protein (Aap), biofilm-associated homo-
log protein (Bhp), and EMBP (102, 174, 175). However, these PIA-
independent biofilms have been suggested to have a different construction, 
and to be weaker than those mediated through the ica-gene pathway (176, 
177).  

Finally, after maturation, dispersion and metastatic spread of bacteria 
from the biofilm may occur, and dormant cells may revert to their plank-
tonic phase. Both extracellular enzymes such as proteases, sugar hydrolas-
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es, and nucleases, and peptides called phenol-soluble modulins (PSMs) 
may be involved in this process (27). 

As the prevailing dogma in prosthesis-retention strategies in PJIs is 
based on the concept of performing adequate surgical intervention before 
the biofilm maturation process has gone too far, time is of the essence. 
However, little is known about the durations of these phases, which may 
even differ between bacterial species. In an animal model of S. aureus os-
teomyelitis (178), the attachment phase was estimated to take place on 
day 0–1, followed by proliferation by day 3, maturation with increasing 
matrix formation by day 7, and finally dispersion after day 14. This chal-
lenges current time limits, with infection duration ≤4 weeks being consid-
ered appropriate for biofilm eradication and prosthesis retention (29, 66). 

Antimicrobial agents and resistance in staphylococcal PJIs 
In implant-associated infections, such as PJIs, special consideration is re-
quired when planning the antibiotic strategy. Treatment of stationary 
bacteria in biofilm entails a different concept from that of treating infec-
tions caused by planktonic bacteria. Furthermore, not only is the preva-
lence of antibiotic resistant bacteria rising, but there are also clinical re-
ports of real-time evolution, including the development of antibiotic re-
sistance, during the treatment of implant-associated infections caused by S. 
aureus, S. epidermidis, and S. capitis demonstrating the complexity associ-
ated with such infections (179-181). 
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Figure 14. Timeline of the introduction of antibiotics (left) and events associated 
with antibiotic resistance (right) (146, 182-188). 

Beta-lactam antibiotics 
All beta-lactam antibiotics share the beta-lactam ring, crucial for their 
effect. Their mode of action is bactericidal through binding to penicillin-
binding proteins (PBPs), enzymes involved in cell wall assembly.  

Penicillin 
Although penicillin was effective against S. aureus when it was commer-
cially launched in the 1940s, resistance soon started to circulate. Penicillin 
resistance is mediated through the blaZ gene, resulting in the production 
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of beta-lactamases (189), enzymes disrupting the beta-lactam ring and 
rendering the drug ineffective. In Sweden, AST for penicillin in staphylo-
cocci is not performed routinely, even though data from EUCAST indicate 
that 17% of S. aureus isolates are susceptible to penicillin G. 

Methicillin 
Beta-lactamase-stable penicillins (e.g. methicillin and cloxacillin), cephalo-
sporins, and carbapenems, together with beta-lactam/beta-lactamase-
inhibitor combinations (e.g. amoxicillin/clavulanic acid and piperacil-
lin/tazobactam), are able to withstand hydrolysis by staphylococcal beta-
lactamases. However, staphylococci circumvent this by switching the en-
zyme target from PBP2 to PBP2a, for which beta-lactam antibiotics have 
less affinity.  

Expression of PBP2a is usually conferred by the mecA gene, found on 
the MGE staphylococcal cassette chromosome mec (SCCmec) (Figure 15). 
The SCCmec measures 21–67 kb in size and, apart from mec, also con-
tains the ccr element, responsible for the integration and excision of the 
cassette in the bacterial genome (190). To date, there are 13 acknowledged 
SCCmec types in MRSA (191).  

It is hypothesized that SCCmec originates from CoNS, which serves as 
the reservoir and donor for S. aureus in the creation of MRSA (193-195). 

Figure 15. Schematic of SCCmec. Reprinted from Hiramatsu et al. (192) with 
permission from Elsevier. 

Glycopeptides and lipopeptides 

Glycopeptides 
Glycopeptide antibiotics (i.e. vancomycin and teicoplanin) are large mole-
cules with an exclusive Gram-positive spectrum. They exercise their activi-
ty through binding the C-terminal d-alanine–d-alanine (d-ala–d-ala) part 
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of the peptidoglycan precursors involved in cell wall synthesis, which 
mainly takes place in the division septum.  

Complete vancomycin resistance in staphylococci is rare and caused by 
plasmid-borne acquisition of the vanA gene from enterococci. This results 
in modification of the d-ala–d-ala target to d-ala–d-lac, leading to de-
creased affinity for the drug (111, 187).  

More common is heteroresistance: reduced susceptibility to vancomy-
cin expressed in subpopulations within an inoculum (196, 197). Although 
this has been best characterized in S. aureus (VISA/hVISA) (111, 198, 
199), recent years have seen increasing interest in this type of resistance in 
CoNS, in both S. epidermidis (137, 200, 201) and S. capitis (146, 148, 
202-204).

Figure 16. Mechanism of reduced vancomycin susceptibility in S. aureus 
(VISA/hVISA). Reprinted from Howden et al. (111) with permission.  

In S. aureus, a stepwise process including unique mutations, predomi-
nantly in global regulator genes such as walKR, vraRS, and graRS, but 
also in rpoB, paves the evolutionary way to VISA/hVISA (179, 198). The 
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proposed mechanism in VISA is alteration of cell wall synthesis and turn-
over, leading to cell wall thickening. This in turn decreases vancomycin 
access and concentrations at the active site, leading to reduced susceptibil-
ity (Figure 16) (111).  

Thus, within an S. aureus population classified as vancomycin sensitive 
by standard MIC determination, there may coexist VISA subpopulations 
(Figure 17) at such low frequencies (≤10–5 to 10–6) that they are difficult to 
detect using standard laboratory methods. Consequently, the true inci-
dence of hVISA is unknown, as is the impact this type of resistance has on 
the treatment of staphylococcal PJIs (111, 112, 198). As recent data indi-
cate worse outcomes in MRSA/hVISA bacteremia than in MRSA/VSSA 
bacteremia (205), further research is needed in this area.  

In orthopedic surgery, adding vancomycin to cement or other antibiotic 
carriers/void fillers, or even as powder in the wound, is done in select cases 
to achieve high local antibiotic concentrations (206).  

Figure 17. Subpopulations of S. epidermidis identified during GRD Etest analysis 
to detect hGISE. Photo © S. Tevell. 

Lipopeptides 
Daptomycin, a cyclic lipopeptide available in Europe since 2006, is a 
Gram-positive antibiotic exerting its effect through disrupting the struc-
tural integrity of the cell membrane, leading to the release of potassium 
ions and cell death. Bacterial killing is concentration dependent, and is not 
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limited to planktonic bacteria, but affects dormant ones as well (79, 207). 
Animal data (77) support the use of daptomycin in combination with ri-
fampin in implant-associated infections. However, reports of reduced sus-
ceptibility to daptomycin in hVISA (Figure 18), without prior daptomycin 
exposure, suggest caution, especially when daptomycin is used as salvage 
therapy after unsuccessful glycopeptide treatment (208). 

Figure 18. The relationship between hVISA, VISA, and daptomycin susceptibility 
in S. aureus. The daptomycin MICs of a collection of VISA, hVISA, and VSSA 
strains is shown. Previous hVISA isolates that retested as VSSA are presented 
separately. Reprinted from Howden et al. (198) with permission from Elsevier. 

Other antibiotics for staphylococcal PJI 

Aminoglycosides 
Aminoglycosides (i.e. gentamicin, tobramycin, amikacin, and netilmicin) 
exert a rapid bactericidal effect, partly through the accumulation of non-
functional proteins mediated by intracellular binding to the 30S subunit of 
ribosomes. Aminoglycosides are generally active against aerobic Gram-
negative bacteria, but also against staphylococci. There are several poten-
tial mechanisms for resistance to aminoglycosides: reduced uptake or ac-
tive efflux to diminish intracellular concentrations, decreased affinity 
through modification of the target, and enzymatic degradation. In Gram-
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positive bacteria, the aph(3′)-IIIa, ant(6′), and aac(6′)-aph(2″) genes are 
responsible for producing these enzymes. These genes may be chromoso-
mal or acquired by transposons or plasmids (209). 

As gentamicin is also commonly used in cement and antibiotic carri-
ers/void fillers in orthopedic surgery (206), reports of the induction of 
biofilm formation by aminoglycoside exposure are worrying (210). 

Rifampin 
Rifampin, whose main indication is the treatment of Mycobacterium 
tuberculosis, was introduced in 1968. It exhibits a broad spectrum of 
antibiotic effect against both Gram-negative and Gram-positive bacteria. 
Its highest potency, however, is against Gram-positive bacteria, including 
S. aureus and CoNS, by inhibiting RNA synthesis through binding the
DNA-dependent RNA polymerase. This, in combination with an effect in
biofilm, makes it important in the treatment of implant-associated infec-
tions, such as PJIs (77, 211). However, as resistance can be mediated
through a single-point mutation in the rpoB gene (212), treatment strate-
gies must be optimized to reduce the risk of rapid resistance development
(81). Current strategies aim at (213):

i) Reducing bacterial load before introducing rifampin (fewer
reproducing bacteria equal fewer point mutations)

ii) Combining rifampin with another appropriate antimicrobial
agent

Considering that beta-lactam antibiotics and glycopeptides are only effec-
tive against planktonic bacteria, these should generally not be combined 
with rifampin in the treatment of biofilm infections. Fluoroquinolones and 
daptomycin are effective in preventing resistance in vitro (77), but accord-
ing to clinical guidelines, several other agents (e.g. clindamycin, fusidic 
acid, trimethoprim/sulfamethoxazole, and doxycycline) may be included in 
rifampin combination therapy (39, 40). 

