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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 9o 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 resumeé
Baggrund

Periprostetisk led infektion (PJI) er en alvorlig og potentielt livstruende komplikation efter
total hofte- og knaealloplastik. Tidligere studier har vist oget mortalitetsrisiko ved PJI, men
mange storre undersggelser har metodologiske begransninger, herunder manglende
mikrobiologisk bekraftelse, uensartede definitioner af PJI og utilstraekkeligt
sammenlignelige kontrolgrupper. Derudover findes der begreensede data om den specifikke
dodsarsag efter PJI, og hvordan dette sammenlignes med udfald efter aseptiske
revisionsoperationer. Formalet med denne afhandling var at adressere disse videnshuller
ved at anvende mikrobiologisk verificerede, landsdaekkende registerdata til at undersage
mortalitet og dedsarsager efter PJI-revisioner sammenlignet med sterre aseptiske
revisioner i bade total hofte- og knzalloplastik.

Metode

Denne afhandling omfatter tre landsdeekkende, retrospektive kohortestudier baseret pa
koblede data fra danske nationale registre (herunder Knae- og Hoftealloplastikregistrene,
Landspatientregisteret, Dgdsarsagsregisteret og den nationale mikrobiologidatabase
HAIBA). Patienter, der fik foretaget deres forste revisionsoperation efter primaer total knee-
eller hoftealloplastik mellem 2010 og 2020, blev inkluderet, med opfelgning frem til 2023
(studie 1 og 2) og 2024 (studie 3). PJI blev defineret ved mikrobiologisk bekraftelse, og
kultur-negative PJI-tilflde blev inkluderet baseret pa kirurgens diagnoseangivelse.
Sterre 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 primaere udfald var total mortalitet
i studierne 1 og 2 og arsagsspecifik mortalitet i studie 3. Kaplan—Meier- og Cox proportional
hazards-modeller blev anvendt til at estimere overlevelse og hazard ratioer. Data om
dodsarsager blev analyseret beskrivende og sammenlignet mellem grupperne (PJI vs.
aseptiske revisioner).

Resultater

Studie 1 (TKA-revisioner): Revision for PJI efter total knaealloplastik var forbundet med
48% hgjere justeret mortalitetsrisiko end steorre aseptiske revisioner (HR: 1,48; 95% CI:
1,26—1,74; p < 0,001). Den justerede mortalitet efter 1, 5 og 10 ar 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% hgjere justeret mortalitetsrisiko end sterre aseptiske revisioner (HR: 1,33; 95% CI:
1,20-1,48; p < 0,001). Den justerede mortalitet efter 1, 5 og 10 ar var hhv. 6,6% (CI: 5,3—
7,9), 19,4% (CI: 17,3—21,5) 0g 43,9% (CIL: 40,5—47,1). En markant stigning i mortalitet blev
set inden for de forste 9o dage postoperativt.

Studie 3 (Arsagsspecifik mortalitet): Ingen enkelt dedsirsag forklarede den ogede
mortalitet hos PJI-patienterne. Infektionsrelaterede dedsfald var hyppigere i PJI-gruppen,
men menstret tydede pa en bredere systemisk sarbarhed frem for én enkelt patofysiologisk
mekanisme. Resultaterne indikerer, at PJI kan forveerre ellers handterbare kroniske
sygdomme som hjerte-kar-, lunge- eller mave-tarmsygdomme.



Konklusion

PJI efter knae- og hoftealloplastiker forbundet med signifikant oget mortalitet sammenlignet
med aseptiske revisioner — ogsa efter justering for centrale confoundere. Den ogede
mortalitet synes multifaktoriel og afspejler sandsynligvis bade underliggende sarbarhed og
den systemiske pavirkning af infektionen, hvilket understreger behovet for
helhedsorienteret, tvaerfaglig behandling.
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Introduction

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.



Introduction




Background

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.



Background

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 THASs 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].



Background

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.

MSIS IDSA ICM/MSIS 2" ICM EBJIS

2011 2012

2 Major 1/5 Criteria | 2 Major Criteria 2 Major Criteria 1/6 Confirmatory Criteria
Criteria
Sinus Tract Sinus Tract Sinus Tract Sinus Tract Sinus Tract
Microbiology Purulence Microbiology Microbiology Synavial WCC >3000 (PMN% >80%)
2 Cultures Histology 2 Cultures 2 Cultures Alpha-defensin
Microbiology Microbiology 2 Cultures
2 Cultures Sonication >50CFU/ml
1 Virulent Histology
4/6 Minor 3/5 Minor Criteria 10 Minor Criteria Suggestive Criteria
Criteria (Acute vs Chronic) Weighted Score 26 = PJI “Infection Likely"
CRP & ESR CRP & ESR CRP, D-dimer & ESR Early Loosening <5 years
Synovial WCC Synovial WCC or LE Synovial WCC, PMN% & CRP Poor wound healing
Synovial PMN% Synovial PMN% Alpha-defensin Fever
Purulence 1 Culture Histology Purulence
1 Culture Histology Purulence Synovial WCC >1500 (PMN% >65%)
Histology Microbiology 1 Culture Microbiology 1 Culture

Nuclear Imaging

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, 10t 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]Jmust 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 | To estimate mortality | To describe and compare the

associated with PJI in | associated with PJI in | causes of death following
TKA and compare it to | THA and compare it to | revision for PJIversus major
mortality following major | mortality following major | aseptic revision in THA and
aseptic revision. aseptic revision. TKA patients. Secondly, to
describe differences in the
cause of death between
deceased TKA and THA
patients.

Material and methods
Setting All Danish TKA PJTand | All Danish THA PJTand | All Danish TKA+THA PJI

TKA major aseptic THA major aseptic and TKA+THA major
revisions from 2010- revisions from 2010- aseptic revisions from
2020, follow-up until 2020, follow-up until 2010-2020, follow-up until
April 2024 April 2024 April 2025
Design Register-based, Register-based, Register-based, nationwide,
nationwide, nested nationwide, nested nested cohort study
cohort study cohort study
Data DKR + HAIBA + DNPR + | DHR + HAIBA + DNPR + | DKR + DHR + HAIBA +
Sources CRS CRS CRS + DNPR + DAR
Cohort PJI cohort: revisions w/ | PJI cohort: revisions w/ | Combined populations from
2 or more positive 2 or more positive studies 1 and 2.
Kamma biopsies, or Kamma biopsies, or
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surgeon report PJI to surgeon report PJI to
DKR. Aseptic: All DHR. Aseptic: All
revisions w/ exchange of | revisions w/ exchange of
metal components and metal components and
<2 growths from Kamma | <2 growths from Kamma
biopsies. biopsies.
Follow-up | From 4 months to 14,3 | From 4 months to 14,3 | From 1.4 years to 15,2 years
years years
Outcome | Mortality within the | Mortality ~ within  the | Underlying cause of death in
entire follow-up period, | entire follow-up period, | patients undergoing PJI or
at one, five, and 10 years | at one, five, and 10 years | major aseptic revision
Statistical | Means, counts, and Means, counts, and means, counts, and
analyses percentages with percentages with percentages with standard
standard deviation. standard deviation. deviation. Stabilized IPTW
Mortality rates as deaths | Mortality rates as deaths | weights were estimated
per 1,000 patient-years. | per 1,000 patient-years. | using propensity score
Kaplan-Meier method Kaplan-Meier method logistic regression and
for survival analyses, and | for survival analyses, and | applied in Cox proportional
Stabilized IPTW weights | Stabilized IPTW weights | hazards regression
were estimated using were estimated using
propensity score logistic | propensity score logistic
regression and applied in | regression and applied in
Cox proportional hazards | Cox proportional hazards
regression for adjusted regression for adjusted
analyses. analyses.
Stratified PJI vs aseptic within 90 | Combined TKA + THA and
analyses days. 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.

