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1. INTRODUCTION

1.1 PRIMARY TOTAL HIP ARTHROPLASTY SURGERY
Experiments aiming to replace a painful hip joint have been car-
ried out since the early 1920s [56], but it was not until Sir John

Charnley developed the low-friction, ball-and-socket total hip ar-
throplasty (THA) during in the 1950-60s that THA gained a foot-
hold as the widespread and successful treatment it is today [25,
87].

The initial procedure during which a severely impaired hip joint is
replaced with implantation of a prosthesis is often referred to as
a primary THA, whereas any subsequent surgery, including re-
moval or exchange of the primary prosthesis, is referred to as a
revision. Primary THA is most commonly performed on patients
suffering from primary hip osteoarthritis. This group accounts for
approximately 75-80% of all THAs [5, 99]. The remaining 20-25%
of the operations are performed for other reasons such as inflam-
matory, traumatic or congenital hip disorder and avascular necro-
sis of the femoral head. As THA is considered a safe and very suc-
cessful treatment [87], the indication for surgery has been
expanding. This, together with an ageing population, has resulted
in an increasing incidence of primary THA in the Western coun-
tries during the past decades [76, 119, 127, 173] with approxi-
mately 9,000 primary THA being performed in Denmark annually
and an incidence of 170 primary THA per 100,000 inhabitants [5].

Indication Nr. %

Aseptic loosening 8,311 52
Dislocation 2,745 17
Prosthetic joint infection 1,409 9
Periprosthetic fracture 1,209 8
Component failure 869 5
Other 577 4
Pain 459 3
Osteolysis without loosening 251 2
Wear of polyethylene 227 1
Total 16,057 100

Table 1: Indication for first-time revisions according to the Annual
Report from the Danish Hip Arthroplasty Register, 2015.
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The first prosthesis developed by Sir John Charnley consisted of
femur monoblock prostheses in which the stem and head are pro-
duced as one piece of metal, fixated to the bone with cement

later even lower incidences of PJI have been reported (Table 2).
The risk of PJI is often reported as an incidence, which is a meas-
ure of the probability that a disease will occur within a specified

Trend estimated by

Author Year Time Reported incidence the study Reference
Charnley 1960 Percentage 7-9% - [27]
Charnley 1970 Percentage <1% - [27]
Poss et al 1970-80 Percentage 0.89% - [132]
SHAR 1985 Cumulatice revision rate, 5-year 0.4% - 21
Kurtzet al. 1990-2004 Percentage* 1.23% ™ [77]
Ridgeway 1997-2003 Percentage 0.18 - [143]
Ongetal. 1997-2006 Incidence, 2-year 1.63% - [115]
Wolfet al. 1991-2008 90 dayincidence 0.7% N2 [177]
Dale et al. 1995-2009 Cumulative revisionrate, 5-year 0.6% ™ [31]
Pedersenetal. 1995-2005 Percentage 0.7% T [128]
Pulido et al. 2001-2006 Percentage* 0.7% - [134]
Kurtz et al. 2001-2009 Percentage* 1.99% P [78]
Lindgren et al. 2005-2008 Cumulative Incidence rate, 2 years 0,9% ™ [95]

*Percentage of number of total hip arthroplasties performed yearly

SHAR: Swedish Hip Arthroplasty Register

Table 2: Reported incidence of prosthetic joint infection since 1960.

and interacted with a polyethylene acetabulum cup [26]. Subse-
quently, a number of different designs have been introduced, e.g.
modular prostheses (in which the head and stem can be sepa-
rated), cementless fixation, and also various different bearings,
types of cement and brands have been used [7]. This growing di-
versity of products of which some have been shown to have a
high risk of failure [172] called for surveillance, which triggered
the establishment of the Danish Hip Arthroplasty Register (DHR).
The DHR was modelled on the Swedish Hip Arthroplasty Register
[102] and has been monitoring the epidemiology and outcome of
THA surgery since 1995 [99].

Like any other operation, THA carries a risk of complications. The
annual report published by the DHR as well as the reports pub-
lished by other arthroplasty registers have made it possible to es-
timate the risk of various complications following primary THA
which shows that although declining, aseptic loosening continues
to be the most common indication for revisions [5], followed by
dislocation and prosthetic joint infection (PJI) (Table 1). However,
the distribution of complications varies over time, as aseptic loos-
ening is rarely seen in the first few years following primary THA
where PJI and dislocation are more common indications for revi-
sion [65, 131]. PJI is generally perceived as the most devastating
complication due to the impact on the patients’ lives [110] and
the poor prognosis associated with a revision for PJI [5, 149],
which led Sir John Charnley to state that: “Postoperative infection
after total hip replacement is the saddest of all complication...”
[23].

1.2 INCIDENCE OF PROSTHETIC JOINT INFECTION

In the beginning of the modern era of THA, the risk of PJI was as
high as 7-9% [27]. Subsequently, a number of initiatives, such as
closed clean air operating rooms [27, 89], stricter pre- and post-
operative routines [88] along with the addition of antibiotics to

the cement [66], reduced the infection rate to 3-5% [88], and

time period, but not all studies report the length of the follow-up
or use a very short follow-up period [55, 109]. This, together with
other factors such as different definitions of PJI and national dif-
ferences between patients, surgeons, different standards for re-
porting of PJI to registers and databases, and loss to follow-up
makes comparison of the various reported incidences difficult
[175].