Treatment with rifampin is, however, plagued by side-effects and drug–
drug interactions, making selection of partner drugs for combination ther-
apy difficult in the clinical setting (81-84). It has also been hypothesized 
that rifampin may be most effective early after DAIR, during the period 
when the biofilm is maturing. This concept, in which early short-course 
rifampin treatment is used (214), has so far achieved limited impact. 
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Fluoroquinolones 
Fluoroquinolones are bactericidal antibiotics, affecting DNA synthesis 
through the inhibition of both DNA gyrase and topoisomerase IV. Alt-
hough efflux pumps are important, the main cause of antibiotic resistance 
in fluoroquinolones is point mutations in genes encoding DNA gyrase 
(gyrA and gyrB) or topoisomerase IV (parC/GrlA and parE/GrlB) (215, 
216). As fluoroquinolones facilitate the anti-biofilm effect of rifampin, 
these agents represent a cornerstone of antimicrobial treatment after DAIR 
in staphylococcal PJIs. This is supported by clinical data indicating fa-
vourable outcome when combining fluoroquinolones with rifampin (Fig-
ure 9) in these infections (77, 82). However, recent data (217) linking 
fluoroquinolone antibiotics to an increased risk of aortic aneurysm, to-
gether with data on neurological side-effects, have prompted the European 
Medicines Agency’s Pharmacovigilance Risk Assessment Committee 
(PRAC) and the U.S. Food and Drug Administration (FDA) to recommend 
restricting the use of fluoroquinolones in settings where they can be avoid-
ed (218, 219). 

Fusidic acid 
Fusidic acid exerts a bacteriostatic effect through inhibiting protein syn-
thesis by interacting with elongation factor G (EF-G) upon ribosome bind-
ing. Resistance can occur either through point mutations in genes involved 
in EF-G binding (fusA and fusE) or through horizontal gene transfer (fusB 
and fusC) (220). Although outcome data are limited, fusidic acid is used 
together with rifampin in PJIs (221, 222). However, a recent study by 
Pushkin et al. (83) found a dramatic decrease in fusidic acid serum concen-
trations mediated by drug–drug interactions when fusidic acid was combined 
with rifampin, raising concerns about the development of antibiotic re-
sistance during treatment. 

Clindamycin and erythromycin 
Both clindamycin and erythromycin exhibit a bacteriostatic effect through 
the inhibition of RNA-dependent protein synthesis by binding to the 50S 
subunit of the bacterial ribosome. Although erythromycin is not used in 
clinical practice in PJIs, it is of interest as linked inducible erythromy-
cin/clindamycin resistance (MLSB) is known to exist. Otherwise, the most 
important mode of resistance is plasmid-borne acquisition of the ermA or 
ermC genes, leading to alterations in the binding site (223). In clinical 
practice, clindamycin is also used as a companion drug to rifampin. How-
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ever, drug–drug interactions may lead to underdosing and development of 
resistance in this combination as well (84, 85). 

Oxazolidinones 
Linezolid is the first antibiotic in the oxazolidinone class. By preventing 
the formation of 30S–50S ribosomal subunits, it inhibits protein synthesis. 
Linezolid resistance among staphylococci is so far rare, but clinical use is 
restricted by frequent side effects (224, 225). Also, serum levels of linezol-
id decline when it is combined with rifampin (88), and therapeutic drug 
monitoring may need to be considered (226). 

Summary 
Staphylococcal PJIs pose a considerable threat to what has been named 
“the operation of the century” – prosthetic joint surgery (227).  

PJIs are heterogeneous conditions in which both bacterial and host fac-
tors have impacts on treatment and outcome. Antibiotic susceptibility 
profile and biofilm maturation status are important, as are differences in 
the quality of soft tissues, prosthesis fixation, and tolerance of the pre-
ferred treatment strategy in each patient. Nuances of the behaviour of 
different pathogens, treatment strategies, and prophylaxis schemes in PJIs 
may aid us, not only in treatment but also in infection prevention and 
control. Especially in an environment in which host comorbidities are 
growing more severe in an aging population while treatment options are 
diminishing as antibiotic resistance is increasing, avoiding infections in the 
first place is crucial. 

Obviously, there is great demand for large randomized controlled trials 
(RCTs), but due to the heterogenicity of the disease, high-quality prospec-
tive data on treatment are mostly lacking. Furthermore, for rare events 
such as PJIs caused by S. capitis, it seems unlikely that recruitment to an 
adequately powered RCT could be finished within a reasonable time. Ret-
rospective cohorts might provide knowledge of the genetic epidemiology 
of nosocomial strains, or indications of how well a strategy works in real 
life, outside the sheltered world of an RCT. This kind of information, 
including data on the effectiveness of different prophylactic strategies, may 
also be extracted from data in quality registries. Thus, in the absence of 
RCTs, studies based on retrospective cohorts or registry data may build 
our knowledge, generate hypotheses, and improve the questions asked 
later on in prospective, randomized cohorts.  
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Aim 
As various species of staphylococci behave differently in terms of coloniza-
tion and infection, this thesis focuses on the three most common species of 
staphylococci causing PJIs, to illustrate similarities and differences in this 
setting. 

 
Specific aims of this thesis: 

 
• To describe the antibiotic resistance epidemiology of S. epider-

midis and S. capitis in PJIs, including the prevalence of hetero-
geneous glycopeptide resistance 

• To explore relatedness and diversity among S. aureus and S. 
capitis isolated from PJIs and nares (commensal isolates) 

• To describe clinical characteristics, including antibiotic re-
sistance and outcome, of PJIs caused by S. aureus and to corre-
late these to the presence of virulence genes 

• To describe clinical characteristics, including antibiotic re-
sistance, heterogeneous glycopeptide resistance, biofilm for-
mation, and outcome, of PJIs caused by S. capitis 

• To explore genomic relatedness and diversity among S. capitis 
isolated from PJIs, nares (commensal isolates), and NICUs 
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Patients, material, and methods 

Setting 
In Region Värmland, three hospitals serve a population of 280,000 inhab-
itants. Prosthetic joint surgery is performed in all three hospitals, while 
departments of Infectious Diseases and Clinical Microbiology are present 
only in Karlstad, where there is a 500-bed district hospital. 

In Region Örebro County, three hospitals, including one university 
hospital, serve a population of 303,000 inhabitants. Prosthetic joint sur-
gery was previously performed in all three hospitals, but was centralized 
to one centre (Lindesberg) in January 2018. Departments of Infectious 
Diseases and Clinical Microbiology are present only in the 550-bed Öre-
bro University Hospital. 

Finally, in Region Östergötland, three hospitals serve a population of 
458,000 inhabitants. Prosthetic joint surgery is performed in all three hos-
pitals. Departments of Infectious Diseases are present in two of the hospi-
tals, while Clinical Microbiology is present only in the 600-bed Linköping 
University Hospital. 

Study populations 

Patient cohorts 
All patients with PJI fulfilled the Zimmerli definition (Figure 5) (29).  

Study I included no patient data, although 122 clinical strains of S. epi-
dermidis isolated from 119 patients in Värmland, Örebro, and Östergöt-
land regions, 1993–2012, were included. In Study II, 100 patients from 
Värmland and Örebro regions, 2004–2016, were included, together with 
nasal isolates from patients slated for elective orthopedic surgery collected 
in 1992 (n = 46) and 2017 (n = 55). For studies III–V, 21 patients with 
PJIs from Värmland, Örebro, and Östergötland regions, 2005–2014, were 
included. In addition, for Study IV, bloodstream isolates from nine pa-
tients in the NICU (three each from Värmland, Örebro, and Östergötland 
regions, 2014–2016) and 20 nasal isolates from patients slated for elective 
orthopedic surgery collected in 2016 and 2017 were added to the collec-
tion, although no patient data connected to these isolates were extracted. 
Clinical data were extracted by the responsible co-author at each hospital 
and compiled and analysed by P. Wildeman and S. Tevell (Study II), and S. 
Tevell (Study III).  
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Bacterial isolates 
All work on bacterial isolates was performed by personnel experienced in 
clinical microbiology. All PJI isolates were from tissue cultures obtained 
during revision surgery or reoperation, except in Study II, where 11 iso-
lates came from sterile joint aspirates and one isolate from blood culture.  

Bacterial isolates 
In studies I and III, CoNS isolated from tissue samples in PJIs were recov-
ered from the freezers of microbiological laboratories in the hospitals of 
Karlstad, Örebro, and Linköping. After subtyping, all samples with S. 
epidermidis and S. capitis were selected, and sample IDs were linked to 
patient IDs for Study III. For studies IV and V, S. capitis isolates from 
Study III were recovered for sequencing and further analysis. To this col-
lection were added nine bloodstream isolates from NICUs (three each 
from Värmland, Örebro, and Östegötland regions, 2014–2016), 20 nasal 
isolates collected in 2016 and 2017, four isolates from operating theatre 
air (Västerås Hospital, 2011–2012) (228) and two reference isolates (i.e. 
CCUG 35173, S. capitis subsp. capitis and CCUG 55892, S. capitis subsp. 
urealyticus). For Study II, 100 S. aureus strains isolated from tissue sam-
ples, synovial fluid, or blood in PJIs were recovered from the freezers of 
microbiological laboratories in the hospitals of Karlstad and Örebro, and 
sample IDs were linked to patient IDs. Furthermore, 101 nasal commensal 
strains from two time periods, as specified above, were added to this col-
lection. 

