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Summary 
Background 
Periprosthetic joint infection (PJI) is a serious and life-threatening complication following 
total knee and hip arthroplasty. Previous studies have reported elevated mortality risks 
associated with PJI, but most large-scale investigations suffer from methodological 
limitations, including a lack of microbiological confirmation, inconsistent definitions of PJI, 
and insufficiently comparable control groups. Furthermore, limited data exist on cause-
specific mortality in PJI patients and how it compares to outcomes following aseptic revision 
surgery. This dissertation aimed to address these knowledge gaps by using microbiologically 
verified, nationwide registry data to investigate mortality and causes of death following PJI 
revisions, compared to major aseptic revisions in both total hip and knee arthroplasty 
patients. 
 

Methods 
This dissertation comprises three nationwide, retrospective cohort studies based on linked 
data from Danish national registries (including the Danish Hip and Knee Arthroplasty 
Registries, National Patient Register, Cause of Death Register, and the national 
microbiology database, in the form of HAIBA). Patients undergoing their first revision 
surgery after primary total knee or hip arthroplasty between 2010 and 2020 were included, 
with follow-up extended to 2023 (Study 1 and 2) and 2024 (Study 3). PJI was defined using 
microbiological confirmation, and culture-negative PJIs were included based on surgeon-
reported diagnoses. 
Major aseptic revisions served as the comparison group, chosen for surgical comparability. 
Propensity score-based inverse probability of treatment weighting (IPTW) was applied to 
adjust for confounding. The primary outcome was all-cause mortality in Studies 1 and 2, and 
cause-specific mortality in Study 3. Kaplan–Meier and Cox proportional hazards models 
were used to estimate survival and hazard ratios. Cause-of-death data were descriptively 
analyzed and compared between groups (PJI vs aseptic revisions).  
 

Results 
Study 1 (TKA revisions): Patients undergoing revision for PJI after total knee arthroplasty 
were associated with a 48% higher adjusted mortality risk compared to major aseptic 
revisions (HR: 1.48 (95% CI: 1.26 to 1.74, P < 0.001). 
The 1, 5, and 10-year adjusted mortality was 3% (CI: 1.9 to 4.0), 14% (CI: 11.6 to 16.3), and 
36% (31.4 to 40.2) for the PJI cohort.  
 
Study 2 (THA revisions): Patients undergoing revision for PJI after total hip arthroplasty 
were associated with a 33% higher adjusted mortality risk compared to major aseptic 
revisions (HR: 1.33 (95% CI: 1.20 to 1.48, P < 0.001). 
The 1, 5, and 10-year adjusted mortality was 6.6% (CI: 5.3 to 7.9), 19.4% (CI: 17.3 to 21.5), 
and 43.9% (CI: 40.5 to 47.1). 
A steep rise in early postoperative mortality was observed within the first 90 days. 
 
Study 3 (Cause-specific mortality): No single cause of death accounted for the excess 
mortality in PJI patients. Although infectious causes were more frequent in the PJI group, 
deaths appeared to reflect broader systemic vulnerability rather than any single 



 

 
 

pathophysiological mechanism. The pattern suggested that PJI may precipitate clinical 
deterioration in otherwise manageable chronic conditions, such as cardiovascular, 
respiratory, or gastrointestinal diseases. 
 

Conclusion 
This dissertation demonstrates that PJI after knee and hip arthroplasty is associated with 
significantly increased mortality compared to aseptic revisions, even after adjusting for key 
confounders. The excess mortality appears multifactorial, likely reflecting underlying 
vulnerability and systemic impact of infection, highlighting the need for comprehensive, 
multidisciplinary care. 
  



Dansk resumé 
Baggrund 
Periprostetisk led infektion (PJI) er en alvorlig og potentielt livstruende komplikation efter 
total hofte- og knæalloplastik. Tidligere studier har vist øget mortalitetsrisiko ved PJI, men 
mange større undersøgelser har metodologiske begrænsninger, herunder manglende 
mikrobiologisk bekræftelse, uensartede definitioner af PJI og utilstrækkeligt 
sammenlignelige kontrolgrupper. Derudover findes der begrænsede data om den specifikke 
dødsårsag efter PJI, og hvordan dette sammenlignes med udfald efter aseptiske 
revisionsoperationer. Formålet med denne afhandling var at adressere disse videnshuller 
ved at anvende mikrobiologisk verificerede, landsdækkende registerdata til at undersøge 
mortalitet og dødsårsager efter PJI-revisioner sammenlignet med større aseptiske 
revisioner i både total hofte- og knæalloplastik. 
 

Metode 
Denne afhandling omfatter tre landsdækkende, retrospektive kohortestudier baseret på 
koblede data fra danske nationale registre (herunder Knæ- og Hoftealloplastikregistrene, 
Landspatientregisteret, Dødsårsagsregisteret og den nationale mikrobiologidatabase 
HAIBA). Patienter, der fik foretaget deres første revisionsoperation efter primær total knæ- 
eller hoftealloplastik mellem 2010 og 2020, blev inkluderet, med opfølgning frem til 2023 
(studie 1 og 2) og 2024 (studie 3). PJI blev defineret ved mikrobiologisk bekræftelse, og 
kultur-negative PJI-tilfælde blev inkluderet baseret på kirurgens diagnoseangivelse. 
Større aseptiske revisioner fungerede som sammenligningsgruppe, valgt for kirurgisk 
sammenlignelighed. Propensity score-baseret inverse probability of treatment weighting 
(IPTW) blev anvendt for at justere for confounding. Det primære udfald var total mortalitet 
i studierne 1 og 2 og årsagsspecifik mortalitet i studie 3. Kaplan–Meier- og Cox proportional 
hazards-modeller blev anvendt til at estimere overlevelse og hazard ratioer. Data om 
dødsårsager blev analyseret beskrivende og sammenlignet mellem grupperne (PJI vs. 
aseptiske revisioner). 
 

Resultater 
Studie 1 (TKA-revisioner): Revision for PJI efter total knæalloplastik var forbundet med 
48% højere justeret mortalitetsrisiko end større aseptiske revisioner (HR: 1,48; 95% CI: 
1,26–1,74; p < 0,001). Den justerede mortalitet efter 1, 5 og 10 år var hhv. 3% (CI: 1,9–4,0), 
14% (CI: 11,6–16,3) og 36% (CI: 31,4–40,2) i PJI-gruppen. 
 
Studie 2 (THA-revisioner): Revision for PJI efter total hoftealloplastik var forbundet med 
33% højere justeret mortalitetsrisiko end større aseptiske revisioner (HR: 1,33; 95% CI: 
1,20–1,48; p < 0,001). Den justerede mortalitet efter 1, 5 og 10 år var hhv. 6,6% (CI: 5,3–
7,9), 19,4% (CI: 17,3–21,5) og 43,9% (CI: 40,5–47,1). En markant stigning i mortalitet blev 
set inden for de første 90 dage postoperativt. 
 
Studie 3 (Årsagsspecifik mortalitet): Ingen enkelt dødsårsag forklarede den øgede 
mortalitet hos PJI-patienterne. Infektionsrelaterede dødsfald var hyppigere i PJI-gruppen, 
men mønstret tydede på en bredere systemisk sårbarhed frem for én enkelt patofysiologisk 
mekanisme. Resultaterne indikerer, at PJI kan forværre ellers håndterbare kroniske 
sygdomme som hjerte-kar-, lunge- eller mave-tarmsygdomme. 



 

 
 

 

Konklusion 
PJI efter knæ- og hoftealloplastiker forbundet med signifikant øget mortalitet sammenlignet 
med aseptiske revisioner – også efter justering for centrale confoundere. Den øgede 
mortalitet synes multifaktoriel og afspejler sandsynligvis både underliggende sårbarhed og 
den systemiske påvirkning af infektionen, hvilket understreger behovet for 
helhedsorienteret, tværfaglig behandling. 
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Introduction 
Periprosthetic joint infection (PJI) following knee or hip arthroplasty is a rare but serious 
complication of an otherwise highly effective surgical treatment for osteoarthritis, a 
common, painful, and disabling condition[4, 5]. The consequences for affected patients are 
profound, as PJI often leads to repeated surgeries, prolonged hospitalizations, reduced 
mobility, pain, and extended courses of antibiotics[6, 7].  
 
Studying PJI poses several challenges. It is a relatively rare complication, making 
randomized trials impractical and virtually impossible. Consequently, much of the existing 
evidence comes from retrospective studies with limited sample sizes[8, 9], heterogeneous or 
poorly matched comparator groups[10], and inconsistent definitions of both infection and 
revision indications[8, 9, 11]. In addition, the reliance on single-center cohorts and 
variations in diagnostic criteria for PJI across studies [8, 9, 11] have complicated efforts to 
draw robust conclusions.  
 
National joint registries offer a valuable opportunity to overcome some of these limitations 
by enabling large-scale studies based on real-world data. These registries typically offer high 
data completeness, solid validity, and long-term follow-up. However, in the context of PJI, 
they have notable shortcomings: microbiological information is often missing, and 
infections are frequently underreported[12-16]. In Denmark, this issue is being addressed 
through recent updates to the Danish Knee and Hip Arthroplasty Registry, which began 
incorporating microbiological data in 2023[17, 18]. 
 
To date, few studies have been able to quantify the association between PJI and increased 
mortality robustly, and data on specific causes of death in this population remain 
unavailable. 
Through the studies conducted during the PhD period, this dissertation seeks to address key 
gaps in knowledge and contribute to a better understanding of the consequences of PJI after 
knee and hip arthroplasty.  
 
The primary purpose of this dissertation is to provide a comprehensive analysis of the 
prognosis of patients undergoing revision for PJI with a specific focus on mortality. This is 
achieved by comparing outcomes in patients revised for PJI to those undergoing similarly 
extensive, but non-infectious (major aseptic) revision procedures. By including both knee 
and hip arthroplasty cases, the studies allow for joint-specific comparisons. A secondary 
purpose is to examine the causes of death in these patients to better understand whether, 
and through which mechanisms, PJI may contribute to increased mortality. 
 
Three studies were conducted. The dissertation includes introduction to arthroplasty 
surgery, PJI, and mortality and causes of death after PJI, as well as a literature review 
covering current evidence. 
This is followed by an overview of the hypotheses and aims, the methods used in each study, 
and the study results, and finally, a detailed discussion in relation to existing literature and 
methodological considerations. At the end, a future perspective is provided. 
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Background 

Total joint arthroplasty 
Joint arthroplasty is a surgical procedure in which a damaged joint surface is replaced, 
reshaped, or reconstructed, most commonly with a prosthetic implant, to restore function, 
relieve pain, and improve mobility. The most widely performed arthroplasties are those of 
the knee and hip, whereas procedures involving the shoulder, ankle, wrist, or fingers are far 
less frequent by comparison. 
 
The primary indication for joint arthroplasty is osteoarthritis. This progressive, degenerative 
joint disease affects both the articular surfaces and the surrounding soft tissues, causing 
increasing pain, loss of function, and a decline in quality of life over time[19]. The 2020 
global burden of osteoarthritis is estimated to affect nearly 600 million people, accounting 
for approximately 8% of the population, and has increased by 132% in total cases since 
1990[20].  
 
In both Denmark and globally, the prevalence of knee and hip osteoarthritis is rising[21]. 
This trend is likely driven by population ageing and increasing body weight [21-23], both of 
which are well-known risk factors for osteoarthritis and contribute to the growing demand 
for total joint arthroplasty. 
 

Total knee arthroplasty 
Knee arthroplasty involves replacing the patient’s native knee joint, either partially 
(unicompartmental knee arthroplasty) or total knee arthroplasty (TKA). The indication for 
knee arthroplasty in Denmark is strongly linked to osteoarthritis, with over 95% of 
procedures performed for this condition. This dissertation focuses on TKA performed for 
osteoarthritis. 
In Denmark, the average patient undergoing primary TKA is 68 years old, and women make 
up around 53% of cases. On average, patients stay in the hospital for 1.2 days following 
primary TKA, and slightly less, 0.9 days, after medial unicompartmental procedures. Total 
knee arthroplasty accounts for approximately 70% of all knee arthroplasties performed 
nationally[18].  
 
While most patients report being satisfied with their outcome (~80%)[22, 23], persistent 
pain following TKA is more frequently reported than after total hip arthroplasty, with 
estimates of persistent pain ranging from 10% to 34%[24]. However, ongoing improvements 
in surgical techniques and perioperative care may have led to better patient experiences in 
recent years, with a study suggesting satisfaction rates now approaching 90%[23].  
The private sector plays a larger role in primary knee arthroplasties than in revisions. In 
2023, 38% of primary TKAs were performed in private hospitals, while only 7.5% of 
revisions within five years were handled outside the public healthcare system[18], 
highlighting that revision surgery remains primarily a responsibility of public hospitals. 
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Total hip arthroplasty 
Hip arthroplasty refers to the replacement of a patient’s native hip joint, either partially 
(hemiarthroplasty) or a total hip arthroplasty (THA).  
THA is in Denmark most commonly performed for end-stage osteoarthritis, which accounts 
for approximately 85% of cases. Other indications include hip fractures (7.5%), either as a 
revision of a previously treated fracture (3.5%) or as the primary treatment (4.5%)[17]. In 
fracture cases, hemiarthroplasty is more frequently used. This dissertation focuses on THA 
performed for osteoarthritis, as patients treated for fractures represent a different clinical 
population, typically older, with more comorbidities and a higher mortality risk. 
 
The typical patient undergoing primary THA in Denmark is 65 years old, and the procedure 
is performed slightly more often in women than in men. Clinical outcomes are generally very 
good: 80–85% of patients report improvement compared to their preoperative state[24], 
while 10–20% have less favorable results, and only a small minority experience worse 
outcomes. 
 
In Denmark, 34% of all primary THAs in 2023 were performed at private hospitals, whereas 
only 2% of revision procedures took place in the private sector[17]. This reflects the more 
complex nature of revision surgery, which is almost exclusively handled within the public 
healthcare system. 
 

Epidemiology of arthroplasty 
In Denmark, the 2023 incidence of TKA was approximately 240 per 100,000 
inhabitants[18]. Hip arthroplasty demand has surged as well: Denmark recorded 240 THAs 
per 100,000 inhabitants in 2022, up from about 160 per 100,000 a decade earlier [17]. These 
figures place Denmark in the top quartile among OECD countries, where average rates are 
roughly 120 TKAs and 170 THAs per 100,000 population annually[25].  
 
The frequency of joint arthroplasty is high and projected to rise in the coming years 
[4, 26]. This trend poses a major economic burden on healthcare systems [27] and 
consequently both the number of revision procedures and costs associated with managing 
complications such as PJI[4].  
 
Revisions of THA and TKA are most frequently caused by PJI, aseptic loosening, pain, and 
joint instability[17, 18]. Among these, PJI is both the most feared and the most common 
reason for revision within the first postoperative year[28]. 
 

National arthroplasty registries  
Sweden was the first country to establish a national arthroplasty registry, launching its hip 
registry in 1975. By systematically collecting data and applying it to monitor clinical 
outcomes, the Swedish registry demonstrated the value of national surveillance in improving 
hip arthroplasty practice. Inspired by this success, Denmark followed with the establishment 
of the Danish Hip Arthroplasty Register in 1995, covering all hip arthroplasty procedures, 
and shortly thereafter, the Danish Knee Arthroplasty Register in 1997. These registries have 
played a key role in advancing clinical practice and have provided a unique foundation for 
high-quality epidemiological research[29-31]. To strengthen collaboration and further 
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improve data quality and research capacity, the Nordic Arthroplasty Register Association 
(NARA) was founded in 2007. This initiative brings together national registries from 
Denmark, Norway, Finland, and Sweden, enabling comparative research and harmonized 
quality monitoring across the Nordic countries[32].  
 

Periprosthetic joint infection 
PJI is a serious complication of joint arthroplasty, broadly defined as an infection involving 
a surgically implanted prosthesis, typically caused by bacterial (or occasionally fungal) 
colonization, leading to an inflammatory response and clinical symptoms such as pain, 
swelling, and impaired function, wound healing issues or a draining sinus[33]. However, 
obvious clinical signs of infection, such as fever, leukocytosis, and redness of the skin, can 
be missing [34], rendering a definite diagnosis difficult. PJI is now the leading cause of joint 
arthroplasty revision[28, 34], surpassing wear-related failures, which have declined due to 
advances in implant materials[35].  
 
The most frequently involved pathogens include Staphylococcus aureus (including 
methicillin-resistant strains, MRSA), which is commonly found in orthopaedic infections. 
Other common pathogens include coagulase-negative staphylococci (e.g., Staphylococcus 
epidermidis and S. lugdunensis), Streptococcus species (including beta-hemolytic and group 
B and G strains), Enterococcus species, Cutibacterium species, and members of the 
Enterobacterales family[10, 36]. 
 
In Denmark, the incidence of PJI has been reported at approximately 1%[12, 35], while 
international studies also have reported rates upwards of 2-2.5%[4, 37].  

 

Definition of periprosthetic joint infection. 
PJI has been proposed to arise through two theoretical mechanisms: Contamination at the 
time of the index surgery, either from the surgical field, the patient’s own microbiome, or 
the surgical environment, or secondly, through hematogenous bacteremia. However, there 
is no clear international consensus on the relative contribution of these pathways, and the 
mechanisms remain a subject of ongoing debate. 
 