As PJl is a rare event, large cohorts and long follow-up periods are
needed to obtain precise estimates of PJI [19]. National arthro-
plasty registers offer such large cohorts and long follow-up peri-
ods. Moreover, data in these registers are easily available for re-
searches at a low cost, as they consist of prospectively collected
information. The prospective collection of data also reduces se-
lection and information bias as the data are collected inde-
pendently of the research question. Furthermore, studies based
on national registers lend themselves more readily to generalisa-
tion as various patients and surgeons are included.

Beginning with the Swedish Hip Arthroplasty Register in the 1990s
[2], the national arthroplasty registers have been used ever more
frequently to study trends in PJI incidence (Table 2). However, the
national arthroplasty registers were not designed for registration
of PJI, and several problems with the registration of revisions for
PJI have been reported. In 2006, Espehaug et al. showed that only
76% of removal revisions (in which only part of the prosthesis is
removed) were reported to the Norwegian Arthroplasty Register
[41]. This greatly affects the estimation of revisions for PJI, as PJI
is often treated with removal of only part of the prosthesis. Com-
bining data from several registers, Jamsen et al. [62] and Huotari
et al.[59] later showed that the incidence of revision for PJI was
probably underestimated in the Finnish Arthroplasty Registers as
well. Thus, the previously reported incidence rates from the DHR
and other national registers may be underestimated, and the true
incidence therefore remains — to some degree — unknown.
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Showing how arthroplasty registers probably underestimate the
incidence of PJI, these studies highlight the importance of validat-
ing the data in these registers. Before the present thesis was con-
ducted, the Swedish Hip Arthroplasty Register was the only ar-
throplasty registers with a validated PJI diagnosis. Validation of
this register was performed by Lindgren et al. in 2014, who
showed a sensitivity of the PJI diagnosis of only 60% [93]. How-
ever, this should not cause us to disregard national registers as a
tool for PJI research as other infection registers are, indeed, fac-
ing the same problem of underestimation [41, 59, 62]. Moreover,
in most countries, arthroplasty registers are the only available
tool for national-level surveillance [182]. Rather than discarding
the use of the registers due to the lacking validation, we should
carefully consider when data from these registers can be used
and how the registers may be improved.

1.2.1 Increasing Incidence of Prosthetic Joint Infection and Risk
Factors

Several studies have reported an increasing risk of PJI from the
1990s to the beginning of the 21th century (Table 2). However,
only one of these studies has used validated PJI data [95].
Whether this reported increase continues into the next decade
remains unclear as none of the studies have used data collected
after 2009. A number of variables have been established as risk
factors for PJI, i.e. variables that are associated with an increased
risk of PJI (Figure 1). If the incidence of PJI rises, this will most
likely be a result of a change in one or more of these risk factors
(Figure 1). However, none of the studies have been able to ex-
plain the increasing incidence by reference to a corresponding in-
crease in risk factors [31, 32, 77, 95, 128]. It has been suggested
that the increase could be the result of changes in factors not fre-
quently recorded in national registers, e.g. increasing patient
comorbidity and increasing antimicrobial resistance in the bacte-
ria causing PJI [69, 95].

1.3 DEFINITION OF PROSTHETIC JOINT INFECTION

Defining PJI has proven to be surprisingly difficult [125]. Sir John
Charnley stated that: “If one waits long enough for an infection to
manifest itself, infection can never be overlooked” [27]. This holds
true in the case of a sinus tract from the skin to the prosthesis,
which is recognised as a pathognomonic sign of PJI [121, 187].

However, these cases are rare; and unless the prosthesis is visible
from the outside, it can be difficult to distinguish clinically a sup-
purating wound from a sinus tract [45]. Another subjective sign of
PJI, which has previously been regarded as a definitive sign of PJI,
is purulence surrounding the prosthesis [125, 187]. In recent
years, purulence has been abandoned as a pathognomonic sign of
PJI due to its subjective nature and the absence of a standard def-
inition of “purulence”; low sensitivity (as a high number of THA
with PJI have no signs of purulence); and due to findings of puru-
lence in revisions without any evidence of infection [20, 108].

In order to address the difficulties in diagnosing PJI, a number of
tests have been developed and most of these tests have been in-
corporated into the definitions of PJI.