Species identification 
In Study I, species identification as S. epidermidis was performed through 
sequencing the rpoB gene (80), followed by MALDI-TOF MS using a 
Microflex LT (Bruker Daltonik GmbH, Bremen, Germany) and MALDI 
Biotyper software (Bruker Daltonik). For studies II–V, MALDI-TOF MS 
was primarily used for species identification, complemented with the pres-
ence of >90% of all S. aureus-specific core genome multi-locus sequence 
typing (cgMLST) genes in all isolates (Study II), rpoB sequencing of four 
isolates representing different clusters (Study III), and finally in silico PCR 
of the tuf gene (144) as confirmation (studies IV and V). Furthermore, 
urease production and maltose fermentation tests (tube tests and ID32 
STAPH, bioMérieux, Marcy l’Etoile, France) were performed to discrimi-
nate between S. capitis subsp. capitis and S. capitis subsp. urealyticus 
(studies III and IV). 
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Antibiotic susceptibility testing (AST) 

Standard AST 
Antimicrobial agents of special interest in PJIs were selected, and AST was 
performed using routine methods depending on agent (zone diameter 
through disc diffusion test or MIC determination using Etest (bioMé-
rieux). Isolates resistant to ≥3 antibiotic groups were defined as MDR. All 
breakpoints were accessed from EUCAST (http://www.eucast.org) before 
the 2019 revised SIR criteria were implemented. 

Glycopeptide heteroresistance 
No standardized analysis for detecting hGIS is currently routinely imple-
mented throughout clinical laboratories. Given the low prevalence of re-
sistant subpopulations, the inocula normally used are too small for hGIS 
detection. Although population analysis profile–area under the curve 
(PAP-AUC) is considered the gold standard for detecting hGIS, this meth-
od is laborious and time consuming (111). Therefore, methods using larg-
er inocula, more nutritious media, or longer incubation times have been 
developed, primarily for S. aureus. However, these methods have also 
been used for CoNS (137). In this thesis, three methods for detecting hGIS 
were used: the macromethod Etest (MME), the glycopeptide resistance 
detection (GRD) Etest, and VAN4 (199, 229-231). 

In brief, in the MME, 100 µL of bacterial suspension with a turbidity of 
2.0 McF was plated on brain–heart infusion agar. Standard Etest strips 
(vancomycin and teicoplanin) were applied, and the results were read after 
24 and 48 hours. Subpopulations were noted, and the isolate was consid-
ered hGIS either if the MICs for both vancomycin and teicoplanin were ≥8 
mg/L, or if the MIC for teicoplanin was ≥12 mg/L. 

GRD is a commercial Etest strip using a double-sided predefined gradi-
ent of vancomycin and teicoplanin (Figure 17). It was applied on MH agar 
containing 5% horse blood, with 0.5 McF bacterial suspension plated. 
Results were read after 24 and 48 hours; subpopulations were noted, and 
if either the vancomycin or teicoplanin MIC was ≥8 mg/L, the test was 
considered positive. 

Finally, in the VAN4 method, 4 droplets containing 10 µL of 0.5 McF 
bacterial suspension were dropped on a BHI agar plate containing 16 g/L 
pancreatic digest of casein and 4 g/L vancomycin. Plates were read after 
48 h, and if ≥1 droplet had ≥2 colonies, the strain was considered hGIS. 
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Biofilm analysis 
Phenotypic analysis of biofilm production was performed in Study III. For 
this, the microtiter plate assay (MTP) and Congo red agar assay (CRA) 
were used (232-234). In short, in MTP, after subculturing and diluting in 
trypticase soy broth (TSB) with added 0.25% glucose, 200 µL of each 
sample was incubated overnight in 96-well plates. These were safranin 
stained, and then the optical density at 490 nm was measured. In CRA, 
isolates were incubated for 48 h at 36ºC on CRA plates. The plates were 
read manually according to colour shift and were determined to be posi-
tive, indeterminate, or negative. S. epidermidis RP62A and ATCC12228 
were used as positive/negative controls  

Rep-PCR (DiversiLab) 
Repetitive extragenic palindromic (REP) elements are non-coding, repeti-
tive sequences found throughout the bacterial genome. Rep-PCR is a gel-
based method using PCR targeting these elements to generate specific fin-
gerprints for each isolate (235), and was used for phylogenetic analysis of 
strains included in Study III.  

In short, DiversiLab is a commercial kit, in which a DNA LabChip de-
vice is run in an Agilent 2100 Bioanalyzer. The resulting DNA fingerprints 
are transferred to the DiversiLab software for further analysis. As a rapid 
automated system with high reproducibility it is attractive to use; howev-
er, there are concerns about the system’s consistency in identifying out-
break strains when compared with pulse-field gel electrophoresis (PFGE) 
(236). As of 2019, DiversiLab is no longer available in Sweden. 

Whole-genome sequencing (WGS) 
The earliest techniques for sequencing genomes were developed in 1975; 
these later evolved into Sanger sequencing in 1977. This gel-based tech-
nique was expensive and time consuming but generated long reads (400–
900 bp) of high quality, although the throughput was low. In 2005–2006, 
the first next-generation sequencing (NGS) technologies appeared; DNA 
libraries now began to be prepared through fragmentation and amplifica-
tion, and each cycle produced multiple reads in parallel. These reads were 
shorter (35–300 bp), but sequencing became available at a drastically re-
duced cost. Using modern massively parallel sequencing techniques, up to 
1,800 Gb can be produced in each run (237, 238). NGS produces enor-
mous amounts of data in the form of small DNA fragments that must be 
pieced together prior to further analysis. Thus, while sequencing has be-
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come cheaper, data handling, computational capabilities, software, and 
personnel skilled in bioinformatics add substantially to the total cost. Sev-
eral types of analysis can be performed on datasets created using NGS 
technologies. In silico PCR, used for detecting predefined genes, in turn 
can be used for strain typing (MLST or cgMLST). NGS data can also be 
used for the detection and typing of mobile elements such as SCCmec. 
Specific point mutations (i.e. single-nucleotide polymorphisms, SNPs) can 
be identified and compared to libraries of known mutations, for example, 
in evaluating antibiotic resistance. Also, phylogenetic trees can be con-
structed to depict clonality and relatedness between strains based on SNPs. 

In studies II, IV, and V, NGS using Illumina Technology (MiSeq) was 
conducted, with bioinformatic analyses performed at Örebro University 
(Study II) and Statens Serum Institut, Copenhagen (studies IV and V).  

In Study II, species-specific schemes within SeqSphere+ were used to 
compare the S. aureus genomes: MLST, a core-genome multi-locus se-
quence typing (cgMLST) scheme, and an accessory typing scheme (239). 
The AlereMicroarray schemes (239) in SeqSphere+ were used for compari-
son of virulence, resistance, and regulation genes. Phylogenetic trees were 
constructed in SeqSphere+ using the Neighbor Joining algorithm. For vis-
ualization of phylogenetic trees with metadata, CLC Genomics Work-
bench v11.0 was used. STs were related to CCs through eBURST 
(http://saureus.mlst.net). 

In studies IV and V, SNP identification was conducted using NASP 
v1.0.0 (240). Phylogenetic trees were constructed using the maximum-
likelihood approach PhyML v3.3 with the GTR substitution model (241) 
and visualized using iTOL (242). In the studies, resistance genes were de-
tected and identified using the ResFinder database and SCCmecFinder 
(243), available at www.cge.cbs.dtu.dk. 

Statistics 
Statistics were primarily analysed using versions 18–25 of the SPSS soft-
ware package (IBM SPSS, Chicago, IL, USA), with additional analyses 
performed using DiversiLab software (bioMérieux) and the softwares used 
in the bioinformatic analysis of WGS data (see each paper for relevant 
details). The Chi2 or Fisher’s exact test (two-tailed) was used in analysing 
categorical data between groups, while the Kruskall–Wallis test was used 
when there were more than two groups. The Mann–Whitney u-test was 
used for possible associations between covariates on a continuous scale, 
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and logistic regression was used to adjust for potential confounders. A p-
value of ≤0.05 was considered statistically significant. 

Ethics 
The studies were conducted in accordance with the Declaration of Helsin-
ki and those using patient data were approved by the Regional Ethical 
Review Board in Uppsala, Sweden (Study II ref: 2012/092, 2016/151, 
2016/151/1 and 2016/151/2; studies III and V ref: 2014/418; Study IV ref: 
2012/092). Collection of nasal isolates in 1992 was approved by a Chair’s 
decision of the regional ethical committee in Örebro. 
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Results and Discussion 
Staphylococci are the most common pathogens found in PJIs, with S. au-
reus more prevalent after primary arthroplasty, and CoNS after revisions 
or reoperations in prosthetic joints (244). However, the distribution be-
tween staphylococcal species varies between reports. S. aureus and S. epi-
dermidis usually share the top position (23, 37, 69, 138, 245-247), fol-
lowed by S. capitis (248) and S. lugdunensis (249, 250). Other CoNS 
characterized from PJIs are S. caprae (251) and Staphylococcus saccharo-
lyticus (252). Furthermore, Staphylococcus hominis, Staphylococcus 
warneri, Staphylococcus auricularis, Staphylococcus simulans and Staphy-
lococcus haemolyticus, the latter attracting interest through an MDR phe-
notype according to De Vecchi et al. (253), have all been identified in 
CoNS collections from PJIs (138, 247, 253-256).  

As the aim of this thesis is to discuss similarities and differences be-
tween three of the most common staphylococcal species in the PJI setting 
(i.e. S. aureus, S. epidermidis, and S. capitis), the studies will not be dis-
cussed individually. Rather, when possible, results from the included stud-
ies will be compared and discussed in relation to one another, in order to 
achieve this aim. 