Several definitions of PJI have been proposed over the past decade, as demonstrated in the 
timeline in Figure 1. The Musculoskeletal Infection Society (MSIS) first introduced its 
criteria in 2011[38], followed by the Infectious Diseases Society of America (IDSA) 
guidelines in 2012[33]. The International Consensus Meeting (ICM) definitions of 2013 
were then published and updated in 2018[39, 40]. More recently, the European Bone and 
Joint Infection Society (EBJIS) introduced its definition in 2021[41]. The EBJIS definition 
included, in contrast to the others, a “infection likely” category. This intermediate category 
reflects cases where some, but not all, criteria for infection are met, indicating that PJI is 
probable but not definitively proven. It acknowledges diagnostic uncertainty and encourages 
further investigation, particularly in cases of low-grade or early infection where classic signs 
may be absent. This approach was evaluated in a study (authored by the same group 
proposing the EBJIS criteria), which concluded that the EBJIS definition was both more 
accurate and more clinically relevant[42].  
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Most recently, it was announced at the International Consensus Meeting 2025 in Istanbul 
that efforts are underway to unify existing PJI definitions into a single, consensus-based 
standard, incorporating input from all major societies. 
 

 
Figure 1: Timeline demonstration of the internationally published, acknowledged definitions of Periprosthetic Joint 
Infection. Abbreviation: MSIS = Musculoskeletal Infection Society, IDSA = Infectious Diseases Society of America, ICM 
= International Consensus Meeting, EBJIS = European Bone and Joint Infection Society. Courtesy of Mats Bue.  

This dissertation and the included studies do not strictly adopt any single published PJI 
definition. Instead, we apply a registry-based classification in which a revision is considered 
a PJI if two or more intraoperative cultures yield the same microorganism isolate, or if the 
operating surgeon records the case as a PJI revision. While simpler than the MSIS, IDSA, 
ICM, or EBJIS criteria, this approach overlaps with the major microbiological components 
common to all these definitions and thus maintains broad comparability across published 
standards. 
 
In addition to the lack of consensus on diagnostic criteria, there is also no universally 
accepted system for classifying PJI once diagnosed. Several classification systems have been 
proposed, including the "PJI-TNM” system, which adopts a framework similar to that used 
in cancer staging[43, 44]; the McPherson classification[45], and the JS-BACH 
classification[46]. The latter has been externally validated by Kristensen et al.[47], 
demonstrating strong predictive performance in identifying treatment failure across a broad 
and heterogeneous orthopedic population. 
In conclusion, variations in reported incidences are probably largely due to differences in 
patient populations, definition of PJI, and follow-up durations across studies[48]. 
 

Pathophysiology of periprosthetic joint infection - biofilm 
Bacteria involved in PJI exist in two primary forms: the planktonic form, which is free-
floating and metabolically active, and the sessile (or dormant) form, in which bacteria 
aggregate into multicellular clusters, including “persister cells”, that are metabolically 
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inactive and highly resistant to immune responses and antibiotics. Dormancy may be 
triggered by local nutrient deprivation[49, 50]. 
 
A hallmark of the sessile state is the formation of a biofilm, an extracellular matrix of 
proteins and polysaccharides, that acts as both a physical and chemical shield against host 
defenses and antimicrobial agents[51]. This matrix not only contributes to chronic infection 
but also complicates diagnosis. Dormant bacteria may fail to grow in culture, leading to 
false-negative biopsies despite ongoing infection[52].  
 
Overall, although biofilm shields bacteria from effective immune clearance, the persistent 
activation of the host immune system can still cause tissue damage, which may contribute 
to mortality risk. This suggests that the magnitude of the host immune response may be a 
factor in the course and outcome of PJI. 
 

Host immune response 
Both planktonic and biofilm-associated bacteria trigger a host immune response, leading to 
inflammation and tissue damage. The initial immune reaction involves recruitment of 
neutrophils and macrophages, which attempt to clear the infection. However, these cells are 
largely unable to penetrate the biofilm matrix effectively, limiting their ability to eliminate 
sessile bacteria[51]. Instead, they tend to accumulate at the periphery of the biofilm, where 
they release cytotoxic enzymes and reactive oxygen species. This response contributes to 
collateral tissue injury without successfully eradicating the infection[53]. Over time, many 
of these immune cells undergo apoptosis, adding another physical barrier around the biofilm 
and further hindering immune clearance. This sequence of events creates an environment 
in which the progression to chronic infection becomes almost inevitable. 
 
 

 
Figure 2: Schematic illustration of an immune cell encountering a biofilm-embedded bacterial cluster, without the ability 
to penetrate the protective matrix. The bacterial cells, including persister cells, in the biofilm triggers a local immune 
response, causing the immune cells to release cytotoxic substances into the surrounding tissue. Illustration courtesy of 
Prof. Rikke Meyer. 

 
However, most biofilm research is based on in vitro models, and the extent to which these 
findings translate to in vivo conditions remains uncertain. Greater attention should 
probably be given to the role of the local microenvironment in PJI pathophysiology, an 
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aspect that is challenging to study in vivo but nonetheless important and deserving of further 
investigation[54]. 
 

Surgical management 
Given the limited ability of the immune system to eliminate biofilm-associated infections, 
combined with poor antibiotic penetration into the biofilm matrix, the current best practice 
for the first-time treatment of PJI involves a combination of surgical intervention and 
prolonged antibiotic therapy[55-59].  
 
Surgical strategies range from debridement with implant retention to complete staged 
implant removal and revision procedures, depending on the timing of the infection, 
pathogen characteristics, implant stability, and patient-specific factors. Successful 
management relies on early diagnosis, thorough debridement, and pathogen-specific 
antimicrobial therapy[57]. 
 
DAIR is typically indicated for acute early infections, ideally within 4 weeks, as illustrated 
by Kristensen et al. [60] in a large Australian cohort. The procedure requires a stable 
implant, radical debridement, and exchanges of the modular components (polyethylene 
liners). Culture-guided antibiotic therapy should ideally be initiated early. An important 
consideration is that DAIR is not a simpler or less demanding alternative to staged revision, 
as the success of DAIR is highly dependent on thorough soft-tissue debridement, which 
often requires a surgeon with dedicated training in musculoskeletal infection surgery[60-
64]. 
 
One-stage revisions represent a more aggressive intervention. It involves the preoperative 
identification of bacterial pathology, complete removal of all prosthetic components, 
thorough debridement of all affected tissues, and immediate reimplantation during the same 
surgery, thus minimising the overall bacterial load and theoretically removing any 
biofilm[65]. One-stage revision is best suited for patients with good bone and soft-tissue 
quality, low-virulence organisms, and when performed by experienced teams in specialized 
centers[66, 67]. 
In Europe, the one-stage procedure has become increasingly common, supported by 
protocols such as COHIBA (cementless one-stage revision of infected hip arthroplasty), 
which reported a 91% infection-free survival rate at two-year follow-up in chronic THA 
PJI[68], as well as by results from the Endo-Klinik in Hamburg, Germany[65]. 
 
Two-stage revisions have long been considered the gold standard for treating chronic PJI, 
particularly in North America. The first stage involves thorough debridement and removal 
of all prosthetic components, followed by placement of an antibiotic-loaded spacer and a 
course of antibiotic therapy, typically lasting 6–12 weeks, sometimes followed by an 
antibiotic-free period to ensure infection control. A second-stage procedure is then 
performed to implant a new prosthesis in an infection-free surgical field.  
The two-stage procedure has a higher success rate than other revision types, but not all 
patients complete the second reimplantation stage, with reimplantation rates reported as 
low as 71% [69] and 68%[69]. This is likely due to various factors, including medical 
complications, patient unwillingness, or patient death[70, 71]. 
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Lately, the 1.5-stage revision, sometimes referred to as the Kiwi procedure in Australia or 
the functional spacer in the US, is emerging as an intermediate option. It is essentially a 
surgical strategy involving complete component removal, thorough debridement, and the 
implantation of a functional, articulating spacer, typically using antibiotic-loaded cement. 
While this resembles the first stage of a conventional two-stage revision, the key distinction 
is that the implanted construct is intended to function as a long-term, and in many cases, 
definitive solution, rather than a temporary spacer awaiting reimplantation[72]. This offers 
reduced patient morbidity compared to two-stage procedures, which is one of its primary 
advantages, and is gaining popularity globally. However, sparse literature exists 
currently[72-75]. 
 
Some institutions use the double DAIR[76], performing a second washout procedure within 
3–7 days as a near-standard practice. The rationale is to achieve greater bacterial load 
reduction than with a single DAIR, while avoiding the morbidity of staged revisions. 
However, current evidence does not demonstrate substantially improved outcomes 
compared with a single DAIR[59, 76, 77]. 
 
For some patients, particularly those with multiple failed revisions, suppressive antibiotic 
therapy may be employed as a non-curative strategy to manage persistent or recurrent PJI. 
In carefully selected cases, this approach can offer symptom control and improved quality 
of life when curative surgery is no longer feasible[78, 79]. In highly select cases, where 
curative treatment is not feasible, a persistent draining sinus tract may be tolerated or even 
surgically created to manage symptoms. The use of a stoma appliance can help patients 
maintain hygiene and comfort in the presence of a chronic sinus tract. 
 

Economic considerations 
Although PJI affects a relatively small proportion of all joint arthroplasties, it accounts for 
a disproportionately high share of the associated healthcare costs. In the United States, the 
economic burden of knee PJI is projected to exceed USD 1.85 billion by 2030[4]. The 
average cost per case is estimated at approximately USD 89,000 for hip PJI and USD 
116,000 for knee PJI[80-82], nearly five times higher than the cost of revisions for aseptic 
failure[83]. Financial considerations may influence treatment choices in some healthcare 
systems, as two-stage revisions are estimated to be 2–4 times more expensive than DAIR 
procedures[84], which themselves cost roughly twice as much as aseptic revision 
surgery[85].  
 
In Europe, the total reimbursement cost related to PJI was estimated at €346 million in 
2019 alone[86]. This substantial economic burden reflects the costs of prolonged hospital 
stays, multiple surgical interventions, extended antibiotic courses, and increased rates of 
readmission and rehabilitation. As the volume of joint arthroplasty continues to rise, the 
financial impact of PJI is expected to grow accordingly, highlighting the need for effective 
prevention strategies, timely diagnosis, and optimized treatment protocols. 
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Cause of death 

The role of cause of death in clinical research 
“Exact cause and manner of death determination improves legislative safety for the 
individual and for society and guides aspects of national public health”[87]. 
 
In clinical research, all-cause mortality is widely used as it is a straightforward endpoint. It 
provides a binary outcome, alive or dead, that is objective and unambiguous. This measure 
is particularly valuable in large epidemiological studies and allows for easy comparisons 
across populations, studies, and cohorts.  
 
However, focusing solely on whether a patient has died provides limited insights into the 
underlying contributing factors. By assessing cause-specific mortality, we gain a more 
detailed understanding of why patients die. This information can be important for 
identifying modifiable risk factors and for interpreting the impact of a disease, its 
complications, or its treatment. 
 
In the context of PJI, it is important to distinguish between deaths caused directly by 
infection, those resulting from downstream effects such as reduced mobility and function, 
and deaths caused by treatment complications. These distinctions enhance our 
understanding of disease pathophysiology and inform the risk-benefit assessments in 
clinical management. When interpreted carefully, cause-of-death data can provide critical 
insights not only for clinical practice but also for public health planning. Understanding 
which conditions most commonly lead to death in specific patient groups helps drive 
resource allocation, treatment prioritization, and preventive strategies. 
 

Epidemiology and classification of cause of death  
Cause of death is classified using the International Classification of Diseases, 10th edition 
(ICD-10), which serves as the global standard for coding cause of death. In Denmark, all 
deaths are coded using a hierarchical system with the underlying cause of death defined as 
the diagnosis or condition that initiated the fatal sequence[88]. In most cause of death 
studies across medical fields, the underlying cause is used as the primary variable for 
analysis.  
 
In addition to the underlying cause, Danish death certificates may include one immediate 
and up to two contributing causes of death, also coded using ICD-10. These supplementary 
entries should only be used when they are relevant to the fatal sequence. A common error is 
to list "cardiac arrest" as the immediate cause of death. While all deaths ultimately involve 
cessation of cardiac activity, the appropriate approach is to identify the cause leading to 
cardiac arrest. 
 
The Underlying cause of death is mandatory to report for all deaths in Denmark, and a death 
certificate cannot be submitted without it. This does not entail that the correct code is used, 
as this depends on the clinical judgment of the certifying physician[88]. 
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Causes of death in registry-based research 
Knowledge of the specific cause of death is often used in large epidemiological studies, e.g., 
in cancer research, where disease-free survival is important to gain knowledge on.  
In contrast, orthopedic research has historically made less use of detailed cause of death 
data outside specific scenarios such as acute hip fractures [89] and primary hip arthroplasty 
[90, 91] as well as primary knee arthroplasty[92, 93]. 

Literature review 
At the outset of the PhD project, a literature review was conducted to help define the study 
objectives and identify relevant knowledge gaps within the planned research scope. The 
search was carried out in MEDLINE (PubMed) using Boolean operators (“AND” and “OR”) 
to combine relevant Medical Subject Headings (MeSH) and free-text terms. Additional 
studies were identified by screening the reference lists of key articles. Efforts were made to 
prioritize recent publications, with particular emphasis on systematic reviews and meta-
analyses, randomized controlled trials, and high-quality cohort or registry studies. A 
literature search was last updated on May 1. 2025.  
 

Previous studies on mortality after PJI revisions  
In 2013, Zmistowski et al. [11]published a landmark study demonstrating that revision 
surgery for periprosthetic joint infection (PJI) was associated with a fivefold increased risk 
of mortality, persisting for at least five years. This finding reframed PJI from a localized 
complication to a systemic health burden, sparking further interest in registry-based studies. 
It also underscored the need for integrative research that includes infection characteristics, 
host factors, and treatment modalities in relation to long-term outcomes. However, the 
study lacked detail on pathogen types, antibiotic regimens, and surgical strategies. 
 
That same year, Choi et al. (2013) [8]published a matched cohort study comparing mortality 
between patients undergoing septic and aseptic revision. At the time, most PJI literature 
focused on re-infection and surgical outcomes; this study was one of the first to explore the 
potential increase in mortality following PJI revisions. Although it helped highlight the 
systemic burden of PJI, the study was limited by its short one-year follow-up, small sample 
size (41 matched pairs), and lack of microbiological or treatment-specific data. 
 
In 2014, Webb et al. [9]conducted a case-control study focused on two-stage revisions in 
elderly patients. Although the study included five-year follow-up data, the number of PJI 
cases was limited (n=134), and the study population had a high baseline mortality risk. The 
authors concluded that two-stage revision did not appear to add any additional mortality 
risk in this age group. However, the study was underpowered to detect a significant mortality 
difference and lacked granular clinical data, including microbiological confirmation, 
antibiotic treatment, and functional outcomes. 
 
In 2016, Lange et al. [94]conducted a retrospective observational study of 130 unselected 
patients treated for chronic periprosthetic hip joint. Crude five-year survival was 
substantially higher in patients who underwent two-stage revision with reimplantation 
(82%) compared to those managed with alternative surgical strategies such as resection 
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arthroplasty (45%). However, after adjustments, the mortality difference was no longer 
statistically significant, suggesting that patient comorbidity and overall health status were 
major determinants of outcome. The study was not specifically designed to evaluate the 
causal effects of treatment strategy on mortality, but it provided important real-world data 
underscoring the high long-term mortality risk in chronic PJI. 
 
Two key systematic reviews by Natsuhara et al. and Lum et al. [6, 7]must be highlighted in 
any literature review of PJI-related mortality. These meta-analyses, covering PJI in total hip 
and knee arthroplasty, respectively, demonstrated that patients with PJI had a significantly 
higher mortality risk compared to age-matched controls (odds ratios ~3). These reviews 
established PJI as a life-threatening, systemic condition and emphasized the importance of 
incorporating mortality into both clinical decision-making and future research. However, 
the strength of meta-analyses depends on the quality of the included studies, many of which 
were small, single-center cohorts published between 1994 and 2017. One exception to the 
small sample size was Cancienne et al. [82], who included 7146 patients, but this study 
reported only on in-hospital mortality. 
 
In 2017, Gundtoft et al. [95]conducted a study covering approximately two-thirds of the 
Danish population to estimate one-year mortality following revision for PJI compared with 
aseptic revisions. However, the aseptic comparison group was broadly defined and included 
all non-PJI revisions, encompassing minor procedures such as polyethylene liner exchanges, 
revisions for aseptic loosening, pain, dislocation, conversions from internal fixation of hip 
fractures, periprosthetic fractures, and possibly tumor-related cases. Additionally, the study 
changed its data collection method midway through the retrospective period (2005–2014), 
which may have introduced inconsistencies or errors in data capture. Additionally, the 
definition of PJI in the Gundtoft et al. study was based on the presence of three or more 
positive intraoperative cultures, a threshold more stringent than current standards. Today, 
most widely accepted definitions, including those proposed by EBJIS, consider two positive 
cultures as confirmatory, and even a single positive culture as suggestive of infection. This 
discrepancy further limits the comparability of their findings to more recent, 
microbiologically aligned studies. 
 