1.3.1 Intraoperative Cultures
In 1981, Carl Kamme and Lars Lindberg introduced a method for
collecting intraoperative biopsies during revisions surgery. Ac-

Patient
Comorbidity

Operation
Duration of Surgery

nge Antibiotic prophylactic
Gender b )

i Fixation technique
o Platelet function inhibit
Malnutrion Aatree ulnc ion inhibitors
Smoking nticoagulans
Alcohol Prosthetic

Joint
Infection

Primary Diagnosis

Organisation

Hospital volumen
Surgeon volumen
Operating theatre
Length of stay

Figure 1: Potential risk factors for prosthetic joint infection.

cording to this method, five samples of approximately 5 mm were
taken with separate sterile forceps from the same area, adjacent
to the cement or prosthesis where an infectious lesion was sus-
pected or bone resorption was seen [67]. The authors concluded
that growth in one to two out of five biopsies was a strong indica-

e e No. of Total Nr.  Positive cultures alone Reference
positive cultures ofcultures is definitive for PJI
Brandt et al. 1997 =2 - yes [21]
Berbari et al. 1998 =2 - yes [17]
Tattevin et al. 1999 >2 - yes [163]
Spangehl et al. 1999 >1/3 >3 no [158]
Meehan et al. 2003 =2 - yes [104]
Parvizi et al 2006 >1 - no [123]
Schinsky et al 2008 >1 - no [150]
Parvizi et al 2008 22 - no [124]
MSIS: New definition 2011 =2 - yes [178]
International Consensus Group 2013 >2 >3 and <6 yes [122]
Zimmerli 2014 >2 yes [185]

PJI: Prosthetic Joint Infection

Table 3: Definition of prosthetic joint infection which incorporates intraoperative cultures.
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tion for contamination, while growth in five out of five strongly in-
dicated PJI [67]. This method has subsequently been tested in
other studies, which confirmed that growth in three out of five bi-
opsies was a strong indication for PJI [13, 37, 105] as this criterion
is associated with a high specificity. Subsequently, the method
has gained foothold throughout the Western World, including
Denmark, where it is generally performed for most revision pro-
cedures in a standardised uniform manner in accordance with the
originally described method [97]. Intraoperative cultures have
thus become a key element in most definitions of PJI (Table 3)
[17, 21, 104, 121, 123, 124, 150, 158, 163, 178].

However, the sensitivity associated with the use of intraoperative
cultures is notably lower than the corresponding specificity, espe-
cially when using growth in three out five biopsies as the criterion
for PJI [105]. Furthermore, some intraoperative cultures may be
false-negatives due to treatment with antibiotics prior to the revi-
sion [29, 166]. This may explain why most definitions of PJI em-
ploy the criterion that two out of five biopsies need to be posi-
tives (as opposed to three out of five) and combine intraoperative
cultures with other diagnostic tests (Table 3). However, the low-
ering of the threshold to only two positive intraoperative cultures
instead of three has been decided without any studies to under-
pin such change.

1.3.2 Laboratory test

Laboratory tests may be used to define PJI. Most definitions in-
clude the erythrocyte sedimentation rate and C-reactive protein
level — together with white blood cell count [3, 125]. However,
many different conditions produce an inflammatory response.
These tests therefore have a rather low specificity and they are
primarily used in the screening for PJI as they have a high sensitiv-
ity [16, 158].

1.3.3 Synovial fluid

Analysis of synovial fluid from the hip joint has been included in
most definitions of PJI [125, 187]. Different analyses can be per-
formed on the aspirated synovial fluid of which the most used
are:

Direct visualisation of purulence: This test is always performed
following aspiration, but is — naturally — a very subjective meas-
urement.

Culture of synovial fluid: This test has been shown to have mod-
erate sensitivity, but a high specificity [135].

Leukocyte esterase colorimetric strip test: This test functions by
applying synovial fluid on a strip, with a detergent that lysis any
neutrophils causing them to release the leukocyte esterase, which
catalyses a reaction that leads to the formation of a dye. This test
has a moderate sensitivity and a high specificity [179].

Synovial white blood-cell count: In this test, the number of white
blood cells per uL of synovial fluid is counted. The test has a high
sensitivity, but a low specificity [15, 189]. This test has the same
limitations as histologic analysis (see below).

1.3.4 Histologic analysis

Histologic analysis, most often performed as an intraoperative
histologic analysis of frozen sections of prosthetic tissue biopsies,
has traditionally been used to determine whether a PJI was pre-
sent or not [16, 21, 122, 124, 150, 158, 163, 166, 185]. The appro-
priate diagnostic thresholds for the number of polymorphonu-
clear leukocytes per high-power field for definition of a PJI are
controversial [111], but the most thoroughly studied threshold is

5to 10 in each of 5 or more high-power fields [168]. However, as
is also the case with synovial white blood-cell count, the most
crucial part of this test is the sampling of tissue or fluid and the
examining pathologist’s technique, experience and microscope.

1.3.5 Consensus on Prosthetic Joint Infection Diagnosis

A working group from the Musculoskeletal Infection Society de-
veloped a definition of PJI in 2011 [178], which was later modified
and adapted by the International Consensus Meeting on PJl in
2013 [121] (Figure 2). However, this definition remains much de-
bated [73, 118] and is not feasible for use in Denmark as four out
of the five minor criteria require results from tests that are not
routinely used in Denmark.

Although a considerable amount work has been done and confer-
ences [122], consensus documents [121, 178] and guidelines [3]
have been drafted, the orthopaedic community along with co-op-
erating medical specialties still have a long way before an interna-
tional consensus on the PJI diagnosis is achieved. Furthermore,
though most of the principles from the previously mentioned def-
initions of a PJI can be applied, diagnosing a PJI in the clinic is
something entirely different from studying PJI by exploring regis-
ter data - and no PJI definition based on register data has yet
been proposed.