18



Methods and materials

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 e Age at revision
& e Gender
DHR e Weight
DNPR e CClin 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 e Marital status at the time of revision: single (singles and widows),
cohabiting (registered partnership and married), never married
(none of the above)

e 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 Al (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 Al; 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
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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
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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 9o 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, 9o-day mortality.
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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.
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Cancer
Circulatory system diseases
Respiratory system diseases
Mental/behavioral
Digestive system diseases
Infectious and paracitic diseases
Nervous system
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Age-related
Unknown
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Blood disease / immune
Genitourinary diseases
Covid-19
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Cause of death

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

complications 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% Cl 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.[77], 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.
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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 RO0O—R99-
coded deaths, whereas only 3.5% of Danish Roo—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.
¥ b
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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
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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 9o
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 9o
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.
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Future perspectives

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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Background: Periprosthetic joint infection (PJI) following total knee arthroplasty (TEA) is a serious
complication with potential implications for patient mortality. We assessed mortality associated with
FJl revisions compared to major aseptic revisions using a microbiologically verified, population-based,
natiomwide cohort.
Methods: We used data from the Danish Knee Arthroplasty Register and the Danish Microbiology
Database. We included patients who underwent PJI revisions between January 1, 2010, and November 9,
2023, and compared them with patients undergoing major aseptic revisions in the same period. The
follow-up period was until April 4, 2024. Mortality was calculated using the Kaplan-Meier method. The
inverse probability of treatment weighting method was utilized to calculate adjusted hazard ratios with
95% confidence intervals (Cls) comparing PjI and aseptic revisions in terms of mortality. Confounders
included in the weighting were age, sex, weight, Charlzon Comorbidity Index, and marital status. Es-
timates were reported with 95% Cls. We identified 916 PJI revisions and 4,129 major aseptic revisions
following primary TKA. The mean follow-up time was 7.0 years for Pl revisions and 7.3 years for aseptic
revisions. Patients undergoing PJI revisions had a higher proportion of men, older age, greater preva-
lence of obesity, and higher comorbidity compared to those who had aseptic revisions.
Results: The Pl revisions had a crude mortality rate of 5.7 deaths per 100 person-year, and major aseptic
revisions had a crude mortality rate of 2.4 deaths per 100 person-year. The adjusted Kaplan-Meier 10-year
cumulative mortality was 36% for PJl and 24% for aseptic revisions. Cox proportional hazards analysis
demonstrated an adjusted hazard ratio of 1.48 (Cl: 1.26 to 1.74, P < 0.001), for Ml-associated mortality.
Conchesions: A PJI followring TEA was associated with a significantly higher mortality risk compared to
Major aseptic revisions.
i 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the OC BY license
(http:/{creativecommons.org/licensesby/4.0/ ).

Periprosthetic joint infection (PJI) is a serious complicaton for
patients undergoing joint arthroplasty surgery, ocourming in about 1%
of toal knee amhroplasties (TRAs) [1.2]. As the demand for joino
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arthroplasty rises, along with the increasing number of patients living
with prosthetic joints, the incidence of revisions due w PJl is also
expected 1o increase, with major implicatons for health care costs [2].

In recent years, there has been growing anention on mortality
following PJI revisions, A 2018 mera-analysis on PJl mortalicy after
knee arthroplasty revealed a notably high 5-year mortality risk of
21% 3] and also suggests thar mortality risk is higher after Pjl
revisions compared to noninfectious revisions, although the rea-
sons for this difference remain unclear 3],

D883-5403/& 1025 The Aurhor{s). Published by Elsevier Inc. This is an open access article under the COC BY license | hrop:f [ creary ecommon s ong) license s byi4.0/ )
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However. research on Pfl-related mormality faces methodo-
logical challenges, including small sample sizes [4.5), varying
comparison groups [G- 8], hererogeneous populations thar often
combine patients who have toral hip arthroplasty and TKA [5.7],
and reliance on single-instirution dara [4.5.7]. Away to address the
issue of limited cases is by urilizing national darabases. However,
these darabases often lack microbiological dara, as highlighted by
Anneberg et al. [9], who found thar the best case sensitiviry of PJI
revisions in the Danish knee arthroplasy regismy was only 64%
when microbiological dara were not included.

Since irs adoprion in Denmark in the late 1990s [10], the
standard practice of collecting five rissue samples for micro-
biological analysis during all knee and hip arthroplasty revisions
has been established as a natonal protocol. This approach is
grounded in principles initially described by Kamme and Lindberg
in 1981 [11]. The routine sampling has ensured consistent and
reliable microbiological dara, supported by its integration into the
standard rraining for borth surgeons and nurses, with adherence
monitored through national PJl initiatives [12,13). In addition, the
creation of the Danish Microbiology Darabase in 2010 has facili-
tated the aggregation of microbiological test resuls from all
Danish laboratories into 3 unined national darabase, further
enhancing the quality and accessibility of the dara [14],

This study overcomes key limitarions of prior research by
employing a natiomwide cohort with microbiologically veriflted
dara, offering a srong basis for large-scale epidemiological
imvestigation, Unlike earlier studies. it includes over a decade of
nationwide PJl revisions, ensuring broad coverage and reducing
selecrion bias, The inclusion of a surgically marched control group
involving major component revisions enhances the accuracy of
morality risk estimares associared wirth Pl

The primary purpose of this study was to estimate nationwide
PJl-related mortality in elecrive TEA parients based on the Danish
Knee Arthroplasty Register (DER) combined with microbiological
informarion, The secondary purpose was o compare mortaliy
between Pl revisions and major asepric revisions.

Methods and Marterials
Seudy Design

This register-based, nationwide. nested cohort stody urilized
routinely collecred dara from national medical darabases, The
Danish Mational Health Service provides tax-supported health care
for all 5.9 million Danish citizens, ensuring universal access o
hospitals and primary medical care. A number of well-established
Danish darabases, widely recognized for their reliability in epi-
demiologic research [15], were used, as specified in the dama
spurces, The darabases were linked via the unique 10-digit civil
registration number assigned to each individual through the Civil
Registration System (CRS) at birth [15]. The smudy cohort, there-
fore, encompasses the entire Danish population,

Dara Sources

The DKR has been systemartically collecting dara on all knee
arthroplasty procedures in Denmark since 1907 and is a resource
for monitoring quality and conducting research in knee arthro-
plasty due to irs high-quality, comprehensive, and prospecrively
collecred dara [17]. Surgeons report dara to the DKR immediately
after surgery, and the register is validared annually against the
Danish Martienal Parient Registry (DNPR) 1o ensure national cov-
erage and complereness [2]. In 2022, the DER reporred over 12,700
primary arthroplasties and more than 1100 revisions, with
a reporting completeness of 97% for primary knee arthroplasties

and 94% for revision surgeries |2]. Parients were considered a PJl
revision if they were recorded as “deep infection,” either “verified
by microbiology™ or *suspected” by the surgeon immediarely after
the revision surgery.

The Danish Microbiology Darabase has been auromarically
collecting microbiological test results from all Danish micro-
biology departments since 2010 [14). These results are linked o
parients using their unigque CPR number, The Danish Microbiology
Darabase—based dara are integrared into the national auromared
surveillance system. the Healthcare-Associared Infections Data-
base (HAIBA) [ 18], For a F]l diagnosis 1o be confirmed, a revision of
a TEA with ar least two out of 2 minimum of three idenrical bac-
rerial species must be idenriflied during the same TKA revision
surgery. Biopsies that are reported in the interval berween
24 hours before and 48 hours after the revision surgery are con-
sidered part of the same ser, Cultures are considered contaminared
if only one ourt of three samples is positive or if two out of three are
positive with different pathogens. in accordance with widely
accepied Pl definitions [19], This study exrended the inclusion of
microbiological test results beyond the HAIBA standard 1-year
pericd following primary TKA surgery, allowing patients o be
included if any infection ocourred berween the primary TEA and
the end of the study period,

Esrablished in 1968, the CRS maintains elecrronic records of the
viral starus in addition to the marital stams of the Danish popu-
lation, updared daily, which ensures accurare data on ime of death
or emigration, Morraliy dara were obrained from the CRS,
ensuring comprehensive and accurare viral stamus informarion,
and with a prevalence of disappeared persons around 0,3%, the CRS
is virrually complere [15].