Antibiotic susceptibility patterns (studies I–V) 
Antibiotic agents of special importance in staphylococcal PJIs are: 

 
i) Methicillin 

– representing beta-lactam antibiotics, i.e. standard prophy-
laxis in Sweden and for treatment of methicillin-susceptible 
staphylococci 

ii) Vancomycin  
– second-line antibiotic agent for prophylaxis and treatment 
in methicillin resistance 

iii) Gentamicin  
– commonly added to bone cement as local antibiotic prophy-
laxis in arthroplasty in Sweden 

iv) Rifampin 
– the most important antibiotic agent in treating biofilm-
associated infections 
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v) Fluoroquinolones
– supported by best evidence as companion drugs of rifampin
in treating biofilm-associated infections

In Study II, failure to use biofilm-active antibiotics as well as resistance 
to any antibiotic agent were significantly associated with failure in the 
treatment of PJIs caused by S. aureus. Also, susceptibility patterns may 
affect prophylaxis guidelines (i.e. the prevalence of MRSA), and as non-
beta-lactam prophylaxis has been shown to be inferior to prophylaxis 
using beta-lactam agents (31-33), knowledge of resistance epidemiology is 
crucial in both treating and preventing PJIs.  

In studies I–III, AST was performed, and the findings are summarized in 
Table 1.  

Table 1. Antibiotic susceptibility testing of staphylococci causing PJIs. All numbers 
represent percentages of isolates resistant to tested agent. Roman numerals in 
parentheses refer to the studies from which the data originate. NRCS-A denotes 
the outbreak clone. 

S. aureus (II) S. epidermidis (I) S. capitis (III)
NRCS-A 

S. capitis (III)
n = 100 n = 122 n = 21 n = 6 

MDR 1.0 84.4 28.6 66.7 
Methicillin 1.0 69.7 38.1 100.0 
Fusidic acid 1.0 41.0 4.8 0.0 
Erythromycin 1.0 62.3 33.3 66.7 
Clindamycin 2.0 61.5 23.8 66.7 
Gentamicin 0.0 79.5 38.1 100.0 
Rifampin 3.0 25.4 0.0 0.0 
Co-trimoxazole 0.0 * 0.0 0.0 
Fluoroquinolones# 6.0 82.0 14.3 33.3 
Vancomycin * 0.0 0.0 0.0 
Teicoplanin * 11.5 0.0 0.0 
hGIS * 77.9 38.1 83.3 
Linezolid * 0.0 0.0 0.0 
Tigecycline * 0.0 * * 
Daptomycin * 0.0 * * 
# Norfloxacin (I and III) or ciprofloxacin (II) 
* not performed
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As these studies include Swedish cohorts, it is not surprising that the S. 
aureus isolates studied were highly susceptible, with only one MRSA 
strain being found (Study II). Also, the S. capitis strains were generally 
susceptible, including no rifampin resistance (Study III). However, methi-
cillin resistance and gentamicin resistance were present in almost 40% of 
the isolates, as was hGISC. Interestingly, the levels of methicillin (29% vs. 
36%) and rifampin resistance (0% vs. 4%) were similar in an Italian co-
hort and a French cohort including 24 and 25 S. capitis isolates from PJIs, 
respectively, while gentamicin resistance was found in only 4% of these 
cohorts (253, 254). A somewhat different pattern was present in the 
NRCS-A outbreak sublineage, in which drug resistance was mainly found 
among agents used for prophylaxis in arthroplasty, rather than in those 
used in the treatment of biofilm-associated infections (studies III and IV). 
This makes sense, as this sublineage is hypothesized to originate in NICUs, 
where rifampin or fluoroquinolones are rarely used, in contrast to vanco-
mycin and aminoglycosides. What might happen with antibiotic suscepti-
bility patterns if this highly adaptive sublineage creates a permanent niche 
in orthopedic surgical wards remains to be investigated.  

Table 2. Antibiotic resistance in S. epidermidis from PJIs, data divided by centres. 
Adapted from Tevell et al. (257) with permission from Springer Nature. 

The most troublesome antibiotic resistance situation, however, was 
found for S. epidermidis (Study I). With almost 80% hGISE, high levels of 
MDR, including 70–80% resistance to methicillin, gentamicin, and fluo-

Centre 1 Centre 2 Centre 3 p-value
(% = R) (% = R) (% = R) 
n = 20 n = 50 n = 52 

Vancomycin 0.0 0.0 0.0 1.00 
Teicoplanin 15.0 8.0 13.5 0.695 
Cefoxitin 80.0 70.0 65.4 0.473 
Fusidic acid 55.0 34.0 42.3 0.284 
Erythromycin 65.0 74.0 50.0 0.041 
Clindamycin 65.0 74.0 48.1 0.027 
Tobramycin 95.0 86.0 69.2 0.019 
Gentamicin 100.0 80.0 71.2 0.021 
Norfloxacin 95.0 90.0 69.2 0.006 
Rifampin 20.0 36.0 17.3 0.085 
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roquinolones, and 25% rifampin resistance, treatment can often be chal-
lenging (Study I). Similar results from a French cohort were later published 
(254). The importance of adequate tissue sampling for culture must not be 
underestimated, as there is a high likelihood of empirical treatment failure, 
based on current resistance data. Another important finding is that there 
are significant differences in the prevalence of antibiotic resistance in S. 
epidermidis between the different centres (Table 2). This finding empha-
sizes the importance of being aware of, and closely surveilling, the local 
resistance epidemiology. The same phenomenon is seen in S. aureus, i.e. all 
rifampin- or fluoroquinolone-resistant isolates were from one of the two 
centres, and in S. capitis, i.e. the NRCS-A outbreak sublineage was 
overrepresented in one centre.  

However, comparing susceptibility patterns to discriminate between 
strains must be done with caution, as demonstrated in Study V. Here, 
three S. capitis isolates obtained from tissue cultures from one patient 
were further analysed by WGS. Even though they were indistinguishable 
(i.e. only three SNPs different), their phenotypic resistance patterns dif-
fered. As this was likely caused by a combination of plasmid loss (eryth-
romycin/clindamycin, possibly fluoroquinolones) and biological variations 
in the close vicinity of EUCAST breakpoints or alterations during biofilm 
growth (fluoroquinolones), this emphasizes that attempts at separating 
strains through common laboratory tests (e.g. antibiotic susceptibility 
patterns, colony morphology) as is recommended in several definitions of 
orthopedic implant-associated infections, may not be reliable. Thus, WGS-
based phylogenetic data on isolates from Study I would add information 
about strain relatedness and clonality in centres. 

The high prevalence of reduced susceptibility to glycopeptides is of con-
cern. As this is not routinely analysed for, the global burden of hGIS is 
unknown. PAP-AUC is the gold standard for hGIS detection; however, 
due to limited resources, this method was impossible to utilize in studies I 
and III. Instead, MME and GRD were used in Study I, with the addition 
of VAN4 in Study III. At the time of the present research, these methods 
had been evaluated for use in S. aureus, but not CoNS, although they have 
been successfully used in the latter application (137). Furthermore, in an 
abstract presented at ECCMID 2013 by one of the co-authors of Study I 
(258), GRD, MME, and PAP-AUC were compared for the detection of 
hGIS in CoNS. The authors concluded that PAP-AUC identified all 43 
isolates detected by GRD/MME, together with an additional six isolates 
missed by these methods. GRD performed better than MME, although 
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both methods tended to underperform in the detection of hGIS. Based on 
these data, the decision to combine both methods for the detection of 
hGISE in Study I was made. Using this strategy, 77.9% of the S. epider-
midis PJI isolates were found to display heteroresistance to glycopeptides. 
When stratifying isolates according to the results of standard MIC deter-
mination, it became evident that a higher MIC, especially for teicoplanin, 
was associated with a higher prevalence of hGISE, while a lower MIC 
(≤1.5 mg/L) could not exclude hGISE. 

When GRD/MME was used for the detection of heteroresistance in S. 
capitis (Study III), no hGISC were identified. However, in previous studies 
of S. capitis (148, 202), the VAN4 method, as described by Hiramatsu et 
al. (199), was used. These publications also reported that in isolates con-
taining resistant subpopulations in low numbers, hGIS may be missed. 
Using the VAN4 method, hGISC was detected in 38.1% (8/21) of all clini-
cal S. capitis isolates and in 83% (5/6) of strains from the NRCS-A out-
break sublineage. It is not unreasonable to assume that the negative strain 
may be the result of low sensitivity in the assay. Furthermore, in a recent 
report on MDR S. capitis isolated from a Swedish NICU (204), the preva-
lence of heteroresistance (77% of MDR strains) was similar to that found 
in the NRCS-A strains from PJIs; also in this study, VAN4 detected more 
hGISC than GRD/MME.  

However, very limited data are available on whether glycopeptide het-
eroresistance has any impact on outcome in PJIs. In 1999, Ariza et al. 
(259) presented a small case series of 14 patients with orthopedic infec-
tions, mostly associated with implants. In this series, treatment failed in 
85.7% of patients with hVISA, though details on antibiotic therapy after 
implant retention are lacking. Furthermore, it has been demonstrated 
(260, 261) that hVISA is associated with a higher risk of failure when 
treating SAB, even though mortality in bacteremia is unaffected. The fact 
that mortality was unaffected may be attributable to reduced virulence in 
hVISA strains, and subsequent downregulated host immune response. 
However, elevated vancomycin MIC (≥1.5 mg/L) has been associated with 
both treatment failure and elevated mortality in MRSA infections (262), 
but even more intriguing is the finding that higher vancomycin MIC (>1.5 
mg/L) was associated with higher mortality in MSSA bacteremia treated 
with beta-lactam antibiotics (263). Whether hGIS and associated altera-
tions in virulence and host response have any impact on the pathogenesis 
or treatment of staphylococcal PJIs remain to be studied, as does the pres-
ence of elevated vancomycin MICs or the presence of hVISA in MSSA 
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PJIs. Recently, several papers reporting on the detection of hVISA/VISA by 
MALDI-TOF MS have been published (264-266). Such technical advanc-
es, facilitating the detection of reduced susceptibility to glycopeptides, 
might in the future benefit both research and potentially also the treatment 
of patients with infections caused by hGIS. 