PJl Is Present When One of the Major Criteria Exists or Three Out of Five Minor
Criteria Exist

Major Criteria Two positive periprosthetic cultures with phenotypically
identical organisms, OR

A sinus tract communicating with the joint, OR

1) Elevated serum C-reactive protein (CRP) AND erythrocyte
sedimentation rate (ESR) o

2) Elevated synovial fluid white blood cell (WBC) count
OR ++change on leukocyte esterase test strip

3) Elevated synovial fluid polymorphonuclear neutrophil
percentage (PMN%)

4) Positive histological analysis of periprosthetic tissue
5) A single positive culture

Minor Criteria

Declaration: The consensus group wishes to state that PJl may be present without
meeting these criteria, specifically in the case of less virulent organisms (e,
Propionibacterium acnes). Thus, the clinicians are urged to exercise their judgment
and clinical acumen in reaching the diagnosis of PJI.

Figure 2: Definition of prosthetic joint infection according to the In-
ternational Consensus Group.

1.3.6 Classification of Prosthesis Joint Infection

Different classifications of PJI have been proposed based on the
time that passes after primary THA during which PJI occurs, or
based on symptom duration. The majority of PJIs occur within the
initial postoperative months [95] and they are often the result of
the introduction of bacteria during the prosthesis implantation
procedure. These infections are often characterised as ‘early’ as
opposed to ‘delayed’ and ‘chronic’, but a wide range of time in-
tervals from surgery to onset of symptoms and symptom dura-
tions have been proposed (Table 4). As is the case for the defini-
tion of PJI, international consensus on the classification of PJI has
yet to be reached.
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1.4 SURGICALLY & NON-SURGICALLY TREATED PROSTHETIC JOINT
INFECTION

PJI can be treated in a various ways, of which the most common
are:

Debridement with exchange of liner and cup — or with retention
of the entire implant (in case of a monoblock prosthesis) - is per-
formed mainly in patients who acquire a PJI within the first
months following their primary THA or in patients who acquire an
infection at a later point time if the prosthesis is still fixed, as is
occasionally the case in an acute haematogenous infection [74,
117].

The two-stage exchange is a procedure in which the prosthesis is
removed and a new prosthesis is implanted after an interim pe-
riod of weeks to months. This procedure has been considered the
standard; although neither the revision procedures nor the in-
terim period are complication free [49].

The one-stage procedure in which a new prosthesis is implanted
immediately following removal and thorough debridement of the
infected prosthesis and surroundings. The one-stage procedure
has gained popularity in recent years as the risk of subsequent re-
visions may be similar to that of a two-stage revision [75, 83] and
the process is less agonizing for the patient than the two-stage
exchange with the long interim period [110].

A permanent resection can be performed if the patient is ex-
pected to have no or only limited mobility as the removal of the
foreign body may improve the chances of curing the disease
[186].

Life-long antibiotics can be used as a life-saving treatment. How-
ever, it has been proposed that antibiotics treatment without sur-
gery will ultimately fail in most cases [38]. Therefore, suppressive
antibiotic therapy is mainly used for patients who cannot accept
any further operation or who have a high risk of mortality, and
even then some might eventually be treated with some degree of
surgery as the risk of failure is high [133].

1.5 TREATMENT OUTCOME FOLLOWING PJI

While the primary THA is a very successful and safe operation,
this is not the case for the revision for PJI. Whether a one- or two-
stage procedure is performed, the re-infection rate is approxi-
mately 8-10% [75, 83], and the risk of a secondary revision is con-
siderable higher than for other indications such as aseptic loosen-
ing and dislocation (Figure 3). Moreover, revision for PJI is
associated with a high risk of complications such as adverse ef-
fects following long-term treatment with antibiotics, i.e. diar-
rhoea, tendinitis, myelosuppression [154, 167], more unplanned
readmissions to hospital [149], and a longer hospital stay follow-
ing the revision [68].

1.6 MORTALITY OF PROSTHETIC JOINT INFECTION

The most feared complication following any operation is death.
One previous study has shown that revision for PJI of THA and to-
tal knee arthroplasty is associated with a five-fold higher mortal-
ity than aseptic revisions [188]. Nevertheless, not all studies have
found that revisions for PJI are associated with a higher mortality
risk when compared with aseptic revisions [28, 171]. All three
previously performed studies included both first-time and multi-
ple revisions, and none of the studies had a maximum defined
time interval of follow-up from implantation of primary THA. In-
cluding all these different types of revisions and different types of
prosthesis may pose a problem as they differ on important pa-
rameters, e.g. acute and chronic PJI have different disease

Fitzgerald 1995

Stage |: Acute postoperative infection
Stage Il: Delayed deep infection

Stage IlI: Late hematogenous infection
Tsukayama et al. 1996

6-24 months postopoerative

Early deep infection
Late chronicinfection
Mcperhson et al. 2002

<4 weeks postoperative
>4 weeks duration

Early postoperative infection
Haematogenous infection
Late chronicinfection
Zimmerli & Trampuz 2004

<4 weeks postoperative
<4 weeks duration
>4 weeks duration

Early 0-3 months postoperative
Delayed 3-24 months postoperative
Late chronicinfection >24 months postoperative
Senneville et al. 2011

Acute <1 months of symptoms
Chronic >1 months of symptoms
Zimmerli 2014

Acute haematogenous <3 weeks of symptoms
Early postinterventional <1 months postoperative
Chronic >3 weeks of symptoms

Table 4: Classification of Prosthetic Joint Infection.