More recently, although not primarily focused on mortality, Manning et al. and Davis et al. 
[10, 62]conducted a large multicenter prospective study of 783 PJI patients across 27 
hospitals in Australia and New Zealand (the PIANO cohort). Their work addressed previous 
limitations in sample size and generalizability. The study captured detailed clinical, 
microbiological, and early management data (within 3 months of diagnosis) and achieved 
high follow-up completeness at two years (653/783). Their findings challenged prevailing 
assumptions, showing that late-acute PJIs accounted for approximately 45% of cases, 
implicating hematogenous seeding as a major contributor. They also reported substantial 
variation in DAIR success rates: 74% for early post-implant, 49% for late-acute, and 44% for 
chronic PJIs, thereby quantifying the relative effectiveness of treatment strategies. 
Although this study did not report detailed long-term mortality outcomes, it did record 52 
deaths at the two-year mark, corresponding to a 9.4% all-cause mortality. The cohort also 
contributed to external validation efforts of the JS-BACH classification [47] and helped 
estimate the diagnostic accuracy of PJI reporting in the Australian Orthopaedic Association 
National Joint Replacement Registry (AOANJRR)[96], through the inclusion of 
microbiological data as one of the few PJI studies. 
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Previous studies on cause of death in PJI  
Several studies have explored mortality and the contributing factors following revision for 
PJI. Choi et al.[8], Zmistowski et al.[11], and Bozic et al. [97]identified a range of patient-
related risk factors associated with increased mortality after PJI revision. These included a 
high American Society of Anesthesiologists (ASA) score, elevated Charlson Comorbidity 
Index (CCI), advanced age, history of stroke or cardiac disease, and other chronic health 
conditions. 
 
In a broader context, Hunt et al. (2017) [92]examined causes of death following primary 
total hip and knee arthroplasty for osteoarthritis between 2003 and 2012. The leading causes 
of death were malignancy (34%), circulatory diseases (33%), respiratory diseases (10%), and 
digestive system diseases (5%). Ischemic heart disease emerged as the most frequent cause 
of death in the early postoperative period. 
 
Prange et al. (2021) [98]analyzed short-term mortality after revision surgery and reported 
that septic shock was the most common cause of death in the PJI group, while pulmonary 
embolism predominated in the aseptic revision group. For primary arthroplasties, 
myocardial infarction was the leading cause. 
 
Drain et al. (2022) [99]conducted a multicenter retrospective cohort study comparing 184 
TKA PJI patients to 38 undergoing aseptic revision. They concluded that the elevated 
mortality observed in PJI patients was more attributable to preoperative morbidity and 
disease progression than to the revision procedure itself. No single dominant cause of death 
was identified, as cause-of-death distributions did not differ significantly between PJI and 
aseptic groups. However, the small sample size and lack of microbiological confirmation of 
PJI may have limited the robustness of these findings. 
 
These results were somewhat echoed by Persson et al. (2023)[100], who used the Swedish 
Arthroplasty Register to analyze nearly 5,000 PJIs and 12,500 aseptic revisions between 
1998 and 2017. With an average follow-up of 4.1 years, they found that comorbidity 
(measured using the Elixhauser index) and age were the strongest predictors of mortality, 
rather than the infection itself. However, the Swedish registry, like many other arthroplasty 
registries[12, 14, 96], does not include microbiological data, and the sensitivity for detecting 
PJI in registry data has been estimated to be around 65%[13]. This limitation may lead to an 
underestimation of the true impact of infection. Nonetheless, the findings highlight the 
importance of comprehensive patient health assessment. 
 

Knowledge gap 
The literature review underscores a persistent challenge in PJI outcome research: the 
limited availability of microbiologically verified data in large-scale, registry-based studies.  
 
Most national arthroplasty registries do not incorporate microbiological confirmation of 
infection, limiting the precision of PJI-related outcome studies. As a result, many 
investigations depend on administrative coding or registry-based diagnoses, which are 
vulnerable to misclassification. Studies based on insurance datasets may also introduce 
selection bias due to variations in healthcare access and socioeconomic factors. 
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To date, no nationwide study has directly compared cause-specific mortality between 
patients undergoing revision for microbiologically confirmed PJI and those undergoing 
surgically comparable aseptic revisions, nor between PJI in total knee versus total hip 
arthroplasty. This represents a critical gap in the literature, particularly given the systemic 
burden, treatment complexity, and poor prognosis often associated with PJI. 
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Hypotheses and aims 
The overall aim of this PhD thesis was to explore mortality associated with PJI in total hip 
and total knee arthroplasty, including an analysis of the underlying causes of death. 
To address this, three studies were conducted: 
 

Study 1 
We assessed mortality associated with TKA-PJI revisions compared to major aseptic 
revisions using a microbiologically verified, population-based, nationwide cohort. 
 
We hypothesized that patients undergoing revision for PJI in TKA would have higher 
mortality than those undergoing major aseptic revision. 
 

Study 2 
We assessed mortality associated with THA-PJI revisions compared to major aseptic 
revisions using a microbiologically verified, population-based, nationwide cohort. 
 
We hypothesized that patients undergoing revision for PJI in elective THA would have 
higher mortality than those undergoing major aseptic revision. 
 

Study 3 
We assessed causes of death following revision for PJI compared to major aseptic revision 
in a microbiologically verified, population-based, nationwide cohort. A secondary aim was 
to evaluate whether specific causes of death differed between TKA and THA patients. 
 
We hypothesized that patients undergoing revision for PJI in TKA or THA would more 
frequently die from infection-related causes, such as septic shock or pneumonia, compared 
to those undergoing major aseptic revision. 
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Methods and materials 

Setting 
The studies included in this dissertation were conducted in the Danish population, which 
currently comprises 6 million citizens, and span the period from 2010 to 2025. Denmark 
uses a tax-funded national healthcare system that provides universal access to hospitals, 
general practitioners and specialist care. 
A key strength of conducting registry-based research in Denmark is the use of a unique Civil 
Personal Registration (CPR) number, assigned to all residents at birth or immigration. This 
10-digit identifier is used consistently across all healthcare, rehabilitation, and social-care 
systems, allowing for individual-level data linkage across national registries and databases. 
This infrastructure ensures near-complete, long-term follow-up for the entire population. 
The Danish Civil Registration System has a loss to follow-up rate of less than 0.3%[101], 
making it exceptionally well-suited for longitudinal epidemiological studies.  
 

Study design  
All studies in this dissertation are register-based, nationwide, nested cohort studies using a 
cohort formed from the national hip and knee register as well as HAIBA, linked with the 
Danish national patient registry, civil registration system and cause of death registry (the 
latter only in study 3). The index date was the date of revision for either PJI or major aseptic 
revision. Design details are presented in Table 1.  
 
Table 1 Design detail in the included studies 

 Study 
1 2 3 

Aim To estimate mortality 
associated with PJI in 
TKA and compare it to 
mortality following major 
aseptic revision. 
 

To estimate mortality 
associated with PJI in 
THA and compare it to 
mortality following major 
aseptic revision.  

To describe and compare the 
causes of death following 
revision for PJI versus major 
aseptic revision in THA and 
TKA patients. Secondly, to 
describe differences in the 
cause of death between 
deceased TKA and THA 
patients.  

Material and methods 
Setting All Danish TKA PJI and 

TKA major aseptic 
revisions from 2010-
2020, follow-up until 
April 2024 

All Danish THA PJI and 
THA major aseptic 
revisions from 2010-
2020, follow-up until 
April 2024 

All Danish TKA+THA PJI 
and TKA+THA major 
aseptic revisions from 
2010-2020, follow-up until 
April 2025 

Design Register-based, 
nationwide, nested 
cohort study 

Register-based, 
nationwide, nested 
cohort study 

Register-based, nationwide, 
nested cohort study 

Data 
Sources 

DKR + HAIBA + DNPR + 
CRS 

DHR + HAIBA + DNPR + 
CRS 

DKR + DHR + HAIBA + 
CRS + DNPR + DAR 

Cohort PJI cohort: revisions w/ 
2 or more positive 
Kamma biopsies, or 

PJI cohort: revisions w/ 
2 or more positive 
Kamma biopsies, or 

Combined populations from 
studies 1 and 2. 
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surgeon report PJI to 
DKR. Aseptic: All 
revisions w/ exchange of 
metal components and 
<2 growths from Kamma 
biopsies. 

surgeon report PJI to 
DHR. Aseptic: All 
revisions w/ exchange of 
metal components and 
<2 growths from Kamma 
biopsies. 

Follow-up From 4 months to 14,3 
years 

From 4 months to 14,3 
years 

From 1.4 years to 15,2 years 

Outcome Mortality within the 
entire follow-up period, 
at one, five, and 10 years 

Mortality within the 
entire follow-up period, 
at one, five, and 10 years 

Underlying cause of death in 
patients undergoing PJI or 
major aseptic revision 

Statistical 
analyses 

Means, counts, and 
percentages with 
standard deviation. 
Mortality rates as deaths 
per 1,000 patient-years. 
Kaplan-Meier method 
for survival analyses, and 
Stabilized IPTW weights 
were estimated using 
propensity score logistic 
regression and applied in 
Cox proportional hazards 
regression for adjusted 
analyses. 

Means, counts, and 
percentages with 
standard deviation. 
Mortality rates as deaths 
per 1,000 patient-years. 
Kaplan-Meier method 
for survival analyses, and 
Stabilized IPTW weights 
were estimated using 
propensity score logistic 
regression and applied in 
Cox proportional hazards 
regression for adjusted 
analyses. 

means, counts, and 
percentages with standard 
deviation. Stabilized IPTW 
weights were estimated 
using propensity score 
logistic regression and 
applied in Cox proportional 
hazards regression 

Stratified 
analyses 

 PJI vs aseptic within 90 
days.  

Combined TKA + THA and 
separate TKA and THA. 

Table 1: Overview of the three nationwide cohort studies on mortality and causes of death following revision total knee 
and hip arthroplasty. Abbreviations: IPTW: inverse probability of treatment weighting; DKR: Danish Knee 
Arthroplasty Register; DHR: Danish Hip Arthroplasty Register; HAIBA: Hospital-Acquired Infections Database; 
DNPR: Danish National Patient Register; CRS: Civil Registration System; DAR: Danish Register of Causes of Death. 

 

Data sources 
The civil registration system (CRS) 
The CRS contains electronic records on all CPR numbers, dates of birth, gender, region of 
residence, last immigration, emigration date, and date of death of all Danish residents from 
its inception in 1968. It is updated daily. The CRS allows for unambiguous linkage between 
registers on an individual level. The CRS is the foundation to achieve comparable cohorts 
and enables cross-linkage across the following databases and registries.  
 

The Danish national patient registry (DNPR)  
DNPR is a comprehensive health data repository established in 1977. It has records of all 
non-psychiatric hospital admissions, hospital outpatient, and emergency visits since 
1995[102]. The registry contains ICD-10 coding information on all hospital admissions, 
including dates of admission and discharge, primary diagnoses, surgical procedures (Nordic 
Medico-Statistical Committee NOMESCO coded), and up to 20 secondary discharge 
diagnoses. This registry was used to collect data on comorbidity used in the Charlson 
comorbidity indexing performed in all 3 studies, as described in Covariates. 
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The Danish knee arthroplasty registry (DKR) 
The DKR has been the national registry since 1997 for all knee arthroplasty procedures 
performed at both public and private hospitals, as reporting is mandatory. In 2023, there 
were 14,900 primary knee arthroplasty procedures and 1,350 revision procedures reported, 
with a reporting completeness of 97% for primary knee arthroplasties and 94% for revision 
surgeries[18]. This level of completeness has been above 95% since 1995. Surgeons report to 
the DKR immediately after surgery, and the register publishes annual reports validated 
against the DNPR for completeness. 
Due to the nature of the prospectively collected data, the high quality and 
comprehensiveness of the registry, it is a highly sought resource for monitoring quality and 
research[31]. The DKR was used to formation of cohorts, as described in cohort.  

 

The Danish hip arthroplasty registry (DHR) 
The DHR has been the national registry since 1995 for all hip arthroplasty procedures (not 
including hemi-arthroplasty procedures for hip fractures) performed at both public as well 
as private hospitals, as reporting is mandatory. In 2023, there were 14.350 primary 
arthroplasty procedures and 1,400 revisions reported, with a reporting completeness of 
97.7% for primary hip procedures and 93% for revision procedures[17].  
Like the knee counterpart, the DHR is a highly appreciated source for research in hip 
arthroplasty, due to its prospectively collected nature, high quality and 
comprehensiveness[30]. Also, the DHR is reported to by the surgeon immediately following 
surgery, and the annually published report is validated against the DNPR[17]. The DHR was 
used as a basis to form cohorts, as described in cohort.  
 

The Danish microbiology database (MiBa) 
MiBa has collected electronic copies of all microbiological test results from all Danish 
microbiology departments since 2010[103]. The test results are associated at the person-
level with the CPR number, and MiBa is the database that feeds into the national automated 
surveillance system, Healthcare-Associated Infections Database (HAIBA), which is available 
for research[104], but usually only with one year follow-up from index surgery. MiBa was 
not directly used but is the basis/holder of data that feeds the HAIBA database. 
 

The healthcare-associated infections database (HAIBA) 
HAIBA is a national-level automated surveillance system, designed to monitor specific 
healthcare-related infectious diseases, herein, total hip arthroplasty and total knee 
arthroplasty. The HAIBA algorithm identifies cases of primary TKA and THA and 
subsequent same-side knee revision procedure codes from the DNPR. The algorithm then 
collects microbiology test results from MiBa for these procedures, crosslinking via the CPR. 
For a PJI diagnosis to be confirmed, a revision TKA or a THA would need at least two out of 
a minimum of three identical bacterial species identified during the same revision surgery. 
Biopsies that are reported in the interval between 24 hours before and 48 hours after the 
revision surgery are considered part of the same set. Cultures are considered contaminated 
if only one culture is positive or if two or more are positive with different pathogen isolates[1, 
2]. The HAIBA was used as a confirmatory identification of PJI revisions, as described in 
study cohorts. 
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The register of causes of death (DAR) 
With DAR, it is possible to attain personal-level information of the cause of death as 
registered on the mandatory physician-performed post-mortem death certificate since 1973. 
DAR monitors cause-specific mortality in Denmark with ICD-10 classification codes[105]. 
In addition to the CPR number, the register contains data on the time of death, the causes 
of death, age at death, manner and place of death. The DAR was used to identify the specific 
causes of death in study 3.  
 

Study cohorts 
In all three studies, participants were categorized into two mutually exclusive groups based 
on their first revision procedure following primary total knee or hip arthroplasty: 
 

PJI revision group 
Major aseptic revision group 

 
Group assignment was fixed and based on the earliest revision procedure identified in the 
study period. Patients could not switch groups at any point, and the exposure was defined 
by this group allocation. 
 

Definition of study population and inclusion period 
Data was obtained from the DKR and DHR to identify all primary and revision procedures 
performed between January 1, 2010, and December 31, 2020, where osteoarthritis was listed 
as the indication for the primary surgery. This was the inclusion period for the major aseptic 
revisions group. 
The HAIBA database gave the opportunity to include PJI revisions until the latest update, 
which was on November 9, 2023. This period (January 1, 2010 - November 9, 2023) was the 
inclusion period for the PJI revisions. 
 
Follow-up data and survival status, and additional CRS data were retrieved on April 4, 2024, 
for Studies 1 and 2, and updated through April 1, 2025, for Study 3 to allow for maximum 
follow-up time.  
 
To minimize the risk of misclassification (e.g., including tumour-related arthroplasties), 
only patients aged ≥40 years at the time of primary arthroplasty were included. Only the 
first revision procedure was counted per patient. For patients with bilateral arthroplasties, 
only the first occurring revision (regardless of side or joint) was included. Thus, a patient 
undergoing a left-knee aseptic revision in 2015 and a right-knee PJI revision in 2017 would 
only contribute data from the 2015 revision. In Study 3, which combines hip and knee data, 
each CPR number could only contribute once, whereas in Studies 1 and 2 (joint-specific), a 
patient could appear in both studies if they had revisions of both hip and knee. This also 
meant that any subsequent reimplantation procedure, e.g. second stage of a two-stage 
procedure, or following repeated PJI and aseptic revisions, was not accounted for in all three 
studies. 
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PJI group  
For this dissertation and the included studies, a revision was classified as a PJI if 
microbiological criteria were met in accordance with the principles proposed by Kamme and 
Lindberg in 1981[106]. Specifically, the presence of a PJI was confirmed when two or more 
intraoperative tissue cultures, out of a minimum of three samples collected, grew the same 
pathogen isolate. 
 
Revisions in which fewer than three samples were taken, or only one of multiple samples 
showed growth, were not considered microbiologically confirmed PJI and could potentially 
be classified as aseptic revisions. 
This approach was adopted to maintain a simple and consistent grouping strategy while 
aligning with broadly accepted diagnostic criteria for PJI[40, 41]. Importantly, studies 1 and 
2 were not validation studies with the intention to estimate the total incidence of PJI, but 
rather to ensure that all cases categorized as PJI represented true infections with a high 
degree of certainty. 
 
However, to reflect clinical practice and the known limitations of microbiological 
diagnostics, we included a subset of patients as culture-negative PJI. These were cases 
where infection was suspected by the operating surgeon, but no microbiological 
confirmation was available. They were analyzed together with microbiologically confirmed 
PJIs. Inclusion was based on strong clinical indicators, which could be examples such as 
intraoperative purulence or other signs of infection, despite negative or inconclusive culture 
results. 
 
This inclusion acknowledges the clinical judgment involved in surgical decision-making, 
particularly when gross signs of infection, such as intraoperative purulence, or strong 
suspicion of infection were present. 
 