Finally, for the nasal isolates (studies II and IV), phenotypic susceptibil-
ity testing has only been performed for the S. aureus isolates, but genes 
associated with resistance were identified through WGS in all isolates (Ta-
ble 3). Except for the penicillin resistance, mediated by the blaZ gene, only 
two nasal S. aureus isolates carried resistance-associated genes, one of 
which was MDR. However, it is interesting to note that in S. capitis iso-
lates, the blaZ gene is present in only 35% of isolates. Other than that, 
resistance genes were only found in the occasional isolate. 

Table 3. Presence (%) of genes associated with antibiotic resistance in commensal 
S. aureus (II) and S. capitis (IV) isolated from nares. 

Biofilm (studies III and IV) 
In Study III, all PJI isolates (S. capitis) were evaluated for biofilm produc-
tion using both CRA and MTP. There were disparities in the results of the 
two methods, as all isolates were positive according to one of the two 
methods, while 48% were positive according to both. Further analysis 
using WGS shows that all PJI isolates were positive for icaADBC. These 
genes were also present in all nasal isolates. However, biofilms are com-
plex structures that can be produced through several genetic pathways, 
and in vitro methods such as MTP are hampered by biological variations 
between wells. Furthermore, in vitro systems do not reflect the conditions 
in vivo, where bacteria are challenged by immune cells, surfaces may be 

 
 S. aureus (II) S. capitis (IV) 
 n = 101 n = 20 
blaZ 70.3 35.0 
mecA 0.0 0.0 
fusB 1.0 5.0 
ermA/B/C 1.0 0.0 
aac(6’)-aph(2’) 1.0 0.0 
tetK 0.0 5.0 
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absent or structured in multiple ways, and fluids present in the environ-
ment have different compositions in different compartments (267).  

In conclusion, biofilm formation is an important bacterial trait in PJIs, 
leading to challenges in both diagnostics and treatment in clinical practice. 
Also, in research, solid methodologies for biofilm detection, especially in 
ways that can be transferable to the in vivo situation, remain demanding 
and challenging. 

Clinical data and virulence (studies II–IV) 
Clinical data on outcomes after PJIs are in general heterogeneous and 
difficult to interpret: different clinical presentations, pathogens, surgical 
strategies, and antibiotic treatments are rarely reported separately. Even 
rarer are characterizations of PJIs caused by specific CoNS species (268-
270), as these bacteria are more often described as a group (244, 256, 
271, 272). In an article comparing PJIs caused by three different staphylo-
cocci, it was demonstrated that, despite being a CoNS, S. lugdunensis PJIs 
had more in common with those caused by S. aureus than by S. epidermid-
is (269). Thus, aggregated data on CoNS PJIs may be inadequate consider-
ing differences in clonality, virulence, and antibiotic resistance profiles 
within this group. 

Studies II–IV are based on both clinical data from patient charts and 
genomic data from the causative bacteria in PJIs caused by S. aureus and 
S. capitis. Characteristics of these infections are presented in Table 4. 

Looking at the presentation of different infection types in S. aureus 
(Study II), some symptoms were associated with specific infection types. 
All patients with late acute hematogenous infections presented with pain, 
while wound drainage was associated with early infection, sinus tracts 
were associated with chronic infections, and fever was most common in 
early postoperative and late acute hematogenous infections. This is im-
portant to keep in mind when correlating symptoms to outcomes, as these 
can represent surrogate markers of infection type. 

As the S. capitis cohort was rather small, it is impossible to draw ad-
vanced conclusions, though some findings are obvious. PJIs caused by S. 
aureus seem to affect both sexes to the same extent, while the majority of 
S. capitis infections occur in men. Whether there are sex differences in S. 
capitis carriage is not known, as when distribution of this bacteria was 
first described, no information on the sex of the sampled population was 
provided (139). That S. aureus is the more virulent pathogen of the two is 
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 S. aureus  S. capitis 
 n = 100 n = 21 

Age (years), median (range) 74 (39–92) 66 (24–87) 
Sex (female) 50% 29% 
Autoimmune disease 14% 10% 
Diabetes 12% 5% 

CRP, g/L, median (range)   
All patients 147 (3–490) 12 (1–406) 
Early 139 (3–490) 33 (1–406) 
Chronic 68 (3–380) 9 (2–48) 
Late acute 239 (6–467) n.a. 

Localization and type of implant   
Hip 69% 62% 
Knee 31% 38% 
Cemented 93% 81% 

Classification   
Early 57% 52% 
Acute hematogenous  25% 0% 
Chronic 18% 48% 

Polymicrobial PJI  24% 52% 

Symptoms at diagnosis (all cases) n = 100 n = 21 
Wound secretion 61% 43% 
Pain 79% 67% 
Fever 54% 19% 
Sinus tract 20% 5% 

Symptoms at diagnosis (monomicrobial, early) n = 34 n = 4 
Wound secretion 82% 75% 
Pain 71% 50% 
Fever 53% 25% 
Sinus tract 18% 25% 

Symptoms at diagnosis (monomicrobial, chronic) n = 25 n = 6 
Wound secretion 53% * 
Pain 88% 83% 
Fever 29% 0% 
Sinus tract 47% 17% 
* Not calculated due to missing data   

Table 4. Clinical data on PJIs caused by S. aureus (Study II) and S. capitis (Study III).  
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Table 5. Outcome of PJIs caused by S. aureus (after first intervention, Study II) 
compared with S. capitis (Study III). Excluded: in the S. capitis cohort, patients 
lost to follow-up (n = 3); in the S. aureus cohort, patients who survived beyond the 
treatment period but did not complete the 24-month follow-up (n = 1), were lost 
to follow-up (n = 1), or relapsed due to bacteria other than S. aureus (early 
postinterventional/DAIR n = 1, chronic/DAIR n = 1). 

clear when comparing median CRP values; however, in one monomicrobi-
al S. capitis PJI, CRP reached >400 g/L.  

The proportions of early postinterventional infections were similar, but 
there were no acute hematogenous S. capitis infections. Since then, Rakow 
et al. (273) reported on a cohort of 106 hematogenous PJIs, including 
eight CoNS infections, none of which was caused by S. capitis. 

Cure Remaining infection 
or Explantation 

Deceased dur-
ing treatment 

S. aureus – early
DAIR (n = 52) 38 (73%) 9 (17%) 5 (10%) 
One-stage (n = 1) 0 (0%) 1 (100%) 0 (0%) 
Salvage therapy* (n = 2) 1 (50%) 0 (0%) 1 (50%) 
S. aureus – chronic
DAIR (n = 8) 0 (0%) 8 (100%) 0 (0%) 
Two-stage (n = 5) 4 (80%) 1 (20%) 0 (0%) 
Salvage therapy* (n = 3) 0 (0%) 3 (100%) 0 (0%) 
S. aureus – acute hematogenous
DAIR (n = 19) 11 (58%) 5 (26%) 3 (16%) 
Two-stage (n = 1) 1 (100%) 0 (0%) 0 (0%) 
Salvage therapy* (n = 5) 0 (0%) 4 (80%) 1 (20%) 
S. capitis – early
DAIR (n = 10#) 8 (80%) 2 (20%) 0 (0%) 
Two-stage (n = 1) 0 (0%) 1 (100%) 0 (0%) 
S. capitis – chronic
One-stage (n = 2) 2 (100%) 0 (0%) 0 (0%) 
Two-stage (n = 4) 3 (75%) 0 (0%) 1 (25%) 
Revision (n = 1) 1 (100%) 0 (0%) 0 (0%) 
* Extraction or no revision/suppressive antibiotic therapy
# One additional patient has become available for 24 months follow-up since
the publication of Study III.
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In Study III, outcome data were presented in a table; here, they are pre-
sented together with corresponding data from Study II (Table 5). In brief, 
if DAIR was performed on early S. capitis PJIs, 80% of patients achieved 
cure, and the results were similar when exchange surgery was performed. 
No patients were initially slated for extraction or life-long antibiotic sup-
pression, which indicates a somewhat healthier (and younger) cohort than 
that of the S. aureus PJIs, in which salvage procedures were performed as 
the first intervention in 10% of cases. Otherwise, DAIR for early S. aureus 
infections performed well, with 73% successful outcomes, while DAIR for 
late acute hematogenous infections succeeded in 58% of cases. This can be 
compared with previously reported success rates of 59–88% for early 
postinterventional infections (62, 274), and 35–45% for acute hematog-
enous infections (34, 62). Differences in study protocols, surgical tech-
niques (e.g. accepted duration from symptom to DAIR and exchange of 
polyethylene liners), or antibiotic resistance/strategies may have affected 
these divergent results. However, the low MRSA incidence found in Study 
II does not likely explain this, as Lora-Tamayo et al. presented similar 
outcomes of MRSA and MSSA PJIs after DAIR (54% vs. 56% success) 
(62); it seems that follow-up treatment with a rifampin-combination is 
what really matters. This may be further supported by Duque et al., who 
observed worse outcomes in PJIs caused by MRSA than by MSSA (20% 
vs. 58% success), though reported follow-up treatment in that study con-
sisted solely of clindamycin or cephalexine (275).  