100
ljj'

9%

0123456789101 1R21BMKI5I6I17I81922

= Aseptic loosening Prosthetic Joint Infection

== Dislocation

| revision

Figure 3: Risk of subsequent revisions following 1. revision.
From the Danish Hip Arthroplasty Register, annual report 2014.

courses [116], THA and TKA are characterised by different inci-
dences of PJI and length of stay [77, 134], and first-time and mul-
tiple revisions carry a different risk of subsequent revisions [5,
132].

Moreover, whereas it is difficult to alter the risk factors associ-
ated with a late haematogenous PJI prior to implantation of a pri-
mary THA, the risk of an early PJI can more easily be altered. A
high mortality following an early PJI might motivate clinicians to
pay extra attention to the risk factors of PJI in the discussion with
the patient before the primary THA is performed.
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1.7 MOTIVATION FOR PHD THESIS

An ageing population and expanding indications for surgery have
resulted in an increasing incidence of primary THA during the past
decades in the Western World [76, 114, 155, 177]. However, as
the incidence of primary THA has increased, so has the burden of
complications [76, 78]. The most feared and devastating compli-
cation following primary THA is PJI and it is therefore essential
that doctors and patients know how prevalent this complication is
and if the risk of acquiring the infection is increasing [80], which is
why this PhD study was initiated. Like for other infections, the
conditions leading to PlJ and the incidence of PJI are constantly
evolving, wherefore there is a need for a validated surveillance
system. To this day, the only feasible manner in which PJI inci-
dence may be studied on a national level in Denmark is through
the use of the national registers. However, studies from other ar-
throplasty registers have shown that national arthroplasty regis-
ters such as the DHR often underestimate the incidence of PJI [41,
59, 62, 93], and no validation of the PJI data in the DHR has so far
been performed. Therefore, a secondary aim of this thesis was to
validate the PJI diagnosis in the DHR and to promote further de-
velopment of the register, possibly in the form of linkage with
some of the other Danish registers. Once validated, data from the
register can be used to explore important research questions
about trends in PJI incidence and mortality following revisions for
PJI.

2. AIM OF THESIS

The overall aim of this thesis is to examine the incidence of PJI fol-
lowing primary THA and the mortality following a revision for PJI.
Specifically, the aims of the four studies included in this thesis
were:

Study I:

- To estimate the true incidence of first-time revisions for PJI fol-
lowing primary THA by using several data sources.

Study Il:

- To validate the diagnosis of PJI reported to the DHR for first-time
revisions by testing it against a reference standard.

Studies III-IV

- To investigate whether the accuracy of the diagnosis ‘PJI" in the
DHR could be further improved by linking the diagnosis to data
from other databases.

Study IIl:

- To evaluate the trend in PJI incidence within one year of implan-
tation of a primary THA during the 10-year period from 2005 to
2014, and to assess whether an increase in antimicrobial re-
sistance may be observed that corresponds to the preoperative
prophylactic antibiotics used in Denmark.

Study IV:

- To study whether revision for PJI within one year of the primary
THA operation is associated with an increasing risk of one-year
mortality.

3. METHODOLOGICAL CONSIDERATIONS

3.1 SETTING

All studies in this thesis use prospectively collected data from de-
partmental, regional and national databases and registers. All
healthcare contacts are free-of-charge for Danish residents (5.7
million), as the system is tax-supported and provided by the Dan-
ish National Health Service [91]. Therefore, all patients should
have the same access and possibility of undergoing a primary THA
operation for a painful hip joint and any subsequent revisions,
which reduces the selection bias in our studies.

3.2 DATA SOURCES

The following presentation of data sources used in this thesis fo-
cuses on the quality of data and the limitations of the registers
and databases in regards to PJI research. Data in the below-men-
tioned databases and registers can be linked through the use of
the Danish civil registration number (Figure 4) [151].

3.2.1 The Danish Hip Arthroplasty Register (DHR)

The DHR is a clinical quality database that has served to continu-
ously monitor and improve the quality of primary and revision
THAs since 1995 [99]. Reporting to the register is compulsory for

S |
I- vl
' Danish Hip Microbiology Danish National 4
: Arthroplasty Register Databases Register of Patients | : |
I 3
I: . |
I- |
! 1
: Civil :
I Registration -
E System : |
|: ——— -
I =~ Sl
H / _____________ ..:
The Clinical Medical Danish National :
Biochemistry Database Records Prescription Register |:

" Studies T-IT

Figure 4: Data sources used in studies I-IV.
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all orthopaedic departments in Denmark and is performed by the
operating surgeon immediately after surgery. DHR data on pri-
mary THA diagnosis and postoperative complications have been
validated, showing a PPV of 84% for the registered primary diag-
nosis [126].