The DNFR is a comprehensive health dara repository estab-
lished in 1977. It has recorded all nonpsychiarric hospital admis-
sions since irs inceprion and hospital ourparient and emergency
Visits since 1995 [20]. The DNPR contains detailed informartion on
hospital admissions, including admission and discharge dares,
primary diagnoses, surgical procedures, and up w 20 secondary
discharge diagnoses coded according o Intermational Classi-
ncarion of Diseases, 100h edition,

Cohores

This study includes patients who had their Arst revision surgery
after primary TKA for osreoarthritis, This first revision could be
due to either PJI or a major aseptic cause, Patients mmeated with
unicompartmental knee arrhroplasties were nor included, as
HAIBA only monitors TKA procedures, If a patient had more than
one TKA with subsequent revisions, only the frst revision was
included. Any subsequent revisions, including reimplantation
procedures in a two-stage exchange, were not accounted for, In
addition, for patients who have bilateral revisions, only the Arst
revision was included, and the conrralareral revision was excluded,

I Revision Cohore

The Pl revisions cohort included patients by combining data
from both the DKR and HAIBA darabases, We included patients
wha, in DKR, were recorded as first-time revision due to PJI. In the
HAIBA darabase, P]l is defined as the presence of two or more
identical bacterial species in culture samples from the same TKA
revision surgery. A PJl was considered confirmed if it was recorded
in the DKR by the surgeon and/or if positive culrures were found in
HAIBA. In cases where infection was suspecred by the revision-
performing surgeon bur no microbiological conflrmartion was
available, rhe revision was still included in the PJl cohomr as
a “culmure-negartive PJI7, The PJl cohor includes all registered PJl
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TEViSiONs, eNComMpassing one-stage, wo-scage, and Debridement,
Antibiotics, and Implant Rerention procedures. This method has
been validared as a reliable approach for identifying Fjl revisions in
Damnish registries [9].

The asepric revisions cohort includes parients who underwent
their first revision surgery, recorded as a major asepric revision in
the DKR. An aseptic revision was defined|as a revision where the
surgeon recorded no suspicion of infection in the DKR, and intra-
operative samples in HAIBA showed no positive cultures. In this
srudy, 3 major asepric revision was defined as the replacement of
meral-bone interface components for reasons unrelated o infec-
tion provided no ser of two or more positive cultures were recor-
ded in the HAIBA darabase.

Follow-Up Period

Patients were included in the PJl or asepric cohorts from the
dare of their first revision surgery, Dara collection on revisions for
microbiologically verified PJI revisions ended on MNovember O,
2023, and for DKR-registered revisions on December 31, 2020,
Viral starus was collected on April 4, 2024, ensuring a follow-up
period ranging from 4 monchs and 26 days o 14 years and 3
months.

Ourcomes and Variabies

The primary ourcome was morialiy within the entire follow-
up period. which was further evaluared ar intervals of one, 5,
and 10 years following the frst revision surgery for either PJl or
3 Major asepric cause,

To evaluare and identify porential confounders affecring the
relarionship berween exposure and ourcome, a Direcred Acyclic
Graph model was employed. As potenrial confounders, we indu-
ded data from the DER. age art revision, sex. and weight. In addi-
tion, the Charlson Comorbidity Index (CC1) was obrained from the
DNPR and calculared ar the rime of primary TKA, with scores
caregorized as low (score of 0), medium (scores of 1 1o 2], and high
(scores greater than 3). Finally, mariral starus ar the time of revi-
sion, categorized as single, cohabiting, or never married, was
sourced from the Danish (RS as well as viral stams,

Dara Analyses

Baseline characreristics of the study population were summa-
rized using means, counts, and percentages. Descriprive staristics,
which included demographic and clinical variables, provided an
overview of the two cohorts, Continuous variables were assessed
for skewness both visually and graphically using histograms and
quantile-gquantile plots to evaluare their distriburion,

The mortality rare was calculated as the number of dearhs in
each cohort divided by the rotal time ar risk, expressed as dearhs
per 1.000 parient-years.

Crude maorrality risk was assessed by the Kaplan-Meier
method, dividing the number of deaths by the number of re-
visions in each group, reflecting the proportion of deaths among
the revisions performed,

The adjusted Kaplan-Meier analysis included weighting
measured confounders using the Inverse Probability of Trearment
Weighting (IPTW ) method [21]. The IPTW was applied to balance
measured confounding facors and derived from propensity
scores, which were compured using logistic regression as pre-
dicted probability of undergoing PJl revision or asepric revision as
a funcrion of the confounders described previously, Weights were
srabilized by calculating the marginal probability of rearment
assignment, To assess the balance of confounders in the wo

comparison cohores, we used standardized mean differences with
the aim of achieving a standardized mean difference of less than
0.1 for all confounders,

Using the IPTW-adjusted dara, we calculated adjusted hazard
rarios (HRs ) with the Cox proportional hazards regression model to
assess the impact of confounders on moraliy risk. In addition, we
evaluared the impact of sex on momnality using the Cox propor-
rional hazards method, adjusted with IPTW. Assumprions for
normality and other staristical analyses were assessed, and no
violarions were identifed.

For the stanstical analyses, we used R (version 4.02; R Foun-
darion for Staristical Computing, Vienna, Ausiria).

The study is written according o the Reporting of Srudies Con-
ducred Using Observational Routinely-Collected Dara guidelines.

All estimares are presented with 95% confidence intervals [Cls)
unless stared otherwise.

Ethical Consideraions

This sudy was conducred in accordance with the erthical
principles outlined in the Declararion of Helsinki, Approval was
obrained from the relevant instirutional review boards. Parient
confidentiality and dara security were rigorously mainrained
throughour the study, and all analyses adhered to applicable dara
protection regulations. The smudy is registered with the appro-
priare regional authority with case [D 1-16-02-160-22.

Seudy Populiacion

We idenrifted 916 partients in the PJI cohort, of which 882 were
culture-positive TKA Pl revisions, and a further 34 were registered
by surgeons as due o FJl, bur proved to be culture negarive, The
916 PJI revisions had a mean follow-up period of 7,0 years (5D =
3.6). In the major aseptic revisions cohorr, we identiflied 4.129
parients, The mean follow-up time was 7.3 years, The overall
follow-up time from the dare of revision until death or end of
follow-up was 7.2 years (range. 7.2 to 7.3). Of the 5,045 revisions,
18 individuals were lost o follow-up because of emigrarion; four
of these were in the PJI cohorr.

When resting the balance of confounders in the rwo compari-
son cohorts, we did not find any variables o be unbalanced, with

Table 1
Sty Demographics.

Variable Major Asepric PETiprosThetic P
Revisions, Joint Infection,  Walue
mE) nix)

N 4,129 916

53 = men 1.686 (41) 408 (54) <0001

Follow-up, years, mean (SD) 7.3 (3.3) 7.0 (36) 0047

Weight in kg, mean (5D) B8 (193} 92 (215) <0001

Weight unknown, n 50 n7

Age il years at revision, 65 (10.3) BB(11.1) <0001

mean (50
Age caregares <0001
(10, 60) 1.150(27.9) 170 (185)
(60, 70 1.335 (32.3) 271 (295)
(70, B 1.306 (315} 332 (362)
(80, 100) 338 (B2) 143 [ 155)
Mariral stams <0001
Cahabiting 1,767 (42.8) 431 (47.1)
Never married 1663 (40.3) 2B8 (314)
singke (99 [169) 187 (215)
Charlson Comorbidity Index <0001
High (50078 34 ) 201 [4.9) 104 (11.4)
Medium [score | 1o ) 583 (23.8) 289 (315)
Low [score O) 1945 (713) 523 (57.1)
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Table 2 martality rare of 5.7 dearhs per 100 person-years (95% 0: 5.1 o
Distraburion of Cases Cver the Study Period. 6.3). In conrrast, among parients who underwent major asepric
Year o 1 2 3 4 5 [3 7 revisions, there were 719 dearhs over 30,080 person-years of
ML n P 7 74 101 o a1 al follow-up, leading rcu.a crude mortality rate of 2.4 dearhs per 100
Msepcn S8 78 T 360 382 465 397 422 person-years (95% (0 2.1 o 2.6).
Year 3 ] 10 11 12 13 14 Toual . o
Crude Cumulacive Morealicy Risk
L n 78 74 53 47 EL] s 13 alG