Major aseptic revision group 
Patients were classified into the major aseptic revision group if the procedure did not meet 
the microbiological criteria for PJI and was not reported as an infection-related revision by 
the operating surgeon. These revisions were characterized by the replacement of metal 
components with a bone-metal interface and did not include minor procedures such as 
polyethylene insert exchanges, arthroscopic procedures, or isolated soft-tissue revisions. 
Importantly, any revision flagged as a PJI by the surgeon, regardless of culture results, was 
excluded from this group. However, revisions with only a single positive culture, or with 
multiple positive cultures growing different pathogen isolates (i.e., not two or more of the 
same pathogen), were retained in the aseptic group. 
 

Outcomes 
The primary outcome in Studies 1 and 2 was all-cause mortality during the follow-up period, 
assessed overall and at 1, 5, and 10 years after the date of the revision surgery.  
 
In Study 3, the primary outcome was the specific cause of death, based on ICD-10 codes 
registered in DAR, compared across revision groups (PJI vs. aseptic) for both TKA and THA. 
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Covariates 
To reduce confounding, several additional variables were captured. These covariates were 
chosen based on their potential to influence both the likelihood of developing a PJI and the 
risk of mortality, but were not exposures of interest themselves, as judged by the drawing of 
a Directed Acyclic Graph (DAG). DAG is supplied in the supplementary material. 
 
Comorbidity was expected to be a major confounder and was assessed using the Charlson 
Comorbidity Index (CCI). For each patient, a CCI score was calculated based on all available 
ICD-10 diagnosis codes registered in the Danish National Patient Register (DNPR) up to the 
time of primary arthroplasty. The time of primary arthroplasty was selected as the reference 
point, as any comorbidity present at this stage could potentially be modified before the risk 
of PJI arises. From a surgical perspective, knowledge of such conditions is most relevant 
before performing the primary arthroplasty. No time restriction was applied to the lookback 
period, as any chronic condition recorded before the index revision was considered 
potentially relevant. For example, a diabetes diagnosis made 12 years before surgery was 
assumed to carry similar clinical weight to one made 9 years earlier. Both primary and 
secondary diagnoses from inpatient and outpatient records were included. 
CCI was chosen due to its widespread use in epidemiological research and its availability in 
routine registry data; it is also well accepted within the orthopedic community. Patients were 
categorized into three comorbidity groups: low (CCI = 0), moderate (CCI = 1–2), and high 
(CCI ≥ 3). 
 
Other covariates included age at revision, sex, weight (used as a proxy for BMI due to missing 
height data), marital status at the time of revision, categorized as: single (including 
widowed), cohabiting, or never married (which is none of the above). 
These variables were drawn from the sources presented in Table 2. 
 
Table 2 

Source Variable 
DKR  
& 
DHR 

• Age at revision 

• Gender 

• Weight 
DNPR • CCI in the form of registered primary or secondary ICD-10 diagnoses 

codes, calculated at the time of primary arthroplasty, in categories: 
low (score of 0), medium (score of 1-2), high (score 3 and above). 

CRS • Marital status at the time of revision: single (singles and widows), 
cohabiting (registered partnership and married), never married 
(none of the above)  

• Vital status 
Table 2: Overview of variables and corresponding data sources used. Abbreviations: DKR: Danish Knee Arthroplasty 
Register; DHR: Danish Hip Arthroplasty Register; DNPR: Danish National Patient Register; CRS: Civil Registration 
System; CCI: Charlson Comorbidity Index; ICD-10: International Classification of Diseases, 10th Revision.  
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Statistical analysis 
As all studies in this dissertation were based on complete national data from the defined 
study period, no formal sample size calculations were performed. 
 
Descriptive statistics were used to summarize data, with counts, means, and proportions 
reported alongside standard deviations (SD) where appropriate.  
In study 1 and study 2, the results were presented and calculated as follows:  
 

1. Crude mortality rates, including overall, 1-, 5-, and 10-year mortality 
2. Kaplan–Meier (KM) survival analyses 
3. Adjusted mortality estimates 
4. Adjusted time-to-event outcomes (Cox-regression) 

 
Mortality rates were calculated separately for the two exposure groups as the number of 
deaths divided by the total person-time at risk, defined from the date of revision surgery 
to death or censoring at the end of follow-up, end of study period or emigration. Results 
were expressed as deaths per 100 person-years. 
 
Crude mortality proportions were calculated as the number of deaths divided by the 
number of revisions in each group. In addition, Kaplan–Meier survival analysis was 
performed to estimate survival probabilities over time, accounting for censoring. 
 
In Study 3, analyses began with a comparison of baseline demographics between PJI and 
aseptic revision patients, followed by unadjusted descriptions of causes of death for the 
combined TKA and THA populations. Adjusted hazard ratios (aHR) were then calculated, 
and differences between TKA and THA were explored descriptively. 
 
To adjust for measured confounding (as described in the Covariates section), we used the 
Inverse Probability of Treatment Weighting (IPTW) approach[107], derived from propensity 
scores which were calculated using logistic regression as the predicted probability of death 
given the measured confounders.  
 
For adjusted KM analyses in all three studies, the IPTW was applied to weight the sample 
based on measured covariates. Stabilized weights were used, calculated using the marginal 
probability of treatment assignment to reduce variance and improve estimate precision. 
Covariate balance between the exposure groups was assessed using standardized mean 
differences (SMD), with a threshold of <0.1 considered indicative of acceptable balance. 
 
These IPTWs were then incorporated into Cox proportional hazards regression models to 
estimate aHR. Cox regression is a time-to-event analysis[108]. 
 
All data management and statistical analyses were performed using R version 4.0.2 (R 
Foundation for Statistical Computing, Vienna, Austria). The study was reported in 
accordance with the RECORD guidelines (REporting of Studies Conducted Using 
Observational Routinely-collected Data). All estimates are presented with 95% confidence 
intervals unless otherwise stated, and means are reported with standard deviations in 
parentheses. 
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Model assumptions and distributional properties 
All continuous variables were evaluated for distributional assumptions, including skewness, 
using graphical methods. Histograms and quantile-quantile (Q–Q) plots were visually 
inspected to assess the distribution of each variable, as the Shapiro-Wilks test was assumed 
to be too sensitive in these large datasets. The proportional hazards assumption underlying 
the Cox regression model was tested using Schoenfeld residuals and visual inspection of log-
minus-log plots. These diagnostics showed that the assumption of proportional hazards was 
not violated.  
 
In study 3, to explore whether time to death differed significantly between PJI and aseptic 
revisions for specific causes of death, we performed Wilcoxon rank-sum tests for each cause. 
Although these tests do not account for censoring, they serve as a descriptive tool for 
comparing survival times among deceased individuals. These tests showed no significant 
differences in time to death by cause between the two revision groups. 
 

Ethical considerations 
In register-based, nationwide cohort studies, ethical approval as well as patient consent is 
not necessary in Denmark. The studies were conducted in accordance with the ethical 
principles outlined in the Declaration of Helsinki and were registered with the appropriate 
regional authority, with case ID 1-16-02-160-22. Patient confidentiality and data security 
were rigorously maintained throughout the study, and all analyses adhered to applicable 
data protection regulations. Generative AI (ChatGPT) was used to improve the language, 
clarity, and cohesion of text authored entirely by the dissertation’s author. No new scientific 
content was generated by the AI; all ideas, interpretations, and conclusions are the author’s 
own. All text was subsequently reviewed and finalized by the author. 
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Results 
Study 1 – TKA and PJI mortality 
In the study period, we identified 916 revisions for periprosthetic joint infection (PJI) and 
4,129 major aseptic revisions following primary total knee arthroplasty (TKA). The crude 
mortality rate was 5.7 deaths per 100 person-years (95% CI: 5.0–6.3) in the PJI group, 
compared to 2.4 deaths per 100 person-years (95% CI: 2.1–2.6) in the aseptic revision group. 
The one-year adjusted cumulative mortality was 3.0% (95% CI: 1.9–4.0) for patients with 
PJI, compared to 1.6% (95% CI: 1.1–2.0) in the aseptic revision group. At ten years, 
cumulative mortality reached 36.0% (95% CI: 31.4–40.2) in the PJI group, versus 24.4% 
(95% CI: 22.5–26.3) among aseptic revision patients. 
Kaplan-Meier analysis of unadjusted data showed a clear and statistically significant excess 
mortality among patients revised for PJI compared to those undergoing major aseptic 
revisions. While this difference may partly reflect baseline differences in comorbidity, age, 
weight, or sex, the increased mortality risk persisted after adjustment, and notably, the 
divergence in mortality continued to grow over time, as shown in Figure 3. 
 
Figure 3, Study 1: Total Knee Arhtroplasty Cumulative Survival 

 
Figure 3: IPTW-adjusted Kaplan-Meier survival curve comparing long-term survival following periprosthetic joint 
infection (PJI) revisions and major aseptic revisions. 
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The effect of adjustment was, however, substantial. In the unadjusted time-to-event 
analysis, the hazard ratio (HR) for mortality in the PJI group was 2.37 (95% CI: 2.10–2.70). 
After adjustment, the HR decreased to 1.48 (95% CI: 1.26–1.74), indicating that while 
confounding factors explained part of the excess risk, a significant independent association 
between PJI and mortality remained. 
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Study 2 – THA and PJI mortality 
We identified 1,611 revisions for periprosthetic joint infection (PJI) and 2,586 major aseptic 
revisions following primary total hip arthroplasty. The crude mortality rate was 5.3 deaths 
per 100 person-years (95% CI: 4.9–5.8) in the PJI group, compared to 4.4 deaths per 100 
person-years (95% CI: 4.1–4.7) in the aseptic revision group. 
The one-year adjusted cumulative mortality was 6.6% (95% CI: 5.3–7.9) for patients revised 
due to PJI, versus 3.3% (95% CI: 2.5–4.0) in the aseptic revision group.  
At 10 years, cumulative mortality reached 43.9% (95% CI: 40.5–47.1) in the PJI group, 
compared to 34.9% (95% CI: 32.6–37.1) among aseptic revisions. 
Kaplan–Meier analysis showed a significantly increased mortality in the PJI cohort 
compared to the aseptic revision group, and this difference persisted throughout the follow-
up period, as seen in Figure 4. 
 
 

Figure 4, Study 2: Total Hip Arthroplasty Cumulative Survival  

 

Figure 4: IPTW adjusted Kaplan-Meier plot of Periprosthetic Joint Infection impact on long-term survival. Abbreviation: 
IPTW: Inverse Probability Treatment Weight. PJI: periprosthetic Joint Infection. 
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Interestingly, we observed a dip in early mortality within the first 90 days following revision 
surgery in the PJI group compared to the aseptic revision group. This finding is illustrated 
in Figure 5. 
 
Figure 5, Study 2: Total Hip Arthroplasty Cumulative Survival, 90-day mortality. 

 
Figure 5: First year IPTW adjusted Kaplan-Meier plot for Total Hip Arthroplasty Periprosthetic Joint Infections impact 
on survival. Abbreviation: IPTW: Inverse Probability Treatment Weight. PJI: periprosthetic Joint Infection. 

 
In addition, time-to-event analysis using Cox regression showed that patients revised for PJI 
had a significantly increased risk of mortality compared to those with aseptic revisions, with 
an adjusted hazard ratio of 1.33 (95% CI: 1.20–1.48, P < 0.001). 
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Study 3 – Cause of death 
Among 2,755 deceased patients who had undergone revision total knee or hip arthroplasty, 
37% had been revised for periprosthetic joint infection (PJI) and 63% for aseptic failure. 
Overall, patients in the PJI group had a higher comorbidity burden, with a mean CCI of 1.36 
(SD = 1.91) compared to 0.93 (SD = 1.42) in the aseptic revision group (P < 0.001). 
 
The distribution of specific causes of death did not differ markedly between the two groups, 
besides an overrepresentation of cancer-associated deaths in the major aseptic group 
compared to the PJI group, as shown in Figure 6. 
 
Figure 6, Study 3: Distribution of causes of death categorized according to ICD-10 chapters. 

 

Figure 6: Distribution of causes of death categorized according to ICD-10 chapters among patients undergoing revision 
total hip or knee arthroplasty for periprosthetic joint infection (PJI) or major aseptic failure. Only chapters containing 
five or more cases are presented. For each revision type, the relative distribution is shown, with all causes summing to 
100% within the PJI and aseptic revision groups, respectively. Each death only occurs in one cause of death.  
Abbreviations: PJI = Periprosthetic Joint Infection; Aseptic = Major aseptic revision; TKA = Total Knee Arthroplasty; 
THA = Total Hip Arthroplasty. 

The most registered causes of death in both groups were malignant neoplasms 
(26%), diseases of the circulatory system (22%), and diseases of the respiratory system 
(13%). Table 3 demonstrates the most common registered underlying cause of death for each 
ICD-10 chapter.  
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Table 3, Study 3 
Infectious Sepsis, hepatitis 

Cancer Malignant neoplasm of the lung, prostate, breast, and colon 

Blood Myelodysplastic syndrome, anemia 

Endocrine Diabetes Mellitus type 2 with multiple complications, dehydration 

Mental/behavioral Dementia, alcohol dependence, vascular dementia 

Nervous system Parkinsons, Alzheimer 

Circulatory diseases Stroke, heart failure, chronic ischemic heart failure, Acute Myocardial Infarction, atrial 

rhythm diseases, aortic valve stenosis 

Respiratory Chronic Obstructive Pulmonary disease, bacterial pneumonia, pneumonia 

Digestive system Alcoholic cirrhosis of the liver, gastrointestinal hemorrhage 

Musculoskeletal Rheumatoid arthritis, osteoarthrosis 

Genitourinary Urinary tract infection, chronic kidney disease 

Age-related/unknown Unknown, senility, unattended death 

Covid-19 COVID-19 confirmed by lab 

Accidents, Falls slipping, tripping, falls, same level, different level 

Other exposures Accidental exposure unspecified, accidental poisoning by drugs, self-harm 

Medical and surgical 

complications 

Surgical operation with implantation of artificial internal device as the cause of abnormal 

reaction of the patient 

Table 3: Examples of what the chapters of Cause of Death contain in this cohort. 

 
Crude comparisons did not reveal any statistically significant differences in cause-specific 
mortality between groups (PJI vs aseptic). Therefore, we focused on adjusted analyses. 
Using IPTW in Cox regression models, the PJI group showed significantly higher mortality 
in several cause-of-death categories compared to the aseptic group. 
 
The highest adjusted hazard ratio overall was seen for musculoskeletal diseases (e.g., 
rheumatoid arthritis and osteoarthrosis), with an aHR of 3 (95% CI: 1.67–5.56, P < 0.01). 
Elevated risk was also observed for infectious and parasitic diseases (e.g., sepsis, hepatitis), 
with an aHR of 2.13 (95% CI: 1.48–3.08, P < 0.01), and for age-related or unspecified causes 
(e.g., senility, unattended death, unknown cause), with an aHR of 2.05 (95% CI: 1.22–3.45, 
P < 0.01).  
As shown in Table 4, hazard ratios for cause-specific mortality were higher in the PJI group 
compared to aseptic revisions for all but one category; however, not all estimates reached 
statistical significance at the 95% confidence level. 
 
Table 4, Study 3 

Cause of Death Categories HR 95% CI P value N deaths 

     

Musculoskeletal diseases 3.04 1.67 – 5.56 <0.01 52 

Covid-19 2.13 1.06 – 4.3 0.03 34 

Infectious and parasitic diseases 2.13 1.48 – 3.08 <0.01 136 

Age-related and unknown 2.05 1.22 – 3.45 <0.01 64 
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Medical/surgical Complications 2 0.78 – 5.15 0.15 18 

Digestive system diseases 1.77 1.25 – 2.5 0.01 149 

Blood disease / immune 1.7 0.91 – 3.16 0.09 46 

Mental/behavioral 1.65 1.17 – 2.33 <0.01 157 

Respiratory system diseases 1.45 1.16 – 1.83 <0.01 368 

Genitourinary diseases 1.36 0.68 – 2.7 0.38 45 

Circulatory system diseases 1.34 1.12 – 1.61 <0.01 603 

Endocrine/metabolic/nutritional 1.27 0.82 – 1.98 0.27 96 

Cancer 1.15 0.96 – 1.36 0.12 715 

Poisonings, Fire, Self-harm 1.14 0.49 – 2.65 0.77 26 

Accidents, Falls 1.07 0.52 – 2.22 0.85 36 

Nervous system 1.04 0.69 – 1.57 0.84 134 

Unknown 0.97 0.57 – 1.65 0.90 63 

Table 4: Hazard ratios (HRs) with 95% confidence intervals (CIs) for cause-specific mortality were estimated using Cox 
models with stabilized IPTW, comparing PJI and aseptic revisions. Follow-up time was measured from revision to death 
or censoring. The number of deaths (N) within each category is reported for both groups combined. Only causes of death 
containing five or more cases are presented. Statistically significant results are highlighted in bold. 

When stratifying by joint, no major overall differences were found between TKA and THA . 
However, respiratory-related deaths were relatively more frequent in TKA patients revised 
for PJI than in those revised for aseptic failure, compared to the corresponding contrast in 
THA. Conversely, endocrine and digestive system–related deaths were more common in the 
THA-PJI group than in the TKA-PJI group. 
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Discussion 

Comparison with existing literature and 
interpretation of results 

PJI mortality (study 1-2) 
A common critique of many PJI studies is the absence of long-term mortality data, although 
the clinical importance of this has not been fully established. Most PJIs occur within the first 
year after primary arthroplasty, but complications related to late or chronic infections differ 
substantially in both pathogenesis and surgical management, with the latter being more 
challenging to treat and eradicate. Longer follow-up inevitably captures an older patient 
population, in whom mortality is likely to be higher.  
Webb et al. [9]examined five-year mortality in an elderly cohort undergoing two-stage 
revisions and reported a mortality rate of 40%, which was not statistically different from the 
34% observed after aseptic revisions. However, the numerical difference suggests that the 
study may have been underpowered to detect a significant effect. Nonetheless, the study is 
valuable in highlighting the elevated mortality risk among elderly patients undergoing 
revision arthroplasty. 
 