The coverage of the DHR is almost complete as reporting is com-
pulsory and only a very limited number of departments (3 depart-
ments in 2014, which performed a total of 58 primary THA [5]) did
not report to the register. The completeness of the DHR is meas-
ured using the NRP as reference and has been above 90% for pri-
mary THA and 80% for revisions while the register has been oper-
ational [126]. A high completeness for both primary THA and
revisions is essential when studying the absolute values of rare
events, e.g. the incidence of PJI. When relative risk is described, a
low completeness may not be equally important as long as the
completeness does not differ among compared groups or time
periods [157]. However, the completeness of both primary opera-
tions and revisions has increased in the course of the study period
(Table 5).

The ICD-10 codes used in the NRP, to which data in the DHR are
compared for calculation of completeness, are either “secondary
prosthetic replacement of hip joint” (NOMESCO [4]: KNFC2,
KNFC3, KNFC4) or “removal of prosthesis from hip joint”
(NOMESCO [4]: KNFU10, KNFU11, KNFU12, KNFU19) [5]. Some
procedures that are typical of revisions for PJI — e.g. debridement

Completness of Primary THA in the DHR

predicts the mortality risk based on a weighted range of comor-
bidities [24]. The score has subsequently been adapted for use
with hospital discharge data [136].

The coverage and completeness of the NRP are very high as de-
partments are reimbursed by the national health authorities ac-
cording to their registrations, but it has, nevertheless, been esti-
mated that 5% of all operations are missing from the registers
[101]. The size of this figure is supported by the fact that some
primary THA and revisions that are reported to the DHR cannot
be found in the NRP. The procedure codes most commonly used
for revisions have not been validated individually, but orthopae-
dic procedures generally have a PPV [86, 152]. The PJI diagnosis
code in the NRP has been validated, and if combined with a surgi-
cal procedure code — as was the case in this thesis — the PPV was
found to be 86% (95% Cl: 80; 91) [82]. The diagnosis codes in the
NRP used for the Charlson Comorbidity Index score have all been
validated and have a high PPV [165].

3.2.3 The Civil Registration System

All Danish citizens are assigned a unique and unchangeable ten-
digit identification number at birth or immigration, the Civil Regis-
tration Number. The number encodes for sex and date of birth. As
registration of the number is compulsory for all healthcare con-
tacts, it is possible to link all Danish registers and databases on an
individual level. Foreigners are assigned a temporary civil registra-

Completness of revisionsin the DHR

year Jutland + Funen Studies Denmark Study year Jutland + Funen Studies Denmark Studies
Completness No. Completness No. Completness No. Completeness No.

2005 91.3% Study I-IV 91.3% - 2005 75,8% -1V 75,5%

2006 91.6% Study I-IV 90.7% - 2006 78,3% -1V 77,9%

2007 97.3% Study I-1V 94.6% - 2007 87,3% I-IV 83,2%

2008 96.9% Study I-IV 95.5% - 2008 85,2% -1V 85,0%

2009 97.6% Study I-IV 96.7% - 2009 85,7% -1V 82,1%

2010 97.5% Study I-I11 97.2% Study 1V | 2010 85,0% 1111 82,8% A\

2011 93.1% Study I-111 96.8% Study V| 2011 86,8% 1-111 85,6% v

2012 97.2% Study I-I11 97.6% Study 1V | 2012 90,9% 1-111 92,0% 1\

2013 96.4% Study Il 97.9% Study 1V | 2013 90,4% 11 91,3% \Y

2014 98.8% Study Il 97.8% Study IV | 2014 91,1% 11 92,0% [\

2015 97.5% Study 1V | 2015 97,5% I\

Table 5: Completeness of primary Total Hip Arthroplasty (THA) and revisions, reported in the Annual Report.

— are reported to the DHR, but a corresponding NOMESCO code is
not used in the calculation of DHR completeness, which may lead
to an overestimation of completeness. However, the number of
reported debridements to the DHR is very limited and should not
have a significant effect on the completeness estimate.

3.2.2 The National Register of Patients (NRP)

The NRP was established in 1977 and holds data on non-psychiat-
ric in-hospital admissions and surgical procedures. The diagnoses
are assigned by the discharging physician. Diagnoses are recorded
in accordance with the International Classification of Diseases
(ICD), 8th Edition until 1994, and 10th Edition thereafter [152].
Data from the NRP were used in this thesis to identify patients
who had undergone revision for PJI (Study |) and to determine the
Charlson Comorbidity Index (Study IlI-1V), which is a score that

tion number, but these temporary civil registration numbers were
excluded from the studies when compiling the data for this thesis.
The civil registration number allows for complete follow-up of all
patients, except those who emigrate. The prevalence of disap-
pearing persons is approximately 0.3% [151].

3.2.4 Microbiology Databases

Prior to 2010, all clinical departments of microbiology maintained
an electronic laboratory information system. In the Central Den-
mark Region and in the Region of Southern Denmark, the infor-
mation system MADS is used [6], while the ADBakt information
system is used in the clinical microbiology department in Aalborg
[1]. Both systems electronically transmitted the culture results of
intraoperative tissue samples and synovial fluid analysis to the re-
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questing hospital department and store the information automat-
ically in the databases. Therefore, completeness and coverage
should be complete, but no studies have investigated this.