ASEPUEC, I 343 ax2 325 188 139 120 44 4,129

The able sows e mumiber of Ca5es a1 each Tollow-up Year, indicaring when pa-
reents were either censored of had died during the study penod.

a mean standardized difference of more than 10% comparing un-
adjusred and IPT weights, and the IFTW demonstrared sarisfactory
balance, with no major exmremes observed,

The demographic data berween the PJl cohort and the major
asepric revision cohort differed across the following variables; The
PJl cohort had a higher proportion of men, an older age distribu-
tion, a greater prevalence of extreme obesity, and a higher co-
morbidity measured with CC1 (Table 1),

The number of patients in both cohorns declined over time,
following a bell-shaped patem, with the highest atrition occur-
ring berween years 4 and 8, as shown in Table 2,

Resulis
Crude Momalicy Race

Among parients who had PJI revisions, there were 369 dearhs
over G448 person-years of follow-up, resuling in a crude

Kapkan-heier unadjusied

Group

0a-

Crude cumulative mortaliy risk was assessed using the
Kaplan-Meier method, which estimates the proportion of deaths
among patients undergoing revisions. The crude Kaplan-Meier
curve in Figure 1 demonsrates thar parients who have PJl face
markedly worse long-term survival,

Adjuseed Cumulacive Morealicy Risk

Kaplan-Meier estimares of cumulative mortality risk, adjusred
for confounding using IPTW, were calculared for patients under-
going Pl revisions and those undergoing asepiic revisions, The 1-
year adjusted cumularive mormality was 3,0% (Cl; 1.9 o 4.0), 5 years
was 14% (C1; 11.6 o 16,3), and 10 years was 36% (314 to 40.2) for
the PJl cohort and the asepric cohorrwas for same time poines 1.6%
(C1: 11 vo 2)0), 92% (1 81 to 10.2), and 24.4% (Cl; 22.5 o 26.3),
respectively. The adjusted Kaplan-Meier survival curves are dem-
onstrared in Figure 2,

Figures 1 and 2 show cumulative morality over the full follow-
up period for patients undergoing TKA PJI revisions compared 1o
TKA major asepruic revisions. The PJl group demonsrates con-
sistently higher cumulative mortality throughout the follow-up.
with the curves separating early and increasing a major gap over
Lime,

Plajar asplic rawidone =t PUI revisons
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Figure 1. Unadjosted Kaplan-Meier survival curve comparing long-term survival following peTiprasthetic joint infection (1) revisions and major 2sepic revisions. The risk @hie
belmw the plot indicares the number af patients ar risk ar 0, 5, and 10 years of follow-0p, SCCOUNGNG 10T CENSONNG OVer tme.
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Figure 2. IPTW-adjusted Kaplan-Meier survival curve comparing long-term survival following periprosthetic joint infection (P]T) revisions and major asepric revisians. The risk
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weighting.

Morrdlicy Risk

Utilizing rime-to-event analysis in the Cox proportional haz-
ards model, we found the crude HR for morality was 2,37 (95% ClI:
21 w27, P< 0,001)for patients undergoing PJl revision compared
with parients undergoing aseptic revision. When adjusting for
confounders using the IFTW, the adjusted HR decreased wo 1.48
(05% Cl: 126 o 1.74, P< 0,001}

Discussion

The crude momality rares in our study highlight a concerning
difference berween the PJl and asepric cohors, with a rare of 5.7
deaths per 100 person-years in the Pl group, compared o 2.4
dearhs per 100 person-years in the asepric group. Our study shows
thar crude cumularive momality is significantly higher in the ]l
cohort compared o major asepric revisions, despite both being
comparable surgical inrervenrions, Afrer adjusting for con-
founders. the PJl cohom consistently demonsrated worse out-
comes ar all ime points from one to 10 years, with a 48% higher
mortaliy risk in the PJl group. suggesting that infection had
3 genuing impact on morcality.

Our study. focusing on microbiologically verined Pl and major
aseptic revisions, found a 1-year adjusted cumularive mortality of
3% for Pl and 1.6% for major asepric revisions. At 5 years, the cu-
mularive mortality was 14% for PJl and 9% for major asepric re-
visions. Zmistowski et al. [7] included both hip and knee Fjl
revisions a decade (2000 o 2010) before the current study and

reported a 1-year momnality of 11% for all-cause PJl revisions and 2%
for all-cause aseptic revisions, with a 5-year mortality of 26% for FJI
and 13% for aseptic revisions, In contrast, Lum er al. [3), in a large
meta-analysis with studies from 2000 o 2017, only including 2-
stage revisions, found a 1-year momality of 4% and a 5-year mor-
rality of 22% for rotal knee PJL Lum et al. indicared a significantly
increased risk of death afrer rotal knee PJI, with an odds ratio of 3.0
[95% CI; 2.7 w 3.4) compared to narional age-adjusted mortaliny, A
possible explanarion for the differences could be thar patients
undergoing rwo-stage revisions, as included in Lum er al's meta-
analysis, represent a distinct subgroup with more severe or
chronic infections or higher comorbidity burdens compared to the
broader range of PJl patients included in our naticnwide cohort,

The current study”s lower momality rares and the adjusted HR
of 148 comparing PJl and major aseptic revisions suggest meth-
odological differences and wariations in study populations may
explain the discrepancies. Unlike Zmistowski et al, we compared
PJI revisions in only knees to a surgically similar cohort of only
major asepric revisions, and unlike Lum er al_, we included all FJI
revisions and did nor compare against narional age-adjusred
miorality.

Our nndings are consistent with those of Fischbacherer al. [22].
who reported a 1-year cumulative mortality risk of 5% and a 2-year
rare of 7% in a Swiss cohorr. Fischbacher er al. also found higher
moriality rates in men compared o women, consistent with some
internarional studies [23). Interestingly, in the current study's FJI
cohor, there was a rend suggesting a higher risk of death for men
compared 1o women, bur it was not significant, In the asepric
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revision group, we observed a modest, bur significant increase in
morality associared with men. The porential discrepancy
regarding sex may be due to delayed health care—seeking behav-
ior, lower adherence to postoperarive care, and lifestyle factors
such as higher rates of smoking and alcohol use, all of which can
negarively impact recovery. However, this discrepancy is still
debared and remains unclear,

The differences observed berween the cohoms in terms of de-
mographics, including sex, weight. age, marital starus, and CCI,
could suggest thar the PJl cohomt may be frailer or predisposed o
infection, To address these differences, we applied IFTW o balance
baseline characreristics and reduce confounding by measured
variables. This weighting included comorbidirties in the form of the
{1 score, However, residual confounding from unmeasured fac-
tors, such as frailty, remains a limitarion, These unmeasured fac-
tors could influence recovery and moraliy. irrespective of
whether the surgery was for infecrion or another cause,

Serengrhs

We chose to compare Pl revisions [o major asepric revisions o
ensure a more clinically relevant comparison, rather than includ-
ing all asepric revisions as previous studies have done, Major
asepric revisions, which invelve the replacement of meral-bone
interfaced components, are more comparable to PJI revisions in
terms of surgical rrauma and postoperarive management, In con-
trast, smaller revisions, such as the exchange of a polyethylene
liner or the reatment of superficial wound infections, involve
much less surgical complexity and a shorer, less intensive rear-
ment protecol, By focusing on major aseptic revisions, we ensured
4 more accurate assessment of the impact of exiensive revision
surgeries, both in rerms of parient outcomes and the risk of
moraliry.