Thus, the tendency for worse outcomes after DAIR in late acute hema-
togenous infections caused by S. aureus found in Study II is in accordance 
with previous data (34, 62). It is also worth noting that no chronic infec-
tions were cured with DAIR, highlighting the importance of using strict 
criteria for selecting the surgical strategy. Methods to identify the subset of 
patients benefiting from DAIR would improve care, as it would benefit 
both the patient and the healthcare system to perform the most efficient 
surgical strategy as the first intervention. This has been approached 
through the development of scoring systems for early postinterventional 
PJI (KLIC) and late hematogenous PJI (CRIME-80). However, further 
validation of these scoring systems is anticipated (34, 66, 276, 277). 

The cohort was larger in Study II than in Study III, and logistic regres-
sion was performed to adjust for confounders when analysing factors as-
sociated with outcome in S. aureus PJIs. Two outcome definitions were 
created: 
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i) The primary goal of PJI treatment is to achieve a functional
joint with a minimum number of surgical interventions. This
is the basis for failure/success. To achieve success, the patient
needed to survive the treatment period, the original implant
needed to be retained, and there needed to be no signs of re-
maining infection and no need for suppressive antibiotic ther-
apy.

ii) As included patients were affected by both mono- and
polymicrobial infections, and one of the study aims was to
correlate outcome to microbial traits and virulence factors,
microbiological eradication/non-eradication was defined. To
achieve eradication, the patient needed to survive the treat-
ment period with no signs of remaining infection and no need
for suppressive antibiotic therapy, but prosthesis retention
was not necessary; cure could also be accomplished through
prosthesis exchange. Also, if the patient experienced a relapse,
but no S. aureus were retrieved in tissue biopsies during revi-
sion surgery, the patient was considered to be cured of the S.
aureus infection, even if an infection caused by another path-
ogen (e.g. enterococci, Enterobacteriales, CoNS) persisted.

When adjusting for sex, age, and infection type (i.e. early, chronic, or 
acute hematogenous), the variables ASA class ≥3, age ≥80 years, and ab-
sence of biofilm-active treatment were significantly associated with failure. 
These same factors, with polymicrobial infection and antibiotic resistance 
(any) added to the list, were significant in the logistic regression for mi-
crobiological eradication. Both low ASA-score and biofilm-active treatment 
(preferably rifampin in combination with a fluoroquinolone) have previ-
ously been reported to be associated with remission (82, 278).  

In neither of these cohorts was there any association between agr-type, 
CCs, or content of virulence genes and outcome. Post et al. investigated 
two collections of isolates from musculoskeletal infections, including 104 
S. epidermidis and 305 S. aureus isolates, through both phenotypic anal-
yses and the detection of virulence genes by WGS or PCR (115, 163). Alt-
hough several genes were significantly associated with implant-associated 
infections (S. aureus) or the not-cured outcome (S. epidermidis), strong 
biofilm production was associated both with PJIs in S. aureus and with the 
not-cured outcome in S. epidermidis, together with antibiotic resistance. In 
S. capitis, a set of 29 genes significantly associated with the NRCS-A out-
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break sublineage has been detected (279). Interestingly, one of these (tarFIJL) 
is involved in the production of wall teichoic acid, hypothesized to be 
involved in attachment to biomaterials and resistance to antibiotics such 
as glycopeptides (280, 281). Accordingly, Study IV found a significant 
association between the presence of tarFIJL and hGISC when comparing 
PJI strains in the NRCS-A clade with those in the basal clade. Thus, the 
composition of the collection analysed likely affects the results of this kind 
of study, as the prevalence of highly clonal staphylococci (e.g. S. epider-
midis ST2, ST5 or ST215, S. capitis NRCS-A, or MRSA USA300) will be 
more likely to indicate significant differences in the virulome between 
infecting and commensal isolates. 

S. aureus can be an aggressive pathogen, and as many patients with se-
vere S. aureus infections are elderly and affected by multiple co-
morbidities, mortality is not negligible. In Study II, mortality during 
treatment was found to be 11% in early and 16% in acute hematogenous 
S. aureus infections. The mean age of the patients in the S. aureus cohort 
was 74 years, and details on the cohort are shown in Table 6. 

Table 6. PJIs caused by S. aureus (n = 100) including data on age in relation to 
index surgery and type of infection (Study II). 

In the entire cohort of Study II, the all-cause one-year mortality was 
15%, and risk factors predicting death were age (especially ≥80 years), 
ASA ≥3, fracture as indication of index surgery, and low preoperative 

 Age 
mean (minimum–maximum) 

Indication for surgery  
Arthrosis 73 (48–91) 
Fracture 82 (65–92) 
Rheumatoid arthritis 66 (43–83) 
Aseptic loosening 85 (78–91) 
Other indication 69 (39–92) 
Type of infection  
All patients 74 (39–92) 
Early postinterventional 75 (48–92) 
Chronic 68 (39–90) 
Late acute hematogenous 69 (43–92) 
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haemoglobin. There was also a significantly higher risk (p = 0.03) of hav-
ing positive blood cultures at diagnosis at age ≥80 than when younger 
(Table 7). From these data it is impossible to draw conclusions as to 
whether age ≥80 predisposed the patients for SAB, which in turn contrib-
uted to the higher mortality risk seen among the oldest patients in this 
cohort, or whether this was simply to be expected considering their age. 
    However, SAB is a serious condition that calls for attention, thorough 
examination, and tailored treatment (282). Blood cultures are essential for 
diagnosing this condition, and it is noteworthy that they were only taken 
in 85% of patients. Although the proportion of positive blood cultures 
was highest among acute hematogenous (14/23, 61%) followed by early 
postinterventional PJIs (20/48, 42%), SAB was also present in chronic 
infection (1/8, 13%). As a recent review (283) demonstrated that the 30-
day mortality in SAB was reduced from 26% to 12% if an infectious dis-
ease physician was consulted, and many patients with PJIs are treated in 
orthopedic wards, improving routines for performing blood cultures may 
benefit the patient. 

Result of blood culture Outcome 

No growth 

(n = 44) 

Positive at 

diagnosis 

(n = 35) 

Positive, 

prior* 

(n = 6) 

None 

taken 

(n = 15) 

Alive 

after 1 yr 

Dead 

within 1 yr 

Age n (%) n (%) n (%) n (%) n (%) n (%) 

All (n = 100) 44 (44.0) 35 (35.0) 6 (6.0) 15 (15.0) 85 (85.0) 15 (15.0) 

<60 (n = 18) 12 (66.7) 6 (33.3) 0 (0.0) 0 (0.0) 18 (100.0) 0(0.0) 

60–69 (n = 19) 7 (36.8) 7 (36.8) 1 (5.3) 4 (21.1) 18 (94.7) 1 (5.3) 

70–79 (n = 34) 17 (50.0) 8 (23.5) 2 (5.9) 7 (20.6) 30 (88.2) 4 (11.8) 

≥80 (n = 29) 8 (27.6) 14 (48.3) 3 (10.3) 4 (13.8) 19 (65.5) 10 (34.5) 

Alive after 1 yr 40 (90.9) 28 (80.0) 4 (66.7) 13 (85.0) 

Dead within 1 yr 4 (9.1) 7 (20.0) 2 (33.3) 2 (13.3) 

* Growth of S. aureus in blood cultures taken more than four weeks before PJI diagnosis.

Table 7. PJIs caused by S. aureus: Results of blood cultures stratified by age and
compared to mortality (Study II). 
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Phylogenetic analysis (studies II–IV) 

Rep-PCR (Study III) versus WGS (Study IV)  
To investigate the diversity of the S. capitis isolates from PJIs (Study III), 
rep-PCR (DiversiLab) was used. However, this technology has since been 
superseded by WGS, and was eliminated from the bioMérieux 2018 prod-
uct list. For the phylogeny in Study IV, a WGS-based analysis was there-
fore used. This phylogeny also contained a larger number of isolates, in-
cluding nasal commensal isolates and the S. capitis CR01 reference strain.  

Figure 19. Comparison between the Rep-PCR (Study III) and WGS (Study IV) 
phylogeny of S. capitis isolated from PJIs, focusing on the NRCS-A outbreak sub-
lineage. Isolates #3, #14, #16, #18, #20, and #22 are the NRCS-A outbreak 
strains, #2 belongs to the proto-outbreak cluster, and #1 is the S. capitis subsp. 
capitis reference isolate CCUG 35173. Red denotes different clustering between 
methods, while blue denotes similar clustering. 
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For comparison between these methods, the focus has been on the 
NRCS-A outbreak sublineage. As shown in Figure 19, most of these iso-
lates cluster in a similar way regardless of which method is used. The close 
relationship within the outbreak clone cannot be seen in the rep-PCR 
analysis, however. In addition, one of the NRCS-A outbreak isolates (#3) 
is found in a completely different cluster, and one of the proto-outbreak 
isolates (#2) clusters together with the S. capitis subsp. capitis reference 
isolate CCUG 35173 (#1) in the rep-PCR phylogenetic tree.  

Therefore, even though rep-PCR provides indications that different lin-
eages were present, there were some rather problematic errors when com-
paring the rep-PCR dendrogram with the WGS-based phylogeny. This has 
also been observed in S. epidermidis by Dortet et al. (284), who noted that 
three distinct rep-PCR patterns in WGS-phylogeny all proved to be the 
same ST2 clone, though with alterations in the SCCmec element responsi-
ble for the erroneously interpreted rep-PCR phylogeny. Another possible 
explanation for these disparities would be recombination. An advantage of 
WGS is that the sequences of the strains sequenced in other laboratories 
can be made publicly available, allowing the opportunity to add previous-
ly characterized strains (in this case CR01) to subsequent analyses. 