As of 1 January 2010, all Danish departments of microbiology
make an electronic copy of the report that is sent to the request-
ing hospital department. This electronic copy is automatically sent
to the national Danish Microbiology Database (MiBa), which is up-
dated continuously throughout the day [170]. Contrary to the lo-
cal laboratory information systems, which contain results on all
analyses performed, the MiBa holds information only on results
that have been sent to the requesting hospital department. The
implication of this is that only information relevant for the treat-
ment of the specific patient is included and that treatment can be
restricted in accordance with the departments’ antibiotic policies.
One validation study investigating the data in the MiBa database
has already been conducted [14].

A limitation of the microbiology databases, including the MiBa, is
that a uniform protocol has not been in place for obtaining sam-
ples during revision or microbial analysis of intraoperative cul-
tures, synovial fluid or antimicrobial susceptibility testing in all the
involved clinical microbiology departments [85]. Although most
bacteria would be identified within the first 4-5 days of incubation
[153], some bacteria may require longer incubation periods to be
identified [22], but there is no consensus on the length of incuba-
tion of intraoperative cultures in Denmark. Another limitation is
that the different departments used different codes in their labor-
atory information systems prior to 2010. Moreover, a transition in
both the antibiotic susceptibility testing and the categorisation of
antimicrobial resistance was implemented independently in each
department during the first few years of the study period. Since
the completion of the transition, all departments have been fol-
lowing the guidelines of the European Committee on Antimicro-
bial Susceptibility Testing (EUCAST) [164] and code antimicrobial
resistance as "susceptible," "intermediate" or "resistant” (SIR)
[145].

3.2.5 Medical Records

Information was primarily extracted from the electronic forms of
the medical records. In Denmark, the electronic medical record
began as a project initiated by the Danish Health Authorities in
1996 [35], but the project has encountered various problems and
not all hospitals had introduced the electronic medical record at
the time Study | was conducted. Furthermore, none of the private
hospitals had accessible electronic medical records. Therefore, in-
formation was extracted from paper medical records where elec-
tronic forms of the record were not available. Different proce-
dures could cause selection bias if extracting information from
one data source (e.g. paper medical record) was more difficult
than extracting data from the other. However, it was possible to
identify and extract information from all the medical records that
were identified, so this should not be a cause of bias.

3.2.6 The Danish National Health Service Prescription Database
The registers contain information on all prescription drugs re-
deemed since 2004 [64]. The data in the Danish National Health
Service Prescription Database were validated in a recent study,
which found a high PPV, but a sensitivity between 64.6% and
91.8% [139]. It should be noted that the proportion of non-elec-
tronic prescriptions has been decreasing during the study period,
which may cause the validity to change with calendar time [139].
A limitation of the prescription register is that only redeemed pre-
scriptions are registered. If a patient does not fill a prescription,

this is not recorded; likewise, drugs dispensed at hospitals for
outpatient treatment are not registered. Therefore, information
on antibiotics treatment was also extracted from the medical rec-
ord for those patients whose medical record we reviewed. An-
other limitation is that we have no measurement of the patients’
compliance, i.e. whether they took the prescribed medicine and
whether they took it in the recommended doses and at the rec-
ommended points in time.

3.2.7 The Clinical Biochemistry Database

Results of analysed blood samples were either extracted from the
local databases maintained by the departments of clinical bio-
chemistry at the hospital in the region of Southern Denmark or
from the Clinical Laboratory Information System database at Aar-
hus University, Denmark (LABKA), which holds results from every
blood sample taken in the North Denmark Region and the Central
Denmark Region [53]. When a blood sample has been analysed,
the results are transmitted electronically and automatically stored
in the databases. Therefore, the only C-reactive protein tests not
included in this thesis were the point-of-care C-reactive protein
tests that provide users with an instant analysis and which are pri-
marily used by general practitioners.

3.3 STUDY DESIGN AND STUDY POPULATION

All four studies were population-based cohort studies in which
primary THA reported to the DHR was the exposure, except for
the second analysis in Study 1V, in which the exposure was first-
time revision reported to the DHR (Table 6).

We chose not to include primary THAs that were reported only to
the NRP in any of the studies as this would have resulted in differ-
ent variables being available for analysis. Only patients operated
with a primary THA in Jutland or Funen (comprising 3.0 million
out of the 5.7 million inhabitants of Denmark) were included in
Studies I-11l as information from some of the databases used out-
side these areas was not accessible for data extraction prior to
2010. In Study IV, we included patients with a primary THA per-
formed in Jutland or Funen between 1 January 2005 and 31 De-
cember 2009 or in Denmark between 1 January 2010 and 31 De-
cember 2014.

If a revision had been performed outside of Jutland and Funen on
a THA that was included as an index operation, all necessary in-
formation was extracted manually, ensuring that all data regard-
ing tests performed in relation to a revision (e.g. intraoperative
cultures, laboratory test, etc.) were equally available for all pa-
tients, regardless of where the revision had been performed.