Very recently, a large Australian cohort from Campbell et al. [109]found 5-year mortality for 
PJI revisions to be 14.5% which most dramatically increased to 57% at 15 years. Given the 
patient's demographic age at around 68 years at the primary THA procedure, a high 
mortality is to be expected, but even when compared to national life tables, the standardized 
mortality ratio (SMR) was 1.31 (95% CI: 1.24 to 1.39). 
 
A corresponding study was conducted in a TKA setting and has been accepted for publication 
in JBJS, though not yet publicly available at the time of this dissertation’s submission[110]. 
Similar to the THA results, TKA-PJI revisions showed increased long-term mortality, with 
53% of patients deceased at 15 years. Comparison with general population life tables yielded 
a standardized mortality ratio (SMR) of 1.33 (95% CI: 1.28–1.39), corresponding to an 
estimated 31–33% excess mortality for patients undergoing PJI revisions of the hip or knee 
in the Australian population. 
However, neither of the Australian studies had microbiological confirmation of PJI, or 
diagnostic tools used other than surgeon-specified reports to the AOANJRR, which captures 
approximately 75% of PJI cases[96], and the studies only reported on all-cause mortality, 
which does not address the reason for any discrepancy.  
 
While some of the design in the current dissertation is inspired by and improved with the 
study by Gundtoft et al.[95], there were a couple of issues with Gundtoft's original work. 
They only included 1 1-year follow-up, limiting long-term outcomes. The study was also 
before the HAIBA surveillance program, which was, in fact, co-inspired by the algorithm 
Gundtoft et al. developed for identifying PJIs in the DHR, which meant national coverage 
could not be attained. Nonetheless, the study was a well-powered, well-designed study, 
demonstrating significantly increased early mortality following PJI revisions in THA. We 
believe their findings are in line with the complete, national data set presented in study 2, 
and then expanded with long-term results.  
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Choi et al. [8]conducted a single-center study including 93 septic THA revisions, matched 
by age, gender, and year of surgery to an equal number of aseptic revisions. Although 
potentially underpowered, the study was important at the time and reported a 6-year 
mortality of 33% versus 22% in the septic and aseptic groups, respectively. In comparison, 
our study estimated a 5-year mortality of 21% versus 12%[2].  
Zmistowski et al.[11], also a single-center retrospective study, reported a 5-year mortality of 
26% versus 13% in a mixed cohort of hip and knee revisions, placing their estimates between 
those of Choi et al. and our THA cohort. 
 
Joanroy et al. [111]examined both the risk of second revision and mortality following first-
time THA revision, reporting a 10-year cumulative mortality of 43% for PJI revisions 
compared to 33% for aseptic revisions. The corresponding adjusted risk ratio was 1.8 (95% 
CI: 0.98–3.7) and did not reach statistical significance, likely due to limited sample size. 
Although the study was based on a large national cohort of over 1,600 revisions and utilized 
the HAIBA database for microbiological confirmation of PJI, follow-up was restricted to 
cases where the PJI revision occurred within one year of the primary arthroplasty. This 
design limits the applicability of their mortality estimates to infections occurring later than 
one year post-index surgery. 
 
Fischbacher et al. [112]conducted a single-center study including both hip and knee PJI 
revisions, similar in scope to those by Zmistowski and Choi. Mortality follow-up was limited, 
with a mean duration of only 14 months, and no adjustment was made for baseline 
comorbidity or functional status. A two-year mortality estimate was available, reported at 
7.3%, which aligns more closely with the findings of Studies 1 and 2 in the present 
dissertation than with those of Zmistowski or Choi, although all studies report results within 
a broadly comparable range. 
 
While Zmistowski et al. had a mixed case of hip and knee PJI revisions, Davis et al. 
[62]present two-year results from the PIANO cohort first presented by Manning et al. [10]in 
a rather large and microbiologically confirmed PJI cohort with all large joints represented, 
from multiple study sites. Even though the main outcome was not mortality, Davis et al. 
present an all-cause mortality of 9% at two years.  
 
A final comparison with Natsuhara et al.[7], who reviewed the literature and compared in a 
meta-analysis, found a 5-year mortality of 21% for two-stage PJI revisions, with a 
statistically significant odds ratio for 1-year mortality vs national controls of 3.58.  
From the same work group, Lum et al. [6]reported a 5-year mortality also at 21%, but the 
Odds ratio vs age-matched population: 3.05 (95% CI: 2.69–3.44), P < 0.001.  
Both meta-studies had a relatively long-term follow-up of 9 years, but there was serious 
heterogeneity across studies included in both studies, spanning treatment strategies and 
populations. A selection bias when only including two-stage revisions in patients selected 
for two-stage procedures spanning 1994-2017 has to be considered, e.g., changes in practice, 
demographic development, changes in strategy thresholds and an increasing focus on the 
importance of rehabilitation factors.  
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Figure 7 provides a visual comparison of the mortality estimates reported in the literature review. 

 
Figure 7: This figure illustrates all-cause mortality over time following periprosthetic joint infection (PJI) based on 
published estimates from national registry studies, institutional cohorts, and meta-analyses. Where available, adjusted 
estimates are shown. Unadjusted estimates from single-center or smaller cohort studies are included to provide a 
comparative clinical context. Studies differ in revision strategy, joint type, patient population, and follow-up time, and 
some report only mortality after specific surgical procedures (e.g., two-stage revision). The study by Kristensen et al. 
(unpub) is not yet published but has been accepted for publication. Labels are placed next to the last reported time point 
for each study to highlight long-term outcomes. The following studies are included:[1, 2, 6-8, 11, 62, 95, 109-112]. This 
figure was created using data extracted manually from the included studies, with generative AI (ChatGPT) used to assist 
in organizing the data and producing the initial figure layout, which was subsequently reviewed and finalized by the 
author. 

 

PJI cause of death (study 3) 
Study 3 sought to explore cause-specific mortality following revision for PJI, an area with 
limited prior evidence. 
 
Our findings align in part with those of Drain et al.[99], who reported increased mortality 
following septic revision TKA, but found no single cause of death to be disproportionately 
represented. They attributed the elevated risk to a combination of baseline frailty and the 
burden of infection itself, rather than to specific fatal complications. However, after 
adjusting for confounders, we did, in study 3, identify several categories where mortality was 
significantly higher in the PJI group. This suggests that while no single cause dominates, 
excess mortality in the context of PJI may still be partially attributable to patterns of 
vulnerability related to infection and chronic disease. 
 
Bozic et al. [97]emphasized the role of patient-level comorbidities such as heart failure and 
diabetes in predicting mortality after primary TKA. Although the setting differs from 
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revision surgery, the underlying message remains relevant: mortality risk is shaped not only 
by the surgical indication but also by the broader clinical profile of the patient.  
 
Persson et al.[100], although not conducting a cause-specific mortality analysis but 
reporting on all-cause mortality, concluded that the increased risk of death following PJI 
revision was primarily attributable to patient-related factors, age and comorbidity burden 
more so than the infection itself. This finding somewhat contrasts with the results of other 
major studies in the field, including this dissertation's studies 1 and 2 [1, 2] and the large-
scale Australian cohorts[109, 110], which consistently report a significant association 
between PJI and increased mortality risk. 
Nevertheless, the interpretation offered by Persson et al. remains relevant when 
contextualizing our findings. Although no single cause of death stood out as the main cause 
of death among PJI patients, several infection-related and chronic disease-related causes 
appeared more frequently than in the aseptic revision group. This may suggest that PJI 
furthers clinical deterioration in otherwise manageable conditions, potentially acting as a 
trigger in patients with underlying frailty or subclinical disease, not fully captured by the 
Charlson Comorbidity Index. 
 

Methodological considerations 

Study design  
All three studies in this dissertation used a registry-based cohort design, following a defined 
population over time to assess whether mortality occurred more frequently after revision for 
PJI compared to major aseptic revision, and to describe the cause of deaths most prevalent 
in both groups. 
 
The main advantage of a registry-based design is the ability to include large, unselected 
populations with real-world clinical variations. This enhances generalizability and enables 
long-term follow-up, all without the cost and logistical demands of prospective studies. In 
the context of rare but serious outcomes like PJI and postoperative mortality, the large 
sample size is particularly valuable.  
 
Unlike case-control studies, which rely on retrospective selection of cases and controls with 
a certain outcome, the cohort design preserves the temporal relationship between exposure 
and outcome.  
 
While randomized controlled trials (RCTs) remain the gold standard for establishing causal 
inference, they often exclude patients with complex conditions and are rarely feasible for 
studying rare adverse outcomes. In contrast, registry-based studies reflect routine clinical 
practice and include broader, more representative patient populations. 
 
The cohort approach also has limitations and poses certain challenges. Since the exposure 
is not randomized, the design is susceptible to unmeasured confounding, misclassification 
and relies on the accuracy of routinely collected data. These issues are discussed in more 
detail in the sections that follow. 
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It may appear paradoxical that this dissertation critiques much of the existing literature for 
not applying a consistent, validated definition of PJI, yet does not itself adopt a single 
published standard. Instead, the classification applied here, requiring either ≥2 identical 
positive cultures or a surgeon-reported diagnosis, was chosen for its practicality and broad 
applicability across registry data. It is a well-established method in the Danish registries 
with several examples[12, 14, 35, 95, 111]. This approach captures the majority of cases that 
would meet most established definitions, reducing the risk of disagreement over which 
definition should have been applied. Nonetheless, as consensus efforts such as the newly 
proposed unified definition from EBJIS, ICM, and MSIS progress, future registry-based 
studies should consider adopting a single internationally accepted standard to improve 
comparability across studies. 
 

Comparative approaches in mortality research 
When conducting mortality research, particularly studies examining the cause of death, 
several comparative strategies are commonly employed. One widely used method involves 
life tables, which provide population-based mortality rates adjusted for factors such as age 
and sex. This approach allows estimation of excess mortality or relative survival by 
comparing the observed mortality in a cohort to what would be expected in the general 
population[6, 7, 109, 110]. Life table comparisons are easily accessible and useful for 
providing a broad context for survival outcomes.  
In this dissertation, we employed a more condition-specific strategy: the use of a 
comparative cohort. This approach allows the selection of a comparator group with similar 
characteristics, such as baseline demographics, indication for surgery, degree of surgical 
trauma or comorbidity profile, thereby improving the internal validity of the comparison. 
Such a design is particularly advantageous when aiming to isolate the effect of a specific 
exposure or clinical condition, such as PJI, on mortality[1-3]. 
 

Limitations of the cohort design 

Heterogeneity of Exposure 
There lies a potential limitation in the PJI group, as it was not restricted to a specific revision 
modality. Instead, it includes all surgical treatments for infection, from DAIR to one- and 
two-stage revisions. Since different surgical strategies have been shown to vary in infection 
control rates, and possibly in long-term outcomes, the inclusion of all modalities may 
introduce heterogeneity that could influence mortality estimates. The absence of 
stratification by surgical modality could therefore bias the results in either direction, 
depending on the distribution of revision types. 
 

Misclassification of exposure 
Another important limitation concerns potential misclassification due to culture-negative 
PJIs. Some true PJIs may have gone unrecognized and been misclassified as aseptic 
revisions. This could occur if an infection was not clinically suspected at the time of revision, 
particularly in cases where antibiotics were administered preoperatively and thereby 
potentially suppressed culture results. If such patients underwent component-exchanging 
revision, they would meet the inclusion criteria for the aseptic group despite having an 
unrecognized infection. Culture-negative PJI is a major clinical problem, and it is estimated 
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that up to 20% of PJIs may fall into this category[113]. Risk factors for negative cultures 
include prior antibiotic exposure, inadequate sampling techniques, insufficient incubation 
periods, and persistent postoperative wound drainage[114]. Furthermore, culture-negative 
PJIs are often more difficult to treat, with some cases potentially involving atypical 
pathogens such as fungi or mycobacteria[113].  
This potential misclassification would likely bias mortality estimates toward the null, 
thereby underestimating the true mortality risk associated with PJI. 
 

Fixed exposure design 
A further methodological consideration is that only the first revision following the primary 
arthroplasty was included, and group assignment (PJI vs. aseptic) was based solely on this 
initial revision procedure. Patients who later developed infection following an initially 
aseptic revision, or experienced aseptic failure after a resolved PJI revision requiring further 
surgery, were not reclassified. Consequently, some mortality events may be misattributed, 
and the impact of subsequent clinical deterioration may be unaccounted for. This design 
choice may dilute observed group differences and lead to an underestimation of the 
mortality burden associated with recurrent infection or treatment failure. 
Methodologically, a time-varying exposure model, an episode-based approach, or censoring 
at the time of crossover could have more precisely captured changes in clinical trajectory. 
Statistically, advanced techniques such as marginal structural models or multi-state survival 
analysis might have addressed exposure misclassification while accounting for time-
dependent confounding. However, these models are complex to implement, interpret and 
especially communicate. Mortality was treated as a person-level outcome, and a fixed 
exposure framework allowed for clarity. On balance, while this approach may yield 
conservative mortality estimates, it was selected to preserve conceptual simplicity. 
 

Data source limitations 
While the use of national registry data allows for large-scale insights, it also presents certain 
limitations. 
A key methodological limitation is the quality and completeness of the Danish Register of 
Causes of Death, which is commonly used in both research and national surveillance. The 
accuracy of cause-of-death data depends heavily on clinical judgement rather than objective 
postmortem validation, particularly in the absence of autopsy[105].  
 
In Denmark, autopsy rates have declined markedly in recent decades. As a result, the only 
reliable method to validate recorded causes of death, through forensic or medical autopsy, 
has become increasingly rare. This is illustrated in a comparative study of deaths with 
unknown causes, where “forensic autopsy was performed in 88.3% of Finnish R00–R99-
coded deaths, whereas only 3.5% of Danish R00–R99-coded deaths were investigated with 
forensic or medical autopsy”[87]. Whether this marked decline in autopsy rates reflects a 
systemic or societal issue lies outside the scope of this dissertation. 
 
Additionally, cause-of-death certificates are often completed by junior doctors, sometimes 
outside the relevant clinical speciality, increasing the risk of misclassification. In such cases, 
familiar or dominant comorbidities, rather than the true initiating condition, may be 
assigned as the primary cause of death. For example, the systemic impact of PJI may be 
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under-recognized compared to more familiar conditions such as cardiovascular or 
pulmonary disease. 
However, the potential for misclassification is likely non-differential between exposure 
groups (PJI vs. aseptic revisions). In this context, any error would most likely bias the 
estimates toward the null, thereby underestimating true differences in cause-specific 
mortality 
 

Random and systematic errors 
Random error refers to variations in study data that arise by chance, rather than from any 
flaw in design or measurement. It introduces uncertainty into estimates and reduces the 
precision of results but does not consistently favor one group or outcome over another. 
Random error can mask true associations or create the appearance of associations where 
none exist, especially in studies with small sample sizes. In this dissertation, the use of large 
national cohorts minimizes the impact of random error. To quantify its potential influence, 
all estimates are presented with 95% confidence intervals, which reflect the degree of 
statistical uncertainty as wider intervals indicate less precision. 
 
Systematic errors, or bias, in contrast, arises from consistent flaws in study design, data 
collection, or analysis. It leads to inaccurate results by distorting associations in a particular 
direction and cannot be reduced by increasing the sample size. Systematic errors are 
therefore a more serious threat to the validity of findings and are addressed in the following 
sections on selection bias, information bias, and confounding. 
 

Selection bias 
Selection bias occurs when participants included in a study differ systematically from those 
who are excluded or from those in the comparator group, in a way that is related to both the 
exposure and the outcome and thereby distorts the observed associations. 
In this dissertation, the exposure was the indication for first-time revision surgery (PJI vs. 
major aseptic revision), and the outcome was mortality, either all-cause mortality (Studies 1 
and 2) or cause-specific mortality (Study 3). 
 
Because both the exposure and outcome could be influenced by underlying patient 
characteristics (e.g., frailty, comorbidity), there is a theoretical risk of selection bias. For 
example, patients in better overall health may be more likely to undergo elective aseptic 
revision, whereas those with more advanced comorbidity might be less likely to be offered 
revision surgery at all. However, in the context of first-time revisions for PJI, it is unlikely 
that patients would be managed non-surgically from the outset, as revision surgery remains 
the standard of care in most cases. Therefore, the risk of systematic exclusion of eligible PJI 
patients due to nonoperative management is likely minimal.  
These possibilities cannot be ruled out and may introduce selection bias, potentially leading 
to biased or misleading estimates of mortality risk. To minimize potential bias, all eligible 
first-time revision surgeries were included from comprehensive national arthroplasty and 
microbiology registries, with predefined exposure criteria and near-complete follow-up. 
These design elements reduce, but do not eliminate, the risk of selection bias. Overall, any 
such bias is expected to be modest and unlikely to substantially alter the main conclusions. 
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Information bias 
Information bias arises when there are systematic errors in the measurement or 
classification of study variables, exposure, outcome, or covariates, which may distort the 
true association between exposure and outcome. 