Relationship between nasal and PJI isolates (studies II and IV) 
When comparing nasal commensal strains with those isolated from PJIs, 
two different pictures were observed among S. aureus and S. capitis (Fig-
ure 20). While isolates from the different sources were intermingled in the 
S. aureus phylogeny, for S. capitis, one cluster consisted entirely of com-
mensal nasal isolates (subsp. capitis). However, nasal isolates also clus-
tered among the basal and proto-outbreak strains, but none in the NRCS-
A outbreak sublineage.
     In the case of S. epidermidis, a few dominant clones (i.e. ST2, ST5, and 
ST215) are found in PJIs, while commensals are more heterogeneous 
(285), as also observed through differences in phenotypic antibiotic re-
sistance patterns (286). Recently, this was further investigated using WGS 
(287), which identified four major lineages contained in the PJI isolates, 
while nasal commensal strains were more diverse (Figure 20). Thus, in this 
respect the two CoNS species are more alike, while S. aureus displays a 
more individual pattern of phylogenetic relatedness between pathogenic 
and commensal strains.

While the present data suggest that S. aureus nasal carriage strains are 
similar to those causing PJIs and may thus be a source of infection, nasal 
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carriage seems not to be a major reservoir for PJIs caused by S. capitis or 
S. epidermidis. This is important to consider when discussing nasal decol-
onization programmes, which are shown to be cost-effective in preventing 
postoperative surgical site infections (SSIs) caused by S. aureus, even 
though the literature is somewhat conflicting on this topic (123, 127). 
However, based on phylogenetic analysis, it is unlikely that decolonization 
would be equally successful in preventing PJIs caused by S. capitis and S. 
epidermidis, as the dominant lineages differ between strains from PJIs and 
nares.

Instead, for these CoNS it seems important to refine our knowledge of 
their role in the hospital environment. The S. epidermidis ST2, ST5, and 
ST215 lineages reportedly cause hospital-acquired infections such as PJIs, 
central venous-catheter–associated bacteremia, and pacemaker endocardi-
tis (288). Person-to-person spread after skin colonization is hypothesized 
to be the main route of transmission (133, 289). For S. capitis, there is 
limited knowledge of other lineages than NRCS-A, for which the hospital 
environment, rather than patients or staff, has been implied to be the res-
ervoir (159). Morgenstern et al. collected nasal swabs from 1,166 surgeons 
at an international conference in 2013 (290), and found Gram-positive 
bacteria in 95% of samples. S. aureus was present in 28% of samples and, 
interestingly, the prevalence of MRSA was higher among surgeons who 
had completed a course of antibiotics during the past six months (4.3% 
vs. 1.3%). Furthermore, S. epidermidis isolates were found in 51% of 
surgeons (21% MDR), while only 12 S. capitis isolates (1% of surgeons, 
no MDR) were found. These data may support a role for the person-to-
person route of S. aureus and S. epidermidis spread in the hospital envi-
ronment, as well as the hypothesis of another reservoir responsible for S. 
capitis transfer.  

Furthermore, there may be regional differences in the epidemiology, as 
demonstrated by clonality in MRSA (291, 292), the exclusive presence of 
S. epidermidis ST215 in northern Europe (288), the differences in S. epi-
dermidis susceptibility patterns between centres described in Study I (Ta-
ble 2), and the NRCS-A cluster found in one of the centres in Study IV 
(Figure 26). Thus, when focusing on preventing staphylococcal PJIs, it 
seems unlikely that a “one-size-fits-all” approach would be successful, as 
mechanisms transforming bacteria from commensals to pathogens seem to 
differ between staphylococcal species. Specific clones (e.g. S. capitis
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NRCS-A or S. epidermidis ST2, ST5 and 215) originating from exogenous 
sources behave differently from S. aureus, all CCs of which can reportedly 
act as both nasal commensals and PJI pathogens. Thus, infection control 
measures must begin with investigating the local situation, including prev-
alent bacterial species, followed by employing targeted strategies selected 
based on knowledge of endemic strains.  

WGS-based characterization and phylogeny of PJI isolates 
(studies II and IV) 
WGS of S. aureus (Study II) demonstrated that the collection consisted of 
a multitude of lineages (Figure 21).  

However, CC30, CC45, and CC15, followed by CC5, were the most 
common lineages in PJIs, and CC30 followed by CC45, CC46, and CC15 
were the most common lineages among nasal isolates. Several articles de-
scribe the distribution of CCs in different types of S. aureus infections 
(Figure 22). Comparing previously published data from bone and joint 
isolates (114, 115, 293) is somewhat difficult, as the selection of which 
CCs to include in tables differs between studies, and in one study (115), 
half of the isolates are categorized as “other”.  
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Figure 21. Distribution of sequence types of S. aureus among isolates from PJIs 
(orange, n = 100) and nares (grey, n = 101). Reprinted from Study II. 
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Figure 22. Distribution of CCs (percentages) reported from collections of S. aureus 
isolates. BJI = bone and joint infection, PJI = prosthetic joint infection, N = nasal 
commensal, SAB = S. aureus bacteremia, SAB-IE = S. aureus bacteremia with 
infective endocarditis, MS = methicillin sensitive, MR = methicillin resistant. Ab-
breviations followed by number of isolates in parentheses (adapted from (114-117, 
293-295).

However, the distribution of CCs was similar between the PJI and bone 
and joint infection groups, even though Luedicke et al. (293) found a 
higher proportion of CC8. Tasse et al. (114) demonstrated that CC15 
produced more mature biofilm than did CC5 or CC30 and had a biofilm 
forming ability similar to that of CC45 (“rapid and extensive”), which 
could imply a higher affinity for attachment to implants. Still, CC15 is not 
the dominant CC among bone and joint infections, and the proportion of 
CC15 is similar across all studies. 

In a previous study from Region Örebro County (117) including iso-
lates from SAB and the 1992 nasal isolates also included in Study II, a 
similar CC pattern was observed among strains isolated from SAB as was 
observed in PJI strains from Study II. This was not unexpected, as simul-
taneous bacteremia is common in patients with PJI caused by S. aureus. 
The nasal isolates differed, however, to the extent that CC30 and CC45 
were more common in Study II than was observed by Rasmussen et al. 
(117). 
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Figure 23. Distribution of CCs in nasal commensal S. aureus isolates collected in 
1992 (blue, n = 46) and 2017 (red, n = 55). Data presented as percentages. 
Adapted from Study II. 

Comparing the nasal strains collected in 1992 with those from 2017 
(Figure 23) reveals a decline in the proportion of isolates belonging to 
CC30 and CC46, while several CCs not found in 1992 were present in 
2017. As the screened populations were comparable, this indicates that 
there may have been an alteration in colonization patterns over time, 
though a larger cohort would be needed to confirm this observation. 

Finally, in a recent study focusing on SAB (295), MSSA was compared 
with MRSA. The staphylococcal virulome had no impact on mortality, 
which is in accordance with the findings of Study II, in which no statisti-
cally significant association could be found between either CCs or the 
presence of virulence factors and mortality or outcome (Figure 24). 

Furthermore, the methicillin-resistant isolates isolates examined by Park 
et al. (295), which were likely associated with hospital infections, dis-
played a more clonal-like pattern including two dominant clusters (i.e. 
CC5 and CC8), thus behaving more like nosocomial S. epidermidis or S. 
capitis (296, 297). 
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Figure 24. Neighbor-joining tree of cgMLST loci in 100 S. aureus PJI isolates 
showing information on CC, outcome, microbiological eradication, and mortality. 
The scale represents % of core loci differing between the isolates. Reprinted from 
Study II 
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For S. capitis (Study IV), the major finding was that the NRCS-A out-
break lineage, previously described in bloodstream infections in NICUs, 
was also present in adult PJIs (Figure 25). Even though these infections are 
rare occurrences, the fact that this lineage has found its way outside 
NICUs merits attention. It is still unknown whether this lineage is also 
present in other highly specialized niches of modern healthcare involving 
implants and/or immunosuppression, such as haematology, thoracic sur-
gery, and neurosurgery.  

Regarding virulence genes, 41 genes associated with the NRCS-A clade 
have already been characterized. Of these, 29, including the nsr- and 
tarFIJL genes, were detected in the proto-outbreak 1, proto-outbreak 2, 
and outbreak lineages, while the remaining 12 genes, specific to the out-
break clone, were associated with the type V SCCmec-SCCcad/ars/cop 
element (279). Thus, in contrast to S. aureus, there seems to be a set of 
virulence factors associated with the more virulent NRCS-A clone, which 
is what might be expected in a successful clone. Still, there are also strains 
that are capable of causing PJIs in the basal lineage, indicating that all 
lineages of S. capitis subsp. urealyticus are capable of causing PJIs, even if 
some of these virulence factors are absent. 
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Figure 25. Midpoint-rooted maximum-likelihood phylogeny of 305 S. capitis iso-
lates highlighting the differentiation of subspecies and lineages. The Swedish iso-
lates are represented by black dots while the colours in the main circle indicate the 
settings where isolates were retrieved. Reprinted from Study IV. 
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Subtyping of S. capitis (Study IV) 
As there are two subspecies described for S. capitis (subsp. capitis and 
subsp. urealyticus) (145), differing in virulence (147), attempts at discrim-
inating between them were made in Study III. However, no clear pattern 
could be found using rep-PCR, maltose fermentation, or urease produc-
tion. In retrospect, one reason for this may have been the composition of 
the strain collection, and even though one reference strain representing 
subsp. capitis (CCUG 35173) was acquired, the entire remaining collec-
tion was subsequently demonstrated to constitute subsp. urealyticus.  