The inclusion of microbiological dara markedly enhances the
quality and precision of this study by providing a2 more accurare
diagnosis of PJl. As demonsirared by Anneberg er al, [9] incorpo-
rating microbiological dara reduces misclassification and improves
diagnosric cerainty compared to relying solely on clinical or sur-
gical repors,

Porencial Limicarions

It is imporant to acknowledge thar, despite the thorough se-
lection criteria, there remains a possibility of including culrure-
negarive, bur true PJls thar were registered by surgecns in the
DKR as aseprtic. This could potentially influence the results of our
study by misclassifying some cases in the aseptic cohort In addi-
tion, 34 patients in the FJl cohort were classifled as having either
“suspected” or “conirmed” infections by the performing surgeon,
despire lacking positive cultures from the revision (e.g.. patients
who have positive prerevision joint aspiration cultures or inta-
operative pus during the revision). These culture-negative Pjls,
defined based on clinical suspicion in the absence of micro-
biological confirmartion, may inroduce addirional uncertainey.
Even with microbiological confirmarion, there is a possibility that
some true Pjls were not derecred, particularly in cases where prior
antibiotics or biofilm formarion interfered with culure resules,
This could have influenced the results by leading us 1o underes-
timare the mortality risk,

While our approach of including only the first revision for each
patient ensured consistency in cohor defimition, it may have
introduced some bias, By excluding subsequent revisions, we
porentially underestimared the burden of recurrent PJI, as parients
who had multiple revision surgeries for failed PJI treatment were
only represented by their initial revision. However, it is imporant

o note thar the rime spent ar risk for each patient remained the
same, as we considered the first revision as the starting point for
follow-up, regardless of any later revisions,

Perspectives

This smudy was conducted in a Danish popularion. which may
differ from internarional cehorts in terms of overall health, health
care access, and rehabilitation pracrices. W hile revision volumes in
Denmark are comparable to other counrries, the 5-year TKA revi-
sion rate in 2022 was 3.9% in Denmark [2], closely aligning with
the 3.3% reporred in Canada [24]. A recent sysremaric review and
meta-analysis compared revision rares of a single TKA system
across different counrries, with 5-year revision rares of 1.7 o 63%
[25]. However, differences in health care systems, such as umi-
versal access o rearment and care, as well as infection prevention
srraregies, may limit the generalizability of our findings w pop-
ulations in counrries with different health care systems,

Further studies are essential to better understand how various
facrors relared o PJI affect long-rerm moraliny. The impact of
rrearment protocols remains unclear, as do the influence of anti-
biotic regimens and cheir modes of administration, Both aspects
are important for parient morbidiy, momality, infection conrrol,
and the management of complications. Conducting a cause of
dearh analysis could provide valuable insights into the porential
side effecrs induced by rearments.

Conclusions

This narionwide cohort study provides imporrant insights into
martality rates following P]1 in TKA. Our findings reveal thar PJl is
associated wirth an increased mortality risk compared o major
aseptic revisions, with a crude morality rare of 4.6 per person-
year for PJI versus 1.6 deaths per person-year for asepric re-
visions, Even after adjusting for confounding facrors, the mormality
risk was G2% higher for PJI compared o major aseptic revisions.
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Background: Periprosthetic joint infection [PJI} following total hip arthroplasty (THA) is a serious
complication with potential implications for patient mortality. We evaluated mortality related to PfI
revisions compared to major aseptic revisions using a microbiclogically verified, population-based,
natiomeride cohort.
Methods: We utilized data from the Danish Hip Arthroplasty Register and the Danish Microbiology
Database. We included patients who undensent PJI revisions between January 1, 2010, and Movember 3,
2023, and compared them with patients undergoing major aseptic revisions in the same period. The
follow-up period was until April 4, 2024, We caloulated mortality using Kaplan—Meier methodology. To
balance measured confounding, we used the inverse probability of treatment weighting method to
caloulate adjusted hazard ratios with 95% confidence intenvals (Cls) comparing FJl and aseptic revisions
in terms of mortality. Confounders included in the weighting were age, sex, weight, Charlson Comor-
bidity Index, and marital status. We identified 1611 PJI revisions and 2,586 major aseptic revisions
following primary THA. The mean follow-up time was 6.8 years for PJl revisions and 7.7 years for aseptic
revisions. The PJI cohort had a higher proportion of men, was slightly younger, and had a greater
prevalence of obesity and comorbidity measured with Charlson Comorbidity Index.
Results: The PJI cohort had a crude mortality rate of 5.3 deaths per 100 person-years, and the major
aseptic revision cohort had a crude mortality rate of 4.4 deaths per 100 person-years. The adjusted
Kaplan—Meier 10-years cumulative mortality was 43.9% (Cl: 405 to 47.1) for FJl and 34.9% (CI: 326 to
37.1) for aseptic revisions. Cox proportional hazards analysis revealed an adjusted hazard ratio of 133
(CI: 120 to 1.48, P < 0.001) for PJl-associated mortality.
Conclusions; A PJI follmwing THA is associated with a significantly higher mortality risk than major
aseptic revisions.
i 2025 The Authors). Published by Elsevier Inc. This is an open access article under the CC BY license
{http:/|creativecommons.orglicenses by 4.0/

Periprostheric joint infection (F]l) is among the most serious
complications following rotal hip arthroplasy (THA), markedly
affecting patient outcomes. Globally, Pl is estimared to occur in

Mo aurhor asseciated with this paper has disclosed any potential of perrinent appraximately 1 o 2% of hip arthroplasties [1.2], It profoundly
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the number of patients living with prosthetic joints increases, re-
visions due to PJl are expecred 1o grow correspondingly,

In recent years, the relarionship berween PJl revisions and
morality has received increasing arrention. A 2018 mera-analysis
examining mortality of PJl after THA reported a high 5-year mor-
tality rare of 21% and an odds ratio of 3.6 compared to the national
age-adjusted mortality risk [B], However. the true extent of mor-
tality risk associared with PJlI revisions remains a subject of
ongoing debare [9,10].

Research on momality relared w PJl presents several methodo-
logical challenges. These include small sample sizes [9,10]. differ-
ences in comparison groups, and hererogeneous study populations
thar often combine dara from parients undergoing borh THA and
total knee arthroplasty for various indicaons [10,11]. Moreover,
reliance on dara from single instirutions and inconsistent definitions
of PJl complicate large-scale epidemiological analyses [9-11], Na-
tional darabases offer one way to address these challenges, bur their
lack of microbiological informarion poses limitations. For example,
Gundroft et al. [12) reported thar the Danish Hip Arthroplasty Reg-
istry (DHR) underestimares the number of P revisions by up to 40%,

Since irs introduction in Denmark in the late 1990s | 13], routine
collection of Ave rissue samples for microbiological analysis has
been a national gold standard during all knee and hip arthroplascy
revisions. This practice is based on principles frst described by
Kamme and Lindberg in 1981 [14]. The five rissue samples are
taken from areas adjacent to the rissue-implant interface, rypically
near the cement or prosthesis in the calcar area or pseudocapsule,
as specifled by Kamme and Lindberg. The routine collection of
tissue samples has helped ensure reliable microbiological data. as
it has been a standard par of training for surgeons and nurses, and
compliance is ensured via narional PJl projects [15,16]. Addition-
ally, the establishment of the Danish Microbiclogy Darabase
(MiBa) in 2010 has allowed microbiological rest resulrs from all
Danish laborarories o be consolidated into a single national
darabase, further enhancing dara quality and accessibiliy [17].

This study addresses key limitations of earlier research by
urilizing a natiomwide cohort with microbiologically verified dara,
providing a robust foundation for large-scale epidemiological
analysis. Unlike previous studies, itincludes all PJI revisions across
Denmark ower more than a decade, ensuring comprehensive
coverage and minimizing selection bias, Additionally, the use of a
surgically marched conrrol group of major component revisions
aims o provide 2 more acourate estimare of the impact of infection
on mortality in PJ1 patients.

The primary aim of this study was o estimare nationwide mor-
tality relared w PJlin elective osteoarthritis THA patients using data
from the DHR combined with microbiological informarion, A sec-
ondary aim was 1o compare mortality berween patients undergoing
PJI revisions and those undergoing Major aSepric revisions.