 

Misclassification of exposure 
Although microbiological confirmation was used as the primary criterion for defining PJI, 
some degree of misclassification may persist, particularly in cases classified as culture-
negative PJI. These cases were included based on the surgeon’s intraoperative classification, 
which, while clinically reasonable, introduces a subjective element and may lead to 
differential misclassification. Nonetheless, this risk was mitigated by applying strict 
microbiological definitions and registry-based classification criteria. 
 
However, it is important to note a limitation inherent to the microbiological definition 
applied in this dissertation. According to the European Bone and Joint Infection Society 
(EBJIS) definition[41], a single positive culture of Staphylococcus aureus, beta-hemolytic 
streptococci, or Gram-negative organisms is sufficient to fulfil diagnostic criteria for a 
prosthetic infection to be likely. In contrast, the HAIBA-based algorithm used to identify 
infectious prosthesis in this dissertation defines PJI based on the presence of two or more 
cultures growing the same pathogen. Consequently, some revisions with only one positive 
culture have been excluded from the PJI cohort, which were “likely infected” according to 
the EBJIS definition, potentially leading to underestimation of true infections.  
 

Misclassification of outcome 
In Study 1 and 2, the outcome was all-cause mortality (i.e., whether the patient died), and 
there is virtually no risk of outcome misclassification. The Danish Civil Registration System 
(CRS) is a highly complete and reliable source of mortality data, with near 100% follow-up 
and accurate recording of both death status and date. As such, true misclassification is 
minimal. 
A small potential for error exists if the date of revision surgery is inaccurately recorded, 
which could slightly affect survival time calculations, particularly in short-term analyses. 
Additionally, although rare, patients who emigrated could theoretically have incomplete 
follow-up if death occurred outside Denmark. Such cases are expected to be extremely 
uncommon in this population: in Study 1, 18 patients emigrated, and in Study 2, 3 patients 
emigrated, with a total of 6 from the PJI group. In Study 3, which included only deceased 
patients in each exposure group, no cases were lost to emigration; however, the same small 
number of potential losses reported in Study 1 and 2 could theoretically have occurred before 
inclusion.  
 
Importantly, any such misclassification would be non-differential between exposure groups 
and would therefore likely bias estimates toward the null. 

 
In Study 3, however, the cause of death data were derived from the Danish Register of Causes 
of Death, which has known limitations in diagnostic specificity, particularly in the absence 
of autopsy confirmation. However, misclassification is assumed to be non-differential 
between the exposure groups, as there is no clear reason to expect systematic differences in 
how the cause of death is recorded between PJI and aseptic revision patients. Such non-
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differential misclassification would generally bias results toward the null, potentially 
underestimating true differences in cause-specific mortality. 
 

Misclassification of Covariates 
Covariates such as comorbidity status were based on administrative coding (ICD-10 codes 
from the Danish National Patient Register). Although the CCI is widely used and validated, 
it may not fully capture relevant aspects such as frailty or immune function.  
In addition, diagnoses made in primary care settings (e.g., by general practitioners) are not 
included in the hospital-based registry data, and some chronic conditions may therefore be 
underreported. Moreover, diagnostic codes do not capture the severity of individual 
diseases, which can vary substantially between patients. 
These limitations may result in imperfect measurement of important confounders and give 
rise to residual confounding, resulting in incomplete adjustment for baseline health 
differences between exposure groups. While this misclassification is generally assumed to 
be non-differential with respect to exposure, and therefore unlikely to introduce systematic 
bias, it may still limit the ability to fully account for confounding. This issue is further 
addressed in the following section on confounding. 
 

Confounding 
Confounding occurs when a third variable, a confounder, influences both the exposure and 
the outcome, thereby distorting the true relationship between them.  
 

 
Figure 8: Directed Acyclic Graphical (DAG) illustration of confounding and in the context of the current dissertation, 
with comorbidity in general as an example. 

With the current dissertation in mind, it would be reasonable to assume that comorbidity 
affects the risk of acquiring a PJI, but most certainly also affects the risk of mortality. If we 
were not to adjust for the confounding effect of comorbidity, the effect of PJI on mortality 
would be biased. The same could be assumed for age, weight (here used as a proxy for BMI, 
again a proxy for health status), and gender, and marital status, as all these variables have 
at least a theoretical effect on both the PJI vs aseptic grouping (exposure) and the risk of 
dying (outcome).  
 
There are several common strategies for handling confounding, including stratification (e.g., 
by age groups or smoking status), multivariable regression models (e.g., Cox regression), 
and propensity score methods such as matching, stratification, or inverse probability of 
treatment weighting (IPTW).  
 
However, as discussed in the section on misclassification of covariates, not all relevant 
confounding variables are fully captured by registry data. For example, frailty, functional 
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status, or immune suppression may not be reflected in the CCI or other available measures. 
This introduces the risk of unmeasured confounding, which cannot be corrected for through 
statistical adjustment and may bias the estimated association between revision type and 
mortality. While the use of IPTW improves balance on observed covariates, it does not 
eliminate the possibility of bias from variables that are unmeasured or poorly recorded. 
 

Statistical considerations 
The following sections present the statistical methods used across the included studies. 
While these methods are well established and widely used, particularly in epidemiological 
research, a brief rationale, as well as a reflection on their strengths and limitations, is 
warranted.  
 

Cumulative mortality 
Rather than reporting mortality as a crude proportion, a more informative, time-dependent 
approach is to estimate cumulative mortality. This method incorporates information about 
time at risk, using both the event (death) and the time of censoring if the event does not 
occur. 
Typically, this is done using either the traditional Kaplan-Meier estimator or, in the presence 
of competing events, the Aalen-Johansen estimator for competing risks. The Kaplan-Meier 
method estimates the probability of survival over time and is widely used when there is a 
single, definitive endpoint, such as death. The resulting stepwise survival curve offers a 
straightforward and interpretable visual representation of the timing and magnitude of 
events. 
While competing risk analysis may be necessary when multiple events can occur, such as 
death precluding the risk of infection, this is not relevant here, as the primary outcome is 
mortality. For this purpose, the Kaplan-Meier method is appropriate and sufficient, 
providing intuitive survival estimates and a clear depiction of the cumulative probability of 
death over time. 
 

Propensity score and inverse probability of treatment weight 
Several methods exist to adjust for measured confounding in observational studies. The 
most common is multivariable regression analysis, in which defined measured confounders 
are included directly as covariates in the outcome model (e.g., Cox regression). This 
approach is straightforward and widely used, but it has limitations, particularly when there 
are large differences in baseline characteristics between groups, because the model may rely 
on extrapolation in areas with little or no covariate overlap, potentially leading to biased 
estimates[115]. In contrast to a multivariable regression analysis, the propensity score 
methods allow the adjustment process to be separated from the outcome analysis, reducing 
the risk of model-driven bias[115]. To address measured confounding, we applied propensity 
scores using the inverse probability of treatment weight (IPTW) method[107]. 
 
The IPTW approach was chosen because it offers theoretical advantages over traditional 
multivariable regression, although its superiority remains a subject of ongoing discussion in 
the methodological/statistical literature[116-118]. Specifically, IPTW allows for the 
construction of a pseudo-population in which the distribution of baseline covariates is 



Discussion 

43 
 

independent of treatment assignment, in this context, whether a patient underwent revision 
for PJI or for aseptic failure. As P.C. Austin stated, “The propensity score is a balancing 
score: conditional on the propensity score, the distribution of observed baseline covariates 
will be similar between treated and untreated subjects”[115]. 
 
By weighing subjects by the inverse probability of receiving their actual treatment, we 
created a synthetic sample in which treatment assignment was independent of measured 
baseline characteristics[119]. This approach allows estimation of an average treatment effect 
that approximates randomization, while acknowledging that it accounts only for measured 
covariates and is therefore not equivalent to true randomization. 
 
In the current context, we compared mortality between patients revised for PJI and those 
revised for aseptic reasons. Because this is observational data, patients in the PJI group may 
differ systematically from those in the aseptic group for various reasons. IPTW was used to 
balance these measurable differences and avoid, or at least minimize, confounding bias in 
the estimation of mortality risk. Without this adjustment, differences in factors such as age, 
comorbidity, gender, marital status or weight could distort the observed association. 
 

Challenges and assumptions of IPTW 
A common issue with IPTW arises when propensity scores are close to 0 or 1, leading to 
extreme weights. This can inflate variance and produce unstable estimates. In our analysis, 
we applied stabilized weights and inspected the distribution of weights to mitigate this 
problem. Furthermore, the validity of IPTW depends on achieving sufficient covariate 
balance between groups after weighting. We assessed balance using standardized mean 
differences (SMDs), with values below 10% considered indicative of acceptable balance. 
Both criteria were met to a satisfactory degree in our analysis. 
 
Another important assumption in IPTW is positivity, which requires that all individuals have 
a non-zero probability of receiving each exposure level. If there is poor overlap in the 
distribution of propensity scores between groups, this assumption is violated, and causal 
inference becomes unreliable. In our cohort, we found acceptable overlap in propensity 
scores, suggesting that the positivity assumption was sufficiently met. 
 

Cox proportional hazards regression analysis 
Subsequently, we used weighted Cox proportional hazards regression to model time to 
death. Cox regression estimates the hazard ratio (HR), representing the relative risk of the 
event occurring at any given time point, conditional on survival up to that point. In a 
standard Cox model, covariates such as age, sex, and comorbidities (e.g., CCI) can be 
included directly. However, when the exposure (PJI vs. aseptic revision) is non-randomised, 
confounding can bias the estimated association. 
 
The advantage of using IPTW, compared to simply including covariates directly in a Cox 
regression model, is that covariate adjustment is done before modelling, through weighting, 
rather than through inclusion in the regression model. This helps achieve covariate balance 
between groups and reduces the risk of confounding bias. 
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Despite its strengths, Cox regression relies on several key assumptions. First, the 
proportional hazards assumption requires that the hazard ratio between comparison groups 
remains constant over time. This assumption was evaluated using Schoenfeld residuals and 
visual inspection of log-log survival plots. No violations were seen in the presented studies.   
 
Second, the model assumes that censoring is non-informative, meaning that the probability 
of being censored (e.g., lost to follow-up or surviving past the study end) is unrelated to the 
individual’s underlying risk of the outcome. If patients who are censored differ 
systematically in their mortality risk compared to those who remain under observation, the 
resulting estimates may be biased. However, in this setting, where near-complete follow-up 
is achieved through linkage with national registries, the risk of informative censoring is 
likely negligible. 
 

Missing data and variable limitations 
In addition to these methodological considerations, our studies faced data-related 
limitations. Notably, data on body mass index (BMI), a known predictor of outcomes in 
arthroplasty, were not available to a satisfactory level. As a proxy, we used patient weight, 
which, while relevant[120], is a cruder and less informative measure. Moreover, weight was 
the variable with the highest proportion of missing data across all three studies. If 
missingness in weight was not random and occurred differentially between groups, this 
could have introduced further bias into our analysis. 
 

Comorbidity limitations 
These findings support the hypothesis that PJI imposes a substantial systemic burden, 
which may not be fully captured by conventional comorbidity indices such as the CCI. An 
alternative explanation for the persistently elevated mortality risk, despite adjustment for 
age, sex, weight, and CCI, could be an inherent, unmeasured comorbidity burden present 
even before the primary arthroplasty. The Charlson Comorbidity Index, while widely used 
and validated for predicting mortality[121], may not fully capture the broader complexity or 
severity of patients’ underlying health status. Specifically, it is limited in reflecting aspects 
such as frailty, immune competence, or subclinical disease burden. CCI is primarily 
constructed to quantify the presence and severity of discrete comorbid conditions based on 
diagnostic codes, but does not encompass physiological reserve or functional decline, which 
are key features of frailty.  
 

External and internal validity 
Validity refers to the accuracy and reliability of study findings. Internal validity relates to the 
accuracy of the observed relationship between exposure and outcome, while external validity 
concerns the generalizability of the results, meaning whether the findings can be applied to 
other populations, settings, or healthcare systems. 
In studies 1 and 2, reviewers requested a more detailed assessment of external validity than 
was provided in the initial draft, particularly considering Denmark’s universal healthcare 
system. In response, we elaborated on this aspect and maintain that the studies demonstrate 
a high degree of internal validity, being based on nationwide data with near-complete 
coverage and high data accuracy, including microbiological confirmation of PJI. 
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Given these strengths, we believe the findings are generalizable to healthcare systems and 
populations similar to Denmark’s, including other Scandinavian and European countries 
with comparable infrastructure, registry systems, and infection surveillance. 
However, the external validity may be limited in low-resource settings or regions with 
fragmented or underfunded healthcare systems, where access to diagnostics, treatment 
pathways, and registry data may differ substantially. 
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Conclusion  
The three studies in this dissertation aimed to address the long-standing question of whether 
revision surgery for PJI is associated with increased mortality and to explore potential 
mechanisms underlying any observed difference. 
 
Across both knee and hip arthroplasty, we found a consistently and significantly elevated 
mortality risk in the PJI group compared to a surgically similar major aseptic revision group. 
In crude analyses, mortality and mortality rates were clearly higher among PJI patients. 
While some of this difference could be expected due to baseline differences in age, sex, 
weight, and especially comorbidity burden, the mortality gap persisted even after applying 
adjustments using propensity scores. This strengthens the interpretation that the infection 
itself, or closely related physiological consequences, contributes meaningfully to excess 
mortality. 
 
The findings from Study 3 indicate that PJI-related deaths are likely not attributed to a single 
dominant cause. Instead, they appear to reflect a broader systemic vulnerability, with PJI 
potentially acting as a physiological stressor that exacerbates pre-existing conditions or 
accelerates deterioration in otherwise manageable diseases. While infectious causes were 
more common in the PJI group, the overall mortality pattern was multifactorial, which could 
reflect immune dysregulation, systemic inflammation, and diminished physiological 
reserve.  
 
Taken together, these studies provide microbiologically confirmed, population-based 
evidence that PJI after knee or hip arthroplasty is associated with a substantial and 
multifactorial increase in mortality risk. They challenge the notion of PJI as a purely local 
complication and instead support viewing it as a systemic condition with long-term 
implications for patient survival. Clinically, these findings highlight the need for heightened 
awareness of the systemic burden imposed by PJI and for multidisciplinary management 
strategies aimed at mitigating long-term mortality risk. 
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Future perspectives 
The findings from this dissertation demonstrate a significantly increased mortality risk 
associated with revision for PJI. These results should be carefully considered when 
counselling patients, planning surgical interventions, and developing or reviewing clinical 
protocols. They also highlight the need for further research to identify strategies that could 
reduce this established excess mortality among PJI patients.  
 
Recognizing the elevated mortality risk is a first step in improving outcomes for this 
vulnerable patient population. This information should be included in preoperative 
discussions as part of informed consent, especially when managing PJI cases.  
The findings from Study 3 further underscore the need for aggressive preoperative 
optimization of patients undergoing revision for PJI. A multidisciplinary, holistic approach 
may improve outcomes, including optimizing glycemic control, nutritional status, 
cardiopulmonary function, and involving infectious disease specialists and microbiologists 
in treatment planning[122-124].  
While outside the scope of this dissertation, enhanced postoperative rehabilitation and 
closer coordination with primary care providers may also play a role in improving long-term 
survival. 
 
A natural extension of the findings from Study 1 and 2 would be to examine whether 
mortality differs based on the type of revision procedure performed (e.g., DAIR vs. one- or 
two-stage revisions). However, this question is difficult to address outside a randomized 
setting due to inherent selection bias in treatment allocation. Whether advanced statistical 
methods could be used to explore this question remains to be seen. Future insight may come 
from ongoing trials such as the ROADMAP trial, a large, international, Bayesian adaptive 
platform RCT evaluating optimal treatment strategies for PJI. 
 
In Study 2, we observed a particularly steep early increase in mortality within the first 90 
days following PJI in THA compared to both aseptic revisions and PJI in TKA. A formal 
analysis of causes of death during this early postoperative period, particularly the first 90 
days, could help identify modifiable risks and improve perioperative care. This is a planned 
study within our research team.  
 
Our prior work with the Australian registry also suggested that DAIR procedures performed 
more than four weeks after primary TKA had lower success rates. A natural follow-up in the 
Danish cohort would be to assess whether early versus late revisions differ in associated 
mortality, and whether these patterns extend across revision modalities. 
 
A limitation worth addressing in future research is the potential impact of repeat revisions 
on mortality. In the present studies, only the first revision after the primary arthroplasty was 
included, and patients were not reclassified if they later underwent additional revisions. 
Future work could explore whether mortality risk changes with each subsequent revision, or 
whether it differs in patients who cross over between aseptic and PJI revisions. It would also 
be valuable to investigate whether any increased mortality risk after PJI revision is mediated 
through later complications, such as reinfection, chronic inflammation, or reduced mobility, 
or whether it can be attributed directly to the initial PJI event. 
 