When adding nasal commensal isolates and performing WGS-based 
phylogeny, a distinct clade including the CCUG 35173 strain was identi-
fied (Figure 25). All these isolates were maltose negative and urease nega-
tive, consistent with subsp. capitis. However, although all isolates in the 
clade containing basal, proto-outbreak, and outbreak lineages were malt-
ose positive, only 63% were urease positive (Figure 26). The urease-
positive isolates were spread across the phylogeny, making it more likely 
that this test did not perform as well as previously published data suggest 
(145), than that a third subspecies exists. Thus, based on data from Study 
IV, the maltose fermentation test seems sufficient for discriminating be-
tween the two subspecies. 
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Figure 26. Midpoint-rooted maximum-likelihood phylogeny of 56 Swedish 
S. capitis isolates, including results of urease activity and maltose fermentation tests.  
Different centres are identified as c1–c4 and reference isolates named r1 (NRCS-
A prototype strain CR01, France), r2 (CCUG 55892), and r3 (CCUG 35173). 
Blue represents negative test results, red positive test results, and grey missing data. 
Reprinted from Study IV. 
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Limitations 
There are several limitations in these publications.  

For hGIS detection, PAP-AUC is the gold standard, while MME, GRD 
Etest, and VAN4 are not formally validated for CoNS. However, as it is 
unlikely that PAP-AUC will find its way into routine clinical practice, it is 
important that data obtained using less labour-intensive methods be made 
available. 

All studies were based on retrospective cohorts, including nasal com-
mensals and S. epidermidis PJI isolates dating back to the early 1990s. 
There were differences in the CC distribution of S. aureus nasal strains 
when comparing the two time periods, implying an alteration in carriage 
patterns over time. However, when comparing S. epidermidis PJI isolates 
from two different time periods in one centre, there were no statistically 
significant differences in antibiotic susceptibility profiles, reducing the risk 
of bias through MIC creep or the expansion of a highly adapted MDR 
clone in this cohort.  

The sample size, especially for the S. capitis cohort, was small. Still, that 
the NRCS-A clone was detected in all participating centres, despite the 
limited number of isolates, is cause for concern. In addition, as the organi-
zation of PJI microbiological diagnosis and surgical treatment is central-
ized at the participating centres, and multiple approaches were used in 
identifying cases, the prerequisites for identification of patients were good. 
Furthermore, there were few drop-outs from clinical follow-up, which is a 
strength of the material. 

Also, the mix of mono- and polymicrobial infections may affect the va-
lidity of the results. This and the heterogeneous cohorts are common prob-
lems in PJI research, as PJIs are rare infections caused by a multitude of 
pathogens, prompting different treatment strategies affected by infection 
type, antibiotic resistance, and patient intolerance of antimicrobial agents. 
Despite these weaknesses, small retrospective cohorts may be able to raise 
questions, prompting further research. 

When comparing nasal commensal isolates with strains isolated from 
infections, information on the background of the healthy subjects was not 
available, as these patients were anonymized after obtaining informed 
consent. This means that patients may have been admitted to hospital or 
completed an antibiotic treatment before sampling, both of which may 
have affected the nasal microbiome. Thus, background data could have 
had an impact on the interpretation of whether virulent strains were circu-
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lating not only in the hospital environment, but also in the community. 
Also, the content of nasal samples taken before surgery would be very 
interesting to compare with infective strains from the same patient; how-
ever, due to the rareness of PJIs, a huge collection of nasal samples from 
people who never develop infections would be needed. Also, further sam-
pling from potential reservoirs, such as surfaces, medical tools, and staff, 
would increase our knowledge of the extent of hospital colonization with 
nosocomial strains such as NRCS-A.  
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Conclusions 
• Multidrug resistance is widespread among S. epidermidis causing 

PJIs, as well as in the NRCS-A sublineage of S. capitis, while this 
was not the case for S. aureus. 

• Heterogeneous reduced susceptibility to glycopeptides is common, 
especially among S. epidermidis, but also in S. capitis. 

• Different patterns were seen when phylogenetically comparing na-
sal and PJI isolates. In S. capitis, the commensal and infecting 
strains were separated phylogenetically, while they clustered to-
gether for S. aureus. This may indicate diverse reservoirs and 
routes for acquisition in PJIs caused by different staphylococcal 
species. 

• Two thirds of early postinterventional S. aureus PJIs achieved mi-
crobiological eradication, while this was the case for half of late 
hematogenous infections.  

• No virulence genes or specific CCs were significantly associated 
with outcome in S. aureus PJIs. 

• Inability to treat S. aureus PJIs with biofilm-active antibiotics and 
>3 weeks delay in DAIR were risk factors for failure, as were pa-
tient-related factors such as ASA-score ≥3 and age ≥80 years. 

• S. capitis was demonstrated to cause early postinterventional and 
chronic PJIs. Outcome was in general favourable, with 80% of 
the early postinterventional and 86% of chronic infections achiev-
ing clinical cure. 

• The nosocomial NRCS-A outbreak sublineage of S. capitis is pre-
sent in adult PJIs, but not in commensal isolates from patients 
slated for arthroplasty. 

• Comparing phenotypic antibiotic susceptibility patterns is insuffi-
cient to discriminate between different S. capitis strains. 
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Future Perspectives 
As demonstrated in this thesis, even within the genus Staphylococcus, 
there are significant peculiarities in behaviour, symptomatology, and out-
come in PJIs caused by different staphylococci. Since work commenced on 
the first study of this thesis, the accessibility of novel laboratory technolo-
gies (e.g. MALDI-TOF MS and WGS) has had a great impact on both 
clinical diagnostics and research options for PJIs. Clinical characteristics of 
different staphylococcal species should be examined in larger cohorts to 
validate the results of this thesis. Prospective data would be desirable, 
although this may be unrealistic in diseases as rare as PJIs caused by un-
common pathogens. Data from national quality registries or multicentre 
studies, such as those instigated by the ESCMID Study Group for Implant-
Associated Infections (ESGIAI), may aid in collecting data, even though 
such studies also have their limitations. 

As diagnosis of heterogeneous glycopeptide resistance is challenging, 
and its implications in clinical practice are unknown, new options for 
evaluating this type of resistance may arise if MALDI-TOF MS proves 
reliable in detecting hGIS. First, this needs to be validated for CoNS, and 
then the impact of hGIS on outcome needs to be evaluated in a larger co-
hort of staphylococcal PJIs. Furthermore, adding access to clinical and 
WGS data for the cohort in Study I could deepen our knowledge. Also, 
investigating the prevalence of hGISA and elevated glycopeptide MICs, 
and later correlating these data to clinical outcomes in MSSA PJIs, might 
be of interest. 

Environmental sampling, focusing on S. capitis, combined with charac-
terization of a larger clinical collection from multiple centres, may im-
prove our knowledge of the prevalence, phylogeny, and epidemiology of S. 
capitis in general and the NRCS-A outbreak sublineage in particular. As 
this pathogen has found its way out of NICUs, investigating whether this 
clone is also found in central line infections, prosthetic valve endocarditis, 
shunt infections, or bacteremia in haematology and oncology wards would 
improve our understanding of the magnitude of NRCS-A as a nosocomial 
pathogen in the adult setting.  

Collecting nasal samples from patients slated for prosthetic joint sur-
gery with the aim of correlating findings from these to strains later isolat-
ed from PJIs would be valuable in evaluating the impact of commensal 
strains on the risk of infection. However, the cost and effort of sampling 
people who experience uneventful surgeries (as the PJI incidence is esti-
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mated to be only around 1%) would be unreasonably high. Another ap-
proach would be nasal sampling on first contact from patients presenting 
with a PJI. This would, however, involve the risk of finding hospital-
acquired strains in abundance, as these patients would have recently been 
hospitalized for their index surgery. 

Furthermore, studies of the prevention of PJIs are in demand. Are Swe-
dish prophylaxis guidelines optimal? Do we need to tailor prophylaxis 
strategies to the local prevalence and microbial epidemiology of PJIs? 
Would cohorts differing in terms of comorbidities, BMI, and ASA-score 
benefit from individualized prophylaxis? How would nasal decolonization 
affect the prevalence of PJIs in a Swedish cohort? As of now, Swedish 
guidelines gain support from the Swedish orthopedic arthroplasty regis-
tries, but not all these questions can be answered using registry data alone. 
However, large, prospective multicentre studies designed to enhance our 
knowledge in these areas are expensive and laborious. 

As S. aureus is the most common pathogen in PJIs, further research is 
needed to investigate optimal treatment algorithms. The heterogeneity of 
the retrospective cohort, in which some patients were not treated accord-
ing to current guidelines and mobile parts such as liners were not always 
exchanged, makes the results difficult to interpret. A prospective study 
including acute hematogenous monomicrobial S. aureus PJIs treated with 
DAIR according to current guidelines would add valuable information to 
the ongoing debate on whether DAIR is a valid option in acute hematog-
enous S. aureus PJIs.  

Also, prospective data on the shortest effective duration of treatment 
are long awaited. As staphylococci differ and one size might not fit all, 
treatment duration may vary depending on co-morbidities, prosthesis-
related factors, type of pathogen, and possible antibiotic treatment. How-
ever, such data would have to be collected in large multicentre studies, 
with the limitations and problems these entail. 

Finally, as rifampin is the only biofilm-active antibiotic effective in 
staphylococcal infections, and resistance rates are high among S. epider-
midis, developing new antibiotic agents targeting bacteria embedded in 
biofilm or persister cells is a priority. Also, as fluoroquinolone use is ham-
pered by both resistance and reports of serious side-effects, alternative 
agents to combine with rifampin are needed. Until then, prospective data 
on the efficacy of second-line drugs and antibiotic combination therapy 
would aid the clinician in the complex decisions associated with PJI treat-
ment.  
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