Methods and Marerials
Study Design

This register-based, nationwide, nested cohort study utilized
routinely collected dara from narional medical darabases, The
Danish Martional Health Service provides tax-supporred healthcare
o all 59 million Danish citizens, ensuring universal access o
hospitals and primary medical care. A number of well-established
Danish darabases, widely recognized for their reliability in
epidemiologic research [18] were used, as specified in the dara
sources, The databases were linked via the unique 10-digit civil
registration number assigned o each individual through the Civil
Registration System (CRS) ar birth [19). The smudy cohort, there-
fore, encompasses the entire Danish population,

Dara Sources

The DHR has been systematically collecting dara on all hip
arthroplasty procedures in Denmark since 1995 [20]. The DHR is a
viral resource for monitoring quality and conducting research in
hip arthroplasty due o its high-quality, comprehensive, and pro-
spectively collected dara [21]. Surgeons report dara to the DHR
immediately after surgery, and the register is validared annually
against the Danish Mational Parient Registry (DNPR) [20] 1o ensure
the accuracy of patient registration and national coverage
completeness. In 2023, the DHR reported 14,350 primary arthro-
plasties narionwide and 1402 revisions, with a repoming
completeness of 97.7% for primary hip arthroplasries and 93% for
revision surgeries [20].

The MiBa has been auromarically collecting microbiological rest
results from all Danish microbiclogy deparmments since 2010 [17],
These resulrs are linked to parients using their unigue CPR number.
MiBa-based dara are integrared into the narional auromared surk-
veillance system. healthcare-associated infecrions  darabase
(HAIBA) [22], For a PJI diagnosis to be confirmed by microbiology.
at least two positive cultures of the same bacterial species must be
identified among 2 minimum of three collected samples during
the same THA revision surgery, Biopsies thar are reporred in the
interval berween 24 hours before and 48 hours afrer the revision
surgery are considered part of the same ser, Cultures are consid-
ered contaminared if only one our of three samples is positive or if
wo out of three are positive with different pathogens, in accor
dance with widely accepred PJI definitions [23]. This smdy
extended the inclusion of microbiclogical test results beyond the
HAIBA standard 1-year period following primary THA surgery,
allowing patients to be included if any infection occurred berween
the primary THA and the end of the study period.

Esrablished in 1968, the CRS maintains electronic records of the
vital stams in addition o the marital stams of the Danish popu-
larion, updared daily, which ensures accurare dara on time of death
or emigration, Morraliy dara were obtained from the CRS,
ensuring comprehensive and accurare vital stamus informarion
[18]. With a prevalence of disappeared persons around 0.3%, the
CRS is virrually complete [18].

The DNPR is a comprehensive health data repository estab-
lished in 1977, It has recorded all nonpsychiarric hospital admis-
sions since its inceprion and hospital ourpatient and emergency
visits since 1995 [24). The DMPR contains detailed informarion on
hospital admissions, including admission and discharge dares.
primary diagnoses, surgical procedures, and up o 20 secondary
discharge diagnoses coded according o International Classifica-
tion of Diseases, 10th edirion.

Cohores

This study includes patients who had their Arst revision surgery
after primary THA for osteoarthricis, This Arst revision could be
due to either Pl or a2 major asepric cause, Patients mreared with hip
hemiarmthroplasty were not included, as HAIBA only monitors THA
procedures, and DHR does not caprure hemiarthroplascies. If a
patient had more than one THA with subsequent revisions, only
the first revision was included.

Fji Revision Cohore

The PJI revisions cohort included partients by combining data
from borh the DHR and HAIBA darabases. We included parients,
who in DHR, were recorded as firsi-time revision due to PJl if they
were recorded as “deep infection™ by the surgeon immediately
after the revision surgery. In the HAIBA darabase, Fjl is defined as
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the presence of two or more identical bacrerial species in culrure
samples from the same DHR revision surgery.

A PJl was considered confirmed if positive culiures were found
in HAIBA or if the revision procedure in DHR was recorded as
performed due o “deep infection” by the surgeon, The larrer was
classifled as “culture-negartive PJI™ in this study,

There is currenty no standard adjunct resting for culture-negarive
Pl in Denmark, and methods such as sonicarion, next-generarion
sequencing. lareral flow rest for alpha-defensin, histoparhology, or
orher advanced rechnigues are not routinely implemented, This Pl
cohort incudes all registered PJl revisions. encompassing ane-sage.
wo-sage, and Debridement, Anribiotics, and Implant Retenrion
procedures, This method has been validared as a reliable approach for
identifying PJl revisions in Danish registries [12),

The aseptic revisions cohort includes patients who underwent
their first revision surgery recorded as a major aseptic revision in
the DHE. In this study. a major aseptic revision was defined as the
replacement of metal-bone interface components for reasons
unrelared to infection and nor periprostheric fracture, provided no
set of two or more positive cultures was recorded in the HAIBA
darabase.

Folow-Up Period

Parients were included in the PJl or aseptic cohorrs from the date
of their first revision surgery. Dam collection on revisions for
microbiologically verified PJI revisions ended on November 9, 2023,
and for DHR-registered revisions on December 31, 2020, Viral stams
was collecred on April 4, 2024, ensuring a follow-up period ranging
from 4 months and 26 days to 14 years and 3 months,

Ourcomes and Variables

The primary ourcome was mortality within the enrtire follow-
up period. which was further evaluared ar intervals of 1, 5, and
10 years following the fArst revision surgery for eicher PJl or a major
ASEPTIC CAUSE.

To evaluate and idenrify potential confounders affecting the
relationship bemween exposure and outcome, a Direcred Acyclic
Graph model was employed (Supplementary Figure). As porential
confounders, we included data from the DHR, age ar revision, sex,
and weight, Additionally, the Charlson Comorbidity Index (CCT)
was obrained from the DNPR and calculared at the rime of primary
THA, wirth scores caregorized as low (score of 0), medium ( scores of
1 1o 2), and high (scores greater than 3}, Finally. mariral starus at
the rime of revision, caregorized as single, cohabiting, or never
married, was sourced from the Danish CRS as well as vital starus.

Dara Analyses

Baseline characreristics of the study population were summa-
rized using means, counts, and percentages, Descriprive SIALSTICs,
which included demographic and clinical variables, provided an
overview of the rwo cohorrs. Continuous variables were assessed
for skewness both visually and graphically using histograms and
quantle-quanrtile plots to evaluare their distriburion,

The mortality rare was calculared as the number of deaths in
each cohort divided by the rotal rime ar risk, expressed as dearths
per 1.000 parient-years.

Crude mormality risk was assessed by the Kaplan—Meier
method, dividing the number of deaths by the number of re-
visions in each group, reflecting the proportion of deaths among
the revisions performed,

The adjusted Kaplan-Meier analysis included weighting
measured confounders using the inverse probability of rearment

weighting (IPTW) method [25]. This was applied to balance
measured confounding factors and was derived from propensity
scores, which were compured using logistic regression as pre-
dicred probability of undergoing PJI revision or aseptic revision as
a funcrion of the confounders described previously, The [PTW
merthod was preferred over multivariare regression analysis as it
helps mirtigare earment selecrion bias by creating a balanced
pseudo-population, thereby providing a more accurare estimare of
the rearment effect. Weighrs were stabilized by calculating the
marginal probability of rearment assignment. To assess the bal-
ance of confounders in the two comparison cohors, we used
standardized mean differences with rthe aim of achieving a stan-
dardized mean difference of less than 0.1 for all confounders.

Using the IPTW-adjusted dara, we caloulared adjusted hazard
ratios with the Cox proportional hazards regression model o
assess the impact of confounders on momality risk. Additionally.
we evaluared the impact of sex on momality using the Cox pro-
portional hazards method, adjusted with IPTW, Assumprtions for
normality and other statistical analyses were assessed, and no
violations were identifled.

Far the staristical analyses, we used R version 4.02 (R Foun-
darion for Staristical Compuring, Vienna, Austria).