Future perspectives 

50 
 

The microbiologically verified cohort resulting from the three studies in this dissertation 
provides a unique platform for future research. Several projects are already underway, 
including a collaborative study with an Australian infectious diseases group investigating 
pathogen-specific mortality. Planned extensions include linking with bloodstream infection 
data to explore coherence between blood and tissue isolates, with the goal of shedding light 
on the debated role of hematogenous seeding versus latent, dormant infections acquired at 
the time of implantation. Additionally, a study is underway to evaluate the mortality risk 
associated with each pathogen identified in the present cohort. 
Additional future analyses include comparing polymicrobial versus monomicrobial 
infections and examining whether infections with "difficult-to-treat" pathogens are 
associated with higher mortality than infections caused by more susceptible organisms. 
Taken together, the results of this dissertation not only provide robust evidence of the 
systemic impact of PJI but also establish a foundation for ongoing and future investigations 
aimed at improving survival and guiding evidence-based treatment of these complex cases. 
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Figure 7: Directed Acyclic Graph model used to identify measured confounders 
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Abstract 

 
Background and purpose 
Periprosthetic Joint Infection (PJI) revisions for Total Knee Arthroplasty (TKA) 
and Total Hip Arthroplasty (THA) has increased all-cause mortality. It remains 
unclear whether specific causes of death contribute to this excess mortality. Our 
purpose was to compare underlying causes of death in patients revised for PJI 
versus aseptic failure and to compare THA and TKA causes of death. 
 
Methods 
We used routinely collected data from Danish health registries. We identified 9,078 
patients undergoing first-time revision for PJI or aseptic failure in the Danish Hip 
and Knee Arthroplasty Register. PJI was defined by intraoperative microbiological 
cultures. Causes of death were obtained from the Cause of Death Register. We used 
inverse probability of treatment weighting (IPTW) to adjust for confounding and 
calculated adjusted hazard ratios (aHR) with 95% confidence intervals (CI). 
Among 2,755 deceased patients, 37% had undergone revision for PJI and 63% for 
aseptic failure. The PJI group had a higher comorbidity burden, shorter follow-up, 
and more hip revisions, but was similar in age, marital status compared to aseptic 
revisions. 
 
Results 
Cancer, circulatory, and respiratory diseases were the most common causes of 
death in both groups. However, deaths from musculoskeletal diseases (aHR 3.04, 
95% CI: 1.67–5.56), infections (aHR 2.13, 95% CI: 1.06–4.30), and age-related 
causes (aHR 2.05, 95% CI: 1.22–3.45) were more frequent after PJI revision. 
 
Conclusion 
The increased mortality after PJI revision appears to be multifactorial, involving a 
range of causes rather than a single dominant driver. 
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Introduction 
Periprosthetic Joint Infection (PJI) has been established with a higher mortality 
compared to aseptic revisions [1, 2] and the age-adjusted general population [3, 4].  
Data on registered causes of death following PJI are nevertheless limited, and no 
study has directly compared these to causes of death after aseptic revisions. Several 
patient-related factors have been associated to the increased mortality after PJI 
revision, including higher ASA classification, Charlson Comorbidity Index (CCI), 
advanced age, stroke, cardiac disease, and chronic pulmonary disease [5-7]. 
Malignant neoplasms and circulatory disorders are described as among the most 
common causes of death after primary total knee arthroplasty (TKA) [8]. Prange et 
al. [9] identified septic shock as a leading cause of in-hospital death following PJI. 
 
However, it remains uncertain whether the increase in mortality is primarily 
attributable to the infection itself, that is do people die due to the PJI and/or the 
treatment hereof, or to underlying comorbidities which could influence the PJI 
trajectory [10]. For example, non-detected cancer could lead to an immune system 
deficiency potentiating the risk of PJI, which subsequently could lead to death 
during the treatment of the PJI. However, it is also conceivable that patients with 
PJI are more susceptible to fatal infections during the PJI trajectory, while patients 
surviving longer after aseptic revision may face increased risk of chronic, time-
dependent causes of death, such as pulmonary or neurological diseases. As such, 
different patterns in cause-specific mortality may help explain the observed 
mortality gap between PJI and aseptic revisions.  
 
To our knowledge, no previous study has compared causes of death between hip 
and knee arthroplasty revisions. Given that the mortality risk associated with PJI 
versus aseptic revision differs between TKA and THA [1, 2], we sought to explore 
whether the underlying causes of death also differ between these procedures. 
We conducted this nationwide cohort study to describe and compare causes of 
death following revision for PJI and major aseptic revisions in THA and TKA. 
Secondary purpose was to examine whether specific causes of death differed 
between THA and TKA.  
 
Methods 
Study Design 
This nationwide, register-based cohort study used routinely collected data from 
Danish national health databases. Denmark provides universal, tax-funded 
healthcare to all 5.9 million residents. 
 
Setting 
We used multiple well-established Danish registries [11] and linked them using the 
unique and unchangeable personal identification number (CPR) assigned through 
the Civil Registration System to all nationalized citizens [12]. The CPR number 
enables up-to-date identification of the entire Danish population, including 
complete follow-up and exact time of death. 
 
Data sources 
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Civil Registration System (CRS): Established in 1968, the CRS maintains 
electronic records of the vital status in addition to marital status of the Danish 
population. With a prevalence of missing persons around 0.3%, the CRS is 
virtually complete [11]. It provides accurate and up-to-date information on death, 
and with the CPR number, allow for individual-level linkage across national 
registries. 
 
Cause of Death Register (DAR) monitors cause-specific mortality in Denmark, 
recording all deaths and classifying causes using International Classification of 
Diseases 10th edition (ICD-10) codes [13]. Data entry is automated via the 
mandatory death certificate, which is linked to each deceased citizen through their 
CPR number. A physician conducts a post-mortem clinical assessment and 
submits the death certificate to the Danish Health Authority. Despite limitations 
such as low autopsy rates and evolving coding practices, DAR remains a key 
resource for mortality surveillance and public health planning. 
 
Danish Hip Arthroplasty Register (DHR) has recorded all hip arthroplasties since 
1995 [14]. It is a high-quality, prospectively collected dataset widely used for 
research [15]. Data are reported immediately by surgeons and validated annually 
against the Danish national patient registry (DNPR), with 2023 completeness of 
98% for primary and 93% for revision procedures. 
 
Danish Knee Arthroplasty Register (DKR) has recorded all knee arthroplasties 
since 1997 [16]. It provides validated, high-quality data, with 2022 completeness 
of 97% for primary and 94% for revision procedures [17].  
 
Danish Microbiology dataBase (MiBa) has automatically collected microbiology 
results from all Danish departments since 2010 [18], linked via CPR numbers. 
These data feed into the Healthcare-Associated Infections Database (HAIBA) [19]. 
A revision was defined as a PJI if ≥2 identical positive cultures of the same 
bacteria out of ≥3 samples from the same revision surgery was identified. Cultures 
taken within 24 hours before to 48 hours after surgery were considered part of the 
same set. Contaminations were defined as only one of three samples positive or 
two or more of three with different pathogens, as per accepted definitions [20, 21]. 
This study extended microbiology inclusion beyond the standard HAIBA one-year 
window until the end of the study period. 
 
Danish National Patient Registry (DNPR) has recorded all non-psychiatric 
admissions since 1977 [22]. The DNPR contains detailed information on dates, 
primary diagnoses, surgical procedures and up to 20 secondary discharge 
diagnoses coded according to ICD-10. 
 
Participants 
Patients were included in the PJI or aseptic cohorts from the date of their first 
revision surgery. Revisions for microbiologically verified PJI were included until 
November 9, 2023, and for Danish Knee Registry and Danish Hip Registry data 
until December 31, 2020. Vital status was updated on April 1, 2025, extending 
follow-up from our previous studies [1, 2]. 
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This study includes patients >40 years of age at the time of primary TKA or THA, 
who had their first revision surgery due to either PJI or major aseptic causes 
following primary TKA or THA for osteoarthritis, as recorded in DHR and DKR. 
Patients receiving unicompartmental knee or hip hemiarthroplasty were excluded, 
as HAIBA monitors only TKA and THA. For patients with bilateral revisions, only 
the first was included; contralateral revisions were excluded, as cause of death is a 
person-level outcome. Including multiple revisions from the same individual could 
duplicate outcome data and overrepresent patient characteristics. Restricting to 
first revision preserved analytical integrity by ensuring one observation per patient. 
 
PJI revision cohort 
The PJI cohort included patients identified via the DKR, DHR, and HAIBA. PJI was 
considered confirmed if the procedure in DKR and DHR was recorded as a deep 
infection by the surgeon, or if positive cultures were recorded in HAIBA for any 
given TKA and THA revision. Revisions with clinical suspicion but no 
microbiological confirmation were classified as “culture-negative PJI”. The PJI 
cohort included all revision types including one-stage, two-stage, and DAIR 
(Debridement, Antibiotics, and Implant Retention). This method has been 
validated as a reliable way to identify PJI revisions in Danish registries [23, 24]. 
 
Aseptic revisions cohort 
The aseptic cohort included patients undergoing first-time major aseptic revision 
recorded in the DKR or DHR. An aseptic revision was defined as a procedure where 
the operating surgeon recorded no suspicion of infection, and where intraoperative 
samples registered in HAIBA did not meet the criteria for PJI. Major aseptic 
revision was defined as the exchange of metal components interfacing with bone, 
excluding minor procedures such as isolated exchange of polyethylene spacers. 
 
Variables 
To address potential confounders between revision type and mortality, a Directed 
Acyclic Graph (DAG) model was applied. Age at revision, sex, and weight were 
retrieved from DKR and DHR. We used weight instead of body mass index (BMI), 
as height data were largely missing and the missingness was unevenly distributed 
between hip and knee revisions. Comorbidity was assessed using the Charlson 
Comorbidity Index (CCI), extracted from DNPR and categorized as low (0), 
medium (1–2), or high (≥3) based on status at primary arthroplasty. Marital status 
at revision (single, cohabiting, or never married) and vital status were obtained 
from CRS. 
To comply with national reporting guidelines, which prohibit disclosure of data at 
the individual level, only ICD-10 chapters with ≥5 deaths were included in the final 
analysis, separately for the PJI and aseptic cohorts. 
 
Outcome and Study Size 
The primary outcome was cause of death in patients undergoing revision for PJI or 
major aseptic failure. Cause of death was identified using DAR and linked to 
revision data (DKR, DHR) and HAIBA. DAR records causes of death using ICD-10 
codes, which is then grouped into ICD-10 chapters [25]. The underlying cause of 
death, as opposed to the immediate cause, was used in the analysis. 
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This national cohort included all eligible patients undergoing a first-time revision 
after primary TKA or THA for osteoarthritis in the study period. No sample size 
calculation was performed. 
 
Quantitative Variables 
Baseline characteristics were summarized using means, counts, and percentages, 
with standard deviations (SD) where relevant. Continuous variables were assessed 
for skewness via visual inspection and Q–Q plots. CCI was categorized as low, 
medium, or high based on predefined thresholds. 
 
Data analyses 
Causes of death were analyzed for the total cohort, and separately for TKA and THA 
 
The adjusted analysis used IPTW to account for measured confounders [26]. IPTW 
was preferred over multivariable regression due to its theoretical ability to reduce 
treatment selection bias by creating a balanced pseudo-population. Propensity 
scores were estimated using logistic regression as the predicted probability of death 
given confounders as described in variables. IPT-Weights were stabilized using 
marginal probability of treatment assignment to improve precision. Covariate 
balance between cohorts was assessed using standardized mean differences, with 
<0.1 indicating sufficient balance. Using IPTW-adjusted data, adjusted hazard 
ratios were calculated via Cox proportional hazards regression. The proportional 
hazards assumptions were tested using Schoenfeld residuals and visual inspection, 
confirming no violations. The main investigator had full access to pseudonymized 
data. Data cleaning included cross-validation across registries. 
Analyses and data management were performed using R version 4.0.2 (R 
Foundation for Statistical Computing). The study is reported in accordance with the 
RECORD guidelines (REporting of Studies Conducted Using Observational 
Routinely-collected Data). All estimates are reported with 95% confidence intervals 
unless otherwise stated, and means are presented with standard deviations in 
parentheses. 
 
Patient Characteristics 
Among 9,078 first-time TKA and THA revisions (both PJI and aseptic), 2,755 
patients died during follow-up, with 37% (n=1,007) in the PJI group and 63% 
(n=1,748) in the aseptic revision group. Patients in the PJI group had a higher 
comorbidity burden, with a mean CCI of 1.36 (1.91) compared to 0.93 (1.42) in the 
aseptic group (p < 0.001), and a shorter follow-up time of 5.1 (3.4) years versus 6.0 
(3.5) years (p < 0.001). Men were more common in the PJI group compared to 
women (52 vs. 44%, p < 0.001). Age at both primary arthroplasty (mean 74 years in 
both groups) and revision surgery (mean 75 years) was similar between groups. 
Body weight was slightly higher in the PJI group at 88 (22) kg, compared to 84 (19) 
kg in the aseptic group (p < 0.001). Marital status distribution did not differ 
significantly between group 
 

 

 



Appendices 

  

 

Table 1 

Deceased Patients Demography Aseptic PJI P  value3 

N1  1,748 1,007  

Joint1   <0.001 

    THA 958 (55%) 623 (62%)  

    TKA 790 (45%) 384 (38%)  

Age at primary2 74 (9) 74 (9) 0.8 

Age at revision2 75 (9) 75 (9) 0.2 

Gender1   <0.001 

    Male 764 (44%) 520 (52%)  

Charlson Comorbidity Index2 0.93 (1.42) 1.36 (1.91) <0.001 

Charlson Comorbidity Index category1   <0.001 

    1 (CCI = 0) 951 (54%) 451 (45%)  

    2 (CCI = 1-2) 597 (34%) 372 (37%)  

    3 (CCI  200 (11%) 184 (18%)  

Follow-up in years2 6.0 (3.5) 5.1 (3.5) <0.001 

Weight, kg2 84 (19) 88 (22) <0.001 

    Unknown weight1 775 573  

Marital Status1   0.4 

    cohab 1,050 (60%) 602 (60%)  

    single 537 (31%) 296 (29%)  

    never maried 161 (9.2%) 109 (11%)  

1 n (%) 

2Mean (SD) 

3 Pearson’s Chi-squared test; Kruskal-Wallis rank sum test 
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Results 
The overall distribution of causes of death for the entire cohort (THA + TKA) was 
not notably different in the PJI and aseptic revision cohorts (Figure 1). In both 
groups (PJI vs aseptic), the most common causes of death ICD-10 chapters were 
cancer (26%), circulatory system diseases (22%), and respiratory diseases (13%). 
However, the PJI group had a relatively higher proportion of deaths due to 
infectious (5.9%, 4.5 to 7.6 vs. 4.3%, 3.4 to 5.4), digestive (6.4%, 5.0 to 8.2 vs. 4.8%, 
3.9 to 6.0), and musculoskeletal diseases (2.9%, 2.0 to 4.1 vs. 1.3%, 0.8 to 2.0). In 
contrast, deaths from cancers (22.3%, 19.8 to 25.0 vs. 28.2%, 26.1 to 30.3) and 
nervous system-related conditions (3.6%, 2.5 to 4.9 vs. 5.6%, 4.6 to 6.8) were more 
common in the aseptic revision group. 
 

 

Figure 1

 

Figure 1: Distribution of causes of death categorized according to ICD-10 chapters among patients 
undergoing revision total hip or knee arthroplasty for periprosthetic joint infection (PJI) or major aseptic 
failure. Only chapters containing five or more cases are presented. For each revision type, the relative 
distribution is shown, with all causes summing to 100% within the PJI and aseptic revision groups, 
respectively. Each death only occurs in one cause of death. Abbreviations: PJI = Periprosthetic Joint 
Infection; Aseptic = Major aseptic revision; TKA = Total Knee Arthroplasty; THA = Total Hip Arthroplasty. 
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Table 2 presents the most frequently reported specific causes of death (as recorded 
on death certificates) corresponding to the broader ICD-10 chapters displayed in 
Figures 1–3. 

  

Table 2: Examples of what the chapters of Cause of Death contains in this cohort 

Infectious Sepsis, hepatitis 

Cancer Malignant neoplasm and of lung, prostate, breast, colon 

Blood Myeolodisplastic syndrome, anemia 

Endocrine Diabetes Mellitus type 2 with multiple complications, dehydration 

Mental/behavioral Dementia, alcohol dependence, vascular dementia 

Nervous system Parkinsons, Alzheimers 

Circulatory diseases Stroke, heart failure, chronic ischemic heart failure, Acute Myocardial Infaction, atrial 

rhythm diseases, aortic valve stenosis 

Respiratory Chronic Obstructive Pulmonary disease, bacterial pneumonia, pneumonia 

Digestive system Alcoholic cirrhosis of liver, gastrointestinal hemorrhage 

Musculoskeletal Rheumatoid arthritis, osteoarthrosis 

Genitourinary Urinary trackt infection, chronic kidney disease 

Age-related/unknown Unknown, senility, unattended death 

Covid-19 covid-19 confirmed by lab 

Accidents, Falls slipping, tripping, falls, same level, different level 

Other exposures Accidental exposure unspecified, accidental poisoning by drugs, self-harm 

Medical and surgical 

complications 

Surgical operation with implant of artificial internal device as the cause of abnormal 

reaction of the patient 

 
 

After adjustment using the IPTW method, as shown in Table 3, the PJI group 
demonstrated significantly higher mortality in several cause of death ICD-10 
chapters. These included musculoskeletal (P<0.01) and infectious diseases (P 
<0.01), COVID-19 (P =0.03), age-related causes (P <0.01), digestive system 
diseases (P =0.01), mental and behavioral disorders (P <0.01), respiratory diseases 
(P <0.01), and circulatory diseases (P <0.01). No significant differences were 
observed in the remaining ICD-10 chapters. The differences between revision types 
in the adjusted analysis were observed in causes related to infection, aging, and 
chronic disease. 
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Table 3: IPTW-Adjusted Hazard Ratios for Cause-Specific Death in PJI vs Aseptic 

Revisions 

Cause of Death Categories HR 95% CI P value N deaths 

     

Musculorskeletal diseases 3.04 1.67 – 5.56 <0.01 52 

Covid-19 2.13 1.06 – 4.3 0.03 34 

Infectious and paracitic diseases 2.13 1.48 – 3.08 <0.01 136 

Age-related 2.05 1.22 – 3.45 <0.01 64 

Medical/surgical care 

Complications 2 0.78 – 5.15 0.15 18 

Digestive system diseases 1.77 1.25 – 2.5 0.01 149 

Blood disease / immune 1.7 0.91 – 3.16 0.09 46 

Mental/behavioral 1.65 1.17 – 2.33 <0.01 157 

Respiratory system diseases 1.45 1.16 – 1.83 <0.01 368 

Genitourinary diseases 1.36 0.68 – 2.7 0.38 45 

Circulatory system diseases 1.34 1.12 – 1.61 <0.01 603 

Endocrine/metabolic/nutritional 1.27 0.82 – 1.98 0.27 96 

Cancer 1.15 0.96 – 1.36 0.12 715 

Poisonings, Fire, Self-harm 1.14 0.49 – 2.65 0.77 26 

Accidents, Falls 1.07 0.52 – 2.22 0.85 36 

Nervous system 1.04 0.69 – 1.57 0.84 134 

Unknown 0.97 0.57 – 1.65 0.90 63 

Tabel 4: Hazard ratios (HRs) with 95% confidence intervals (CIs) for cause-specific mortality were estimated 
using Cox models with stabilized IPTW, comparing PJI and aseptic revisions. Follow-up time was measured 
from revision to death or censoring. The number of deaths (N) within each category is reported for both 
groups combined. Statistically significant results are highlighted in bold. 