The study is written according 1o the REpoming of Studies Con-
ducred Using Observartional Routinely-collected Dara guidelines,

All estimares are presented wirth 95% confidence intervals (Cls)
unless stared ortherwise,

Echical Considerarions

This sudy was conducred in accordance with the ethical
principles ourlined in the Declaration of Helsinki, Approval was
obtained from the relevant insticutional review boards, Patient
confdentiality and dara security were rigorously maintained
throughour the study, and all analyses adhered o applicable dara
protecrion regulations. The swudy is registered with the appro-
priare regional authority with case ID; 1-16-02-160-22,

We identiflted 1611 patients in the FJl cohort. of which 1,379
were culre-positive THA Pl revisions, and a further 232 were
registered by surgeons as due tw PJl, bur proved o be culture
negartive, The 1,611 PJl revisions had a mean follow-up period of 6.8
years (5% C1; 6.6 o 6.9). In the major asepric revisions cohort, we
wentified 2,586 parients, and the mean follow-up tme was 7.7
years (95% CI: 7,6 1o 7.9). The overall follow-up time from the dare of
revision until death or end of follow-up was 74 years (955 (0 73
7.5). OfF the 4,107 revisions, three individuals were lost to follow-up
because of emigration; rwo of these were in the PJl cohort

When resting the balance of confounders in the rwo compari-
son cohors, we did not find any variables to be unbalanced with
regard o a mean standardized difference of more than 10%
comparing unadjusted and inverse probabiliy of rrearment
weights, and the IPTW demonsirared sarisfacrory balance, with no
significant exremes observed.

The demographic dara beoween the PJI cohort and the major
aseptic revision cohort differed across the following variables: The
PJl cohort had a higher proportion of men, a slightly younger
cohort, a greater prevalence of obesity, and a slightly higher co-
marbidity measured wirth CCl (Table 1),

Resulrs
Crude Morcality Race
Among patients who had PJl revisions, there were 584 deaths

over 10,906 person-years of follow-up, resulting in a crude mor-
tality rate of 5,3 dearths per 100 person-years (058 0; 49w 5.8). In



Appendices

4 N Krizensen e al j The journal of Artroplasty xoc (2025) 1-7

Table 1
Fatienr Demagraphics.

Variable Major Aseptic  Periprostheric  P-
EEVISEIN, N (£) Josnt Imlecmicn,  Valoe
n (%)
n 2.585 1611
[
Women 1558 (602)  §11(503) <000
Men 1008 (308)  BOO(40.7)
Weight in Kilygrams—mean (SD)  B2.1 (28.4) 912 (19.5) <0.001
AP a1 primary—mean years (S0]  71.4 {95) 690 [108) <0.001
AP I revision—mean years (S0)  71.8 {95) 704 (108) <0.001
AZE CIBEOTY, YEars 1
(0. 60 306 [11.8) 250(15.5)
(60, 70) 716 (277) &77(296)
(710, 80) 1060 (413}  BOG(I75)
(B0, 100) 495 [19.1) 7172}
Marstal stars 5
Codabiting 1331 (515)  7E3(488)
Mever marmied 767 [297) 554(34.4)
single 438 [18.0) WA(17.0)
Charison Comarbidiry Index <0.00
High (score 3. 201 (7.8) 1B4{11.4)
Meedium [score | To 2} 774 (29.9) 502 {312}
Low (score 0] 1611 (623}  015(57.4)

CONITASE, AMOong parients who underwent major asepric revisions,
there were B79 dearhs over 20,011 person-years of follow-up,
leading 1o a crude mortality rare of 44 dearhs per 100 person-
years (95% Cl: 4.1 o 4.7),

Crude Cumularive Morealicy Risk

Crude cumulative mortality risk was assessed using the
Kaplan—Meier method, which estimares the proportion of dearhs
among patients undergoing revisions. The crude Kaplan—Meier
curve in Figure 1 demonsmrates that patients with Pl face signifl-
cantly worse long-rerm survival ourcomes compared  those
undergoing asepric revisions,

Adjuseed Cumularive Morealicy Risk

Kaplan—Meier estimates of cumulative momality risk, adjusted
for confounding using IFTW, were calculared for patients under-
going PJI revisions and those undergoing asepric revisions, The
adjusted Kaplan—Meier survival curves are demonstrared in
Figure 2, In the PJl group, the 1-year adjusted cumulartive mortalicy
was 6,6%(Cl; 5.3 w7.9),5years was 10.4%{: 173 w0 21.5), and the
10 years was 43.9% (Cl: 40.5 ro 47.1), and the asepric cohort was ar
the same time poines 3 3% (C: 2.5 w 4.0), 13.8% (C1; 12.4 o0 15.2),
and 34.9% (Cl: 32.6 to 37.1). respectively.

The Kaplan—Meier survival analyses illustrate the differences in
cumulative survival between PJl revisions and major asepric re-
visions. In the frst year (Figure 2), a seeep decline in survival is
observed in the FJI group, particularly during the first 3 months,
After the first year, rthe survival curves stabilize, bur remain
significantly separared, with consistently lower survival in the PJI
group, Over the full follow-up period (Figure 3), the divergence
berween the groups persises, Survival for PJl revisions shows a
steeper decline throughout, with the two groups maintaining a
significant separation,

Morality Risk

Urilizing ime to event analysis in Cox proportional hazards
maodel, we found the crude hazard racio for mortality was 129

(O5% C1; 117 o 1,43, P < 0,001} for parients undergoing PJl revision
compared with patients undergoing aseptic revision, When
adjusting for confounders wsing the IPTW, the adjusred hazard
ratio was 133 (95% C1: 120 o 148, P < 0.001),

Discussion

Our srudy showed thar PJI has a significant impact on patient
mortality following revision THA, Adjusted cumularive mormality
risks showed thar parients undergoing PJl revisions experienced
consistently higher mortality across all time points up o 10 years.
The Cox proportional hazards model further confirmed this,
demonsiraring a 33% increased mortality risk among PJI patients
compared o those who have major asepuic revisions. even after
adjusting for porential confounders such as age, sex, weighrt, CCL
and marital stams.

Our 1-year mortality risk of 6,6% for PJI revision and 2% for
asepric revision is lower o Zmistowski er al, [9], who analyzed
borh hip and knee Pl revisions from a decade earlier (2000 w
2010) and reported a 1-year momality of 11% for all-cause FJI re-
visions and 2% for all-cause asepric revisions, with 5-year mor
tality rares of 26% for PJl and 13% for asepric revisions. In contrast,
Marsuhara er al. [6] conducred a large meta-analysis of studies
from 1994 o 2017, focusing exclusively on hip PJl treated with
wo-siage revisions, They reporred a weighred 1-year momaliry of
4% and estimared a 5-year mortality of 21%, based on an average
follow-up of 3.7 years, along with a notable odds rario of 3.58 for
mortality risk following PJl compared to the general population,

The current study differs by including all revision ypes and
detining PJI cases through microbiological confirmarion, Our lower
mortality rares than Zmistowski et al, likely reflect differences in
study popularions, surgical approaches, and analytical methods,
Unlike Zmistowski et al_, we restricted our comparison o a sur-
gically similar cohort of only major aseptic revisions. In Conrast o
Marsuhara et al., we included all PJI revisions and did not compare
outcomes against nartional age-adjusted mortality. Additionally,
the higher mormality reporred by Narsuhara er al. may stem from
their focus on two-stage revisions, which likely represent a sub-
group of patients who have more severe or chronic infections or
greater comaorbidity burdens than the broader range of PJl patients
in our nationwide cohore. An analysis worth considering in furure
research.

Our nndings are consistent with those of Fischbacher er al. [26].
who reported a 1-year cumularive morality risk of 5% and a 2-year
risk of 7% in a Swiss cohort. Fischbacher et al. also found higher
moriality rares in men than women, consistent with some iner-
narional studies [27]. Interestingly, in the current study FJI cohor,
there was no increased risk of dearh for men compared o women,
bur in the asepric revision group, we chserved a modest bur sig-
niflcant decrease in mortality associared with men, The porential
discrepancy regarding sex may be due to delayed healthcare-
seeking behavior, lower adherence o postoperative care, and
lifestyle facrors such as higher rares of smoking and alcohol use, all
of which can negarively impact recovery. However. this discrep-
ancy is srill debared and remains unclear.