 
When comparing joint specific THA and TKA revision cohorts (Figures 2 and 3), 
the overall distribution of cause-of-death categories appeared comparable, with 
similar patterns observed across all causes of death. Respiratory deaths were 
notably more frequent in the TKA-PJI group vs TKA aseptic with 15% (12 to 19.6) 
vs 11.6% (9.5 to 14.0), while digestive with TKA-PJI of 6.7% (4.9 to 9.0) vs TKA-
aseptic of 4.2% (3.11 to 5.8), and endocrine-related deaths with TKA-PJI of 4.1% 
(2.8 to 6.1) vs TKA-aseptic of 3% (2.1 to 4.4) were more common in THA-PJI 
patients. Infectious causes were elevated in both, particularly in TKA-PJI compared 
to the aseptic cohort.  
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Figure 2

 

Figure 2 Distribution of causes of death categorized according to ICD-10 chapters among patients undergoing 
revision total knee arthroplasty for PJI or major aseptic failure. Only chapters containing five or more cases 
are presented. For each revision type, the relative distribution is shown, with all causes summing to 100% 
within the PJI and aseptic revision groups, respectively. Abbreviations: PJI = Periprosthetic Joint Infection; 
Aseptic = Major aseptic revision; TKA = Total Knee Arthroplasty. 
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Figure 3

 

Figure 3 Distribution of causes of death categorized according to ICD-10 chapters among patients undergoing 
revision total hip arthroplasty for PJI or major aseptic failure. Only chapters containing five or more cases 
are presented. For each revision type, the relative distribution is shown, with all causes summing to 100% 
within the PJI and aseptic revision groups, respectively. 
Abbreviations: PJI = Periprosthetic Joint Infection; Aseptic = Major aseptic revision; THA = Total Hip 
Arthroplasty. 

 
Discussion  
In this study we wanted to examine whether registered cause of death could help 
identify patterns which might explain the higher mortality following revision for 
PJI compared to aseptic failure in hip and knee arthroplasty.  
We found the distribution of registered ICD-10 causes of death to be similar 
between revision types, with cancer, circulatory, and respiratory diseases being the 
most frequent in both groups. We could not identify any distinct patterns in the 
available dataset. 
 
However, there were several causes of deaths including infectious, musculoskeletal, 
digestive, respiratory, and circulatory diseases that were more commonly reported 
in PJI revisions compared to aseptic revisions. Our findings suggest that the excess 
mortality found after PJI revisions are not due to any single cause, but rather 
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indicates an elevated risk across multiple common fatal conditions. This could 
suggest that the PJI and its treatment impose a physiological burden, reducing 
patients' resilience to conditions that might otherwise be survivable. The clinical 
implication of this is important as it gives attention to broader systemic 
vulnerability beyond the infection itself. This may warrant involving internal 
medicine and infectious disease specialists to support patient management in a 
multi-disciplinary team setting.  
 
Drain et al. [27] similarly found no single cause explaining higher mortality in septic 
revision TKA. Rather, risk appeared tied to preoperative frailty and the disease 
process itself. The septic cohort had higher preoperative morbidity and experienced 
greater increases in CCI postoperatively. Although mortality rates were significantly 
higher in the septic group at multiple time points, no specific cause of death differed 
between the cohorts, mirroring the results of our study. Bozic et al. [7] identified 
comorbidities such as heart failure, anemia, and diabetes as predictors of mortality 
after primary TKA, underscoring the impact of patient factors even if context differs 
from revision settings. However, differences in patient populations, surgical 
context, and outcome measures make direct comparisons impossible.  
 
Persson et al. [10] concluded that excess mortality following THA-PJI was largely 
attributable to comorbidities. To reduce selection bias, they compared PJI revisions 
to a broader group of non-infected revisions. However, the Swedish registry used, 
has a sensitivity of 67% for identifying PJI revisions when microbiological 
confirmation was not applied [28], and their comparator group was heterogeneous, 
potentially underestimating the mortality risk. In our study, we addressed these 
limitations by using microbiologically confirmed infections and by restricting the 
comparator group to surgically similar aseptic revisions.  
Despite methodological differences, our findings align with previous estimates and 
support the notion that excess mortality after PJI revision reflects broader systemic 
vulnerability, not fully accounted for by comorbidity as measured by the Charlson 
Comorbidity Index. 
 
Potential Limitations 
The study has several potential limitations, in particular the data quality from DAR. 
The 
quality of the data on causes of death relies mainly upon the correctness of the 
physicians’ notification [13]. The risk of misclassification in DAR is not negligible, 
as hospital deaths are often certified by junior doctors who may lack full insight into 
the clinical course. Furthermore, death certification may occur outside orthopedic 
settings, where the revision procedure is unlikely to be a primary consideration. 
However, his misclassification is likely non-differential between PJI and aseptic 
groups, which would bias the results toward the null and potentially underestimate 
true differences in cause-specific mortality. Definitive determination of cause of 
death would require autopsy reports, which are rarely available due to declining 
autopsy rates. 
 
We used weight instead of BMI due to substantial missing height data, which was 
unevenly distributed between hip and knee revisions. While BMI is more commonly 
used, weight remains a relevant predictor in arthroplasty [29] but was still missing 
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for 44% in the aseptic group and 57% in the PJI group. The average weight was 
however without any clinically relevant difference. This may limit comparability 
with studies using BMI and introduces potential for residual confounding. 
 
Although adjustments with the propensity model IPTW have been made for 
variables available in the cohort, residual confounding cannot be excluded, hence a 
potential impact could exist. Furthermore, restricting the analysis to the first 
revision each patient underwent ensured one observation per individual, but may 
have excluded subsequent revisions, which are potentially associated with higher 
mortality. As a result, the overall mortality risk may have been underestimated. 
 
Selection bias is a potential limitation when comparing outcomes between PJI and 
aseptic revision patients. Patients selected for revision due to PJI may differ 
systematically from those undergoing aseptic revisions in various ways, not fully 
captured by recorded comorbidities or demographics. Patients experiencing PJI 
leaves the surgeon no choice but to revise, unless they are unfit for surgery, which 
in turn would increase bias. However, surgeons may be more likely to offer aseptic 
revisions to fitter patients than those needing treatment in the PJI group. These 
selection mechanisms could bias estimates of excess mortality in either direction, 
depending on the clinical setting and healthcare practice.  
 
Strengths 
A major strength of this study is the size and composition of the cohort. It is a 
nationwide cohort based on prospectively collected data from all institutions 
performing PJI revisions in Denmark, with microbiological verification of infection 
and a surgically comparable aseptic revision group with proven differences in 
mortality [1, 2]. The use of high-quality national registries ensures complete follow-
up and accurate linkage across data sources, with virtually no loss to follow-up. 
 
External Validity 
The study was conducted within a Danish healthcare setting, which may differ from 
non-Scandinavian countries in terms of population health, access to care, and 
postoperative rehabilitation practices. As the Danish universal healthcare system 
provides free and equal access to diagnostics, treatment, and surgery, this may 
strengthen the internal validity of the findings. However, the external validity may 
be limited in settings with different healthcare systems or resource constraints. 
 
Ethical considerations 
This study was conducted in accordance with the ethical principles outlined in the 
Declaration of Helsinki. Approval was obtained from the relevant institutional 
review boards. Patient confidentiality and data security were rigorously maintained 
throughout the study, and all analyses adhered to applicable data protection 
regulations. The study is registered with the appropriate regional authority with 
case-id: 1-16-02-160-22. This research did not receive any specific grant from 
funding agencies in the public, commercial or not-for-profit sectors. 
 
Conclusion 
This nationwide cohort study found that the excess mortality following PJI revision 
appears multifactorial and not attributable to a single reported cause of death. 
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While infectious causes were more frequent in the PJI revision group, no single 
cause of death accounted for the excess mortality between PJI and aseptic revisions. 
These findings suggest that the elevated mortality following PJI revision is likely 
multifactorial, reflecting a broader systemic vulnerability rather than a single 
pathophysiological mechanism or merely the presence of preexisting comorbidities. 
The results highlight the need for targeted perioperative strategies and long-term 
follow-up in this high-risk patient population. 
 
Declaration of generative AI and AI-assisted technologies in the writing 
process 

During the preparation of this work the authors used ChatGPT to enhance language 
and improve clarity. After using this tool/service, the authors reviewed and edited 
the content as needed and take full responsibility for the content of the publication. 
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HAIBA codes 
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HAIBA codes used to define cases in the HAIBA dataset  
 
The following has been translated to English from Danish from the HAIBA 
webpage: 
https://miba.ssi.dk/overvaagningssystemer/haiba/casedefinitioner/knaealloplastik 
 
“The algorithm in HAIBA is based on procedure and diagnosis codes from the 
Danish National Patient Registry (LPR) and microbiological test results from 
the Danish Microbiology Database (MiBa). Primary knee arthroplasty (the 
index procedure, see procedure codes below) is classified as acute or planned 
using diagnosis codes. 
The patient is monitored for infections from 2 to 90 days after the index 
procedure and up to 365 days. Patients with bilateral index procedures are 
followed in two parallel follow-up periods. An infection is recorded if a 
relevant reoperation is registered and at least three compartment biopsy 
cultures have been taken, of which at least two are positive for the same 
microorganism.”  

 
 

TKA  

Source: 
https://miba.ssi.dk/overvaagningssystemer/haiba/casedefinitioner/knaeallo
plastik 

 
Index operation – Primary insertion of knee prosthesis (LPR/NOMESCO 
codes) 

• KNGB01 – Primary insertion of medial uncemented partial knee prosthesis 
• KNGB11 – Primary insertion of medial cemented knee prosthesis 
• KNGB02 – Primary insertion of lateral uncemented partial knee prosthesis 
• KNGB12 – Primary insertion of lateral cemented knee prosthesis 
• KNGB03 – Primary insertion of patellofemoral partial knee prosthesis 
• KNGB13 – Primary insertion of patellofemoral cemented knee prosthesis 
• KNGB20 – Primary insertion of uncemented total knee prosthesis 
• KNGB30 – Primary insertion of hybrid total knee prosthesis 
• KNGB40 – Primary insertion of cemented total knee prosthesis 
 

 
Diagnosis code for acute index operation 

• DS8* (ICD-10) – “Lesions of the knee and lower leg,” used to classify index 
operations as acute (versus planned) 

 

 
Re-operation (relevant) – Procedure codes (LPR/NOMESCO) 

• KNGA02A – Open exploration of soft tissues in knee 
• KNGA12 – Open exploration of knee joint 
• KNGA22A – Open soft tissue biopsy of knee 
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• KNGA22C – Open biopsy of soft tissue in knee (alternative) 
• KNGC20, KNGC21, KNGC22, KNGC23, KNGC29 – Secondary insertion of 

uncemented knee prosthesis (various components) 
• KNGC30, KNGC31, KNGC32, KNGC33, KNGC39 – Secondary insertion of 

hybrid knee prosthesis (various components) 
• KNGC40, KNGC41, KNGC42, KNGC43, KNGC49 – Secondary insertion of 

cemented knee prosthesis (various components) 
• KNGC59 – Secondary insertion of interposition prosthesis in knee joint 
• KNGC99 – Other secondary prosthetic knee replacement (unspecified) 
• KNGF02 – Open total synovectomy of knee 
• KNGF12 – Open partial synovectomy of knee joint 
• KNGG09 – Excision arthroplasty of knee 
• KNGG19 – Interposition arthroplasty of knee 
• KNGG29 – Other arthroplasty without prosthetic replacement 
• KNGG49 – Fusion of knee joint with internal fixation 
• KNGG59 – Fusion of knee with external fixation 
• KNGH32 – Open release of adhesions in knee joint 
• KNGH92 – Other open operation on knee joint 
• KNGK29 – Fenestration or bone drilling of knee or lower leg 
• KNGM79 – Bone transport operation in knee or lower leg 
• KNGQ09 – Knee joint exarticulation 
• KNGQ99 – Other amputation or related operation on knee or lower leg 
• KNGS19 – Incision and debridement for infection of knee joint 
• KNGS29 – Incision and debridement of infection of bone in knee or lower leg 
• KNGS49 – Incision/debridement for infection of knee with therapeutic agent 

introduction 
• KNGS59 – Incision/debridement of bone infection with therapeutic agent 
• KNGS99 – Other infection-related surgery on tendon, joint, or bone in 

knee/lower leg 
• KNGU10, KNGU11, KNGU12, KNGU19 – Removal of parts of total prosthesis 

(all components, medial, lateral, unspecified) 
• KNGU99 – Removal of other implant from knee or lower leg 
• KNGW59 – Re-operation for superficial infection in knee/lower leg 
• KNGW69 – Re-operation for deep infection in knee/lower leg 
• KNGW89 – Re-operation for deep hemorrhage in knee/lower leg surgery 
• KNGW99 – Other re-operation in knee/lower leg surgery  
 

 
Material codes (MDS) for Kamme biopsies 

• 40000 – Tissue 
• 40010 – Biopsy 
• 40030 – Bone tissue 
• 40035 – Package of Kamme biopsies 
• 40065 – Joint capsule tissue 
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THA  

Source:  
https://miba.ssi.dk/overvaagningssystemer/haiba/casedefinitioner/hofteallo
plastik 

  
Index operation – Primary insertion of hip prosthesis (LPR codes) 

• KNFB20 – Primary insertion of uncemented total hip prosthesis 
• KNFB30 – Primary insertion of hybrid total hip prosthesis 
• KNFB40 – Primary insertion of cemented total hip prosthesis 
 

 
 
Diagnosis code for acute index operation 

• DS7* (ICD-10) – Injuries of hip and thigh (used to distinguish acute from 
planned surgery) 

 

 
Relevant re-operation – procedure codes (LPR) 

• KNFA02A – Open exploration in hip soft tissues 
• KNFA12 – Open exploration of hip joint 
• KNFA22A – Open joint biopsy of hip 
• KNFA22C – Open soft tissue biopsy of hip 
• KNFC20, KNFC21, KNFC22, KNFC23, KNFC29 – Secondary insertion of 

uncemented total hip prosthesis (various types) 
• KNFC30, KNFC31, KNFC32, KNFC33, KNFC39 – Secondary insertion of hybrid 

total hip prosthesis (various types) 
• KNFC40, KNFC41, KNFC42, KNFC43, KNFC49 – Secondary insertion of 

cemented total hip prosthesis (various types) 
• KNFC59 – Secondary insertion of interposed hip prosthesis 
• KNFC99 – Secondary insertion of hip prosthesis, unspecified 
• KNFF02 – Open total synovectomy of hip joint 
• KNFF12 – Open partial synovectomy of hip joint 
• KNFG09, KNFG19, KNFG29, KNFG49, KNFG59 – Various arthroplastic 

procedures of the hip joint 
• KNFH32 – Open release of adhesions in hip joint 
• KNFH92 – Other open hip joint surgery 
• KNFK29 – Fenestration or infiltration of femur 
• KNFM79 – Excision of bursa in hip/thigh 
• KNFQ09, KNFQ99 – Hip disarticulation or other amputation procedures in 

hip/thigh 
• KNFS19, KNFS29, KNFS49, KNFS59, KNFS99 – Incision and revision for 

infection in hip joint, femur, or surrounding tissues 
• KNFU10, KNFU11, KNFU12, KNFU19, KNFU99 – Removal of hip joint 

prosthesis/implant or femur implant 
• KNFW59, KNFW69, KNFW89, KNFW99 – Re-operation for superficial or deep 

infection, postoperative bleeding, or other re-operations in hip/thigh 
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Material codes (MDS) for culture biopsies 
• 40000 – Tissue 
• 40010 – Biopsy 
• 40030 – Bone tissue 
• 40035 – Package of culture biopsies 
• 40065 – Joint capsule tissue 

 