A comparison with Gundroft er al. [28], who repored an 8% 1-
year morality rare in microbiology-verified PJl patients following
primary THA, further supports the comparability of our findings,
Their adjusted relartive risk of 1,87 when comparing PJI patients to
asepric revisions contrasts with our adjusted hazard ratio of 1.36,
Differences in cohort selection, confounder adjustments, and
study design likely account for these variations, though the overall
findings remain consistent.
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Figure 1. Crude Kaplan—Meier survival curve. FJL, periprosthetic joint infecrion; IFTW, inverse probability meamment weighting.

Serengrhs

A main smengrh of this sdy is the decision o compare PJl
revisions exclusively with major aseptic revisions. This approach
offers a more appropriate comparison because major asepric re-
visions., involving the replacement of metal-bone interfaced
components, share similar surgical complexity and recovery de-
mands with Pl revisions. In conrrast, smaller aseptic procedures,
such as liner exchanges, are less invasive and involve shorter re-
covery periods, which could skew outcomes if included. Notably,
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while the PJl cohorm included minor sepric procedures like
Debridement, Antbiotics, and Implant Rerentions, the fndings
consistently demonstrared the significant impact of infection on
moriality ourcomes.

Additionally, the use of microbiological data o confnrm PJI
cases smengrhens the accuracy and reliability of our findings. By
verifying infections through microbiological evidence, we reduced
the risk of misclassification, which s a common challenge in
studies relying solely on clinical or surgical documentartion. This
approach improves the precision of the results and aligns with

dgaphs revisons === P revisons

2o oz o a0 a0 0

Figure 2. First year IPTW adjursted Kaplan—Meier plorof periprostheric joing infection impact on survival IFTW, inverse probability meamment weighring: PJL periproschetic jint

indecrion.
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Figure 1. IPTW adjusted Kaplan—Meier plot of periprostheric joint infection impact on lang-term survival. IPTW, inverse probability meamment weighting: PIL periprostheric joint

infierman

best pracrices in PJl research, as demonstrared by Gundroft et al,
[12].

Povencial Limicarions

Despite rigorous methodology, this study has some potential
limitations, A porential issue is the risk of misclassifying culture-
negative Plls as asepric revisions, Even with microbiological
confirmartion, there is a possibility thar some ue PJls were not
derected, which could have influenced the results by leading us o
underestimare the morality risk.

Residual confounding is another limitarion inherent to obser-
varional smdies, While we adjusted for measured variables and
used IFTW 1o balance groups, it is possible thar unmeasured fac-
oS, such as soCioeCconOMmic SEATUS or variations in healthcare ac-
cess, affected rhe ourcomes.

Perspectives

This study was conducred in a Danish population, which may
differ from international cohorts in terms of overall healch,
healthcare access, and rehabilitation practices. However, differ-
ences in healthcare systems. such as universal access oo reatment
and care, as well as infecrion prevenrion strategies, may limit the
generalizability of our findings o populations in countries with
different healthcare systems,

Furture research should delve deeper into the facrors influ-
encing long-term mortality in PJI patients, including reatment
protocels, antbiotic regimens, and their delivery merhods.

Investigaring the causes of death could yield critical insighrs
into the systemic effects of PJl and its management.

Understanding these elements is vital not only for improving
patient survival bur also for addressing broader socCioeconomic
implications associated with PJl reatment.

Conclusions

This narionwide cohort study provides imporrant insights into
mortality rares following PJl in THA, Our findings reveal thar P]l
significantly increases mortality risk compared o major asepric
revisions, with a crude mortality rare of 5.3 per person-year for PJ1
versus 4.4 deaths per person-year for aseptic revisions, Even after
adjusting for measured confounding facrors, PJl was associared
with a 33% higher morality risk than major asepric revisions,
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Appendix 3

Cause of Death Following Revision for PJI or Major Aseptic Revision
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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 10t 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
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Table 1

Deceased Patients Demography |Aseptic PJI P values

Joint! <0.001

TKA 790 (45%) 384 (38%)

Age at revision? 75 (9) 75 (9) 0.2

Male 764 (44%) 520 (52%)

Charlson Comorbidity Index category* <0.001

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

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

Unknown weight! 775 573

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

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

1n (%)

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 10 7.6 vs. 4.3%, 3.4 10 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

THA + TKA
Distribution of Causes of Death (PJI vs Aseptic)

Revision Type

Aseptic

. PJI

Percentage

0

Cancer
Age-related
Unknown
Covid-19

Circulatory system diseases

Respiratory system diseases
Mental/behavioral

Digestive system diseases

Infectious and paracitic diseases
Nervous system

Endocrine/metabolic/nutritional

Musculorskeletal diseases
Blood disease / immune
Genitourinary diseases
Accidents, Falls

Poisonings, Fire, Self-harm

Medical/surgical care Complications

Cause of death

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

lasm and of lung, prostate, breast, colon

ic 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
Accidents, Falls slipping, tripping, falls, same level, different level
Other exposures Accidental exposure unspecified, accidental poisoning by drugs, self-harm

Medical and surgical | Surgical operation with implant of artificial internal device as the cause of abnormal

complications 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% Cl | Pvalue | 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| 1.22-345| <0.01 64
Medical/surgical care

Complications 2| 0.78-5.15 0.15 18
Digestive system diseases 1.77 1.25-25 0.01 149
Blood disease / immune 1.7| 0.91-3.16 0.09 46
Mental/behavioral 1.65| 1.17-233| <0.01 157
Respiratory system diseases 145| 1.16-1.83| <0.01 368
Genitourinary diseases 1.36 0.68-2.7 0.38 45
Circulatory system diseases 134 1.12-161| <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
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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
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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 AlI-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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Appendix 4

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 9o 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)

o KNGBo1 — Primary insertion of medial uncemented partial knee prosthesis

o KNGB11 — Primary insertion of medial cemented knee prosthesis

o KNGBo2 - Primary insertion of lateral uncemented partial knee prosthesis

o KNGB12 — Primary insertion of lateral cemented knee prosthesis

o KNGBo03 — Primary insertion of patellofemoral partial knee prosthesis

o KNGB13 — Primary insertion of patellofemoral cemented knee prosthesis

o KNGB20 — Primary insertion of uncemented total knee prosthesis

o KNGB30 — Primary insertion of hybrid total knee prosthesis

o 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)
KNGAO2A — 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

KNGCg9 — Other secondary prosthetic knee replacement (unspecified)

KNGFo2 — Open total synovectomy of knee

KNGF12 — Open partial synovectomy of knee joint

KNGGo09 — 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

KNGHO92 — 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

KNGQo09 — 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

KNGWG69 — Re-operation for deep infection in knee/lower leg

KNGW89 — Re-operation for deep hemorrhage in knee/lower leg surgery

KNGWgg — 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




Appendices

THA

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

Index operation — Primary insertion of hip prosthesis (LPR codes)
o KNFB20 — Primary insertion of uncemented total hip prosthesis
o KNFB30 — Primary insertion of hybrid total hip prosthesis
o KNFB40 — Primary insertion of cemented total hip prosthesis

Diagnosis code for acute index operation
o DS7* (ICD-10) — Injuries of hip and thigh (used to distinguish acute from
planned surgery)

Relevant re-operation — procedure codes (LPR)
KNFAo02A — 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)
o KNFC30, KNFC31, KNFC32, KNFC33, KNFC39 — Secondary insertion of hybrid
total hip prosthesis (various types)
o« KNFC40, KNFC41, KNFC42, KNFC43, KNFC49 — Secondary insertion of
cemented total hip prosthesis (various types)
KNFC59 — Secondary insertion of interposed hip prosthesis
KNFCg9 — Secondary insertion of hip prosthesis, unspecified
KNFFo2 — Open total synovectomy of hip joint
KNFF12 — Open partial synovectomy of hip joint
KNFGo9, 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
KNFQo09, KNFQ99 — Hip disarticulation or other amputation procedures in
hip/thigh
e KNFS19, KNFS29, KNFS49, KNFS59, KNFS99 — Incision and revision for
infection in hip joint, femur, or surrounding tissues
o« KNFU10, KNFU11, KNFU12, KNFU19, KNFU99 — Removal of hip joint
prosthesis/implant or femur implant
o« KNFW59, KNFW69, KNFW89, KNFWQ99 — 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