3.3.1 Definition of Revision

Only surgically treated PJI were evaluated in this thesis. A recent
study from the Swedish Hip Arthroplasty Register found that 91%
of the PJl included in that study were treated with a revision [95].
We chose not to include non-surgically treated PJl in this thesis as
non-surgically treated PJI is even more difficult to diagnose than
surgically treated PJI. Furthermore, the PJI that can be treated
without revision is probably less severe that PJI that requires sur-
gical treatment. Although this causes an underestimation of the
incidence of PJI, the clinical difference for the patient between a
revision for PJI and an antibiotically treated PJI makes this separa-
tion of the two treatments meaningful.

A reoperation is generally defined as any subsequent surgery fol-
lowing the primary operation, while a revision has been defined
as surgical exchange or removal of a prosthesis or part of it. Ar-
throplasty registers have generally distinguished clearly between
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revisions and re-operation, as one of the more important aims of
the registers has been to evaluate the prognosis of different
brands and designs, and for that purpose revision surgery only is
of interest. In the DHR, it is possible to report debridement with-
out removal of the prosthesis or part of the prosthesis, and these
debridement procedures count in the annual estimation of revi-
sions rates, although the number of reported debridements has
been very small and is possible also underestimated. In regards to
research on the incidence of surgically treated PJI, it makes sense
to include debridement as the procedure does not differ in the
patient’s perspective from a one- or two-stage revision; and the
prognosis following debridement versus one- or two-stage revi-
sion is comparable if not inferior to the prognosis following revi-
sion [72].

3.4 STUDY I: “TRUE” INCIDENCE OF PROSTHETIC JOINT INFECTION
For index surgery, we only included primary THA reported to the
DHR (Table 6); but for subsequent first-time revisions, we ex-
tracted data from both the DHR and the NRP in order to augment
the completeness of our revision data. As previously mentioned,
the completeness of the DHR is measured using the NRP as a ref-
erence with a pre-defined number of ICD-10 codes used as the
definition for a subsequent revision.

Originally, we planned to use these ICD-10 codes for our defini-
tion of a first-time revision in the NRP, but during the process we
learned that they were not extensive enough as procedures often
used in early revision for PJI surgery in particular were not in-
cluded. Therefore, an extension of the ICD-10 codes defining a
first-time revision was used herein (Table 7).

Study | Study Il Study Il Study IV
Analysis|| Analysis Il

Index operation

-Primary THA X X X

- First-time revision %
Time Period for index operation 01.01.2005- 01.01.2005- 01.01.2005- 01.01.2005- 01.01.2005-

31.12.2011 31.12.2012 31.12.2014 31.12.2014 31.12.2015
Exclusion criteria
>1 report on primary THA* X X X X
Missing/incorrect reporting of:

- Civil registration number X X X X

-Side of operation X X X X

-Date of surgery X X X X

- Indication for revision X
End of follow-up

-First-time revision X X

-Death X X X X

-Emigration X X X X

-1 year from index operation X X X

-End of follow-up period 31.12.2012 31.12.2012

THA: Total Hip Arthroplasty

DHR: Danish Hip Arthroplasty Register

*Per civil registration number and reported side of operation

Table 6: Study population of Study I-IV.

3.3.2 Classifications of PJI

Besides the lack of consensus on the classification of PJI as early,
delayed, chronic or acute, etc., another problem with the classifi-
cation is that the time of onset or the duration of symptoms may
be interpreted differently by patients and physicians, respec-
tively, and neither is recorded in the DHR or the NRP. Therefore,
none of these classifications were used in this thesis. Only first-
time revisions for PJI were included as subsequent revisions have
a very different risk and outcome than first-time revisions do [5].
If the revision surgery was conducted in two stages, we included
only the first procedure in which the THA is removed.

3.4.1 Diagnosis of Prosthetic Joint Infection

One of the more important aspects to keep in mind before esti-
mating the incidence is to have a clear definition of the disease. In
the present study, a new definition of PJI was composed as none
of the previous definitions were suitable for use in a register set-
ting. Moreover, consensus is still lacking on any of the previously
mentioned definitions (Table 3), and none of the existing defini-
tions are applicable to Danish conditions, as e.g. histological anal-
ysis is rarely performed in Denmark.

We developed an algorithm for classification of revisions as either
due or not due to PJI (Figure 5). In order to make the algorithm
applicable to a register setting in Denmark, we included only tests
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ICD-10 code Diagnosis

Completeness Includedin

analysisin the DHR  studyI-ll
KNFC2-4 Revision with secondary insertion of hip prosthesis X X
KNFC59 Secondary implantation of interposition prosthesis in hip joint X
KNFC99 Other secondary prosthetic replacementin hip joint X
KNFU10 Removal of total prosthesis from hip joint, All parts X X
KNFU11 Removal of total prosthesis from hip joint, Single part —proximal X X
KNFU12 Removal of total prosthesis from hip joint, Single part —distal X X
KNFU13 Removal of total prosthesis from hip joint, Single part —other X
KNFU14 Removal of total prosthesis from hip joint, More than one, but not all parts X
KNFU19 Removal of total prosthesis from hip joint, Other or unspecified X X
KNFGO09 Excision arthroplasty of hip joint X
KNFG19-29 Other secondary prosthetic replacementin hip joint X
KNFG39-59 Fusion of hip joint X
KNFW69 revision because of deep infection X
KNFS19 Incision and debridement of infection of hip joint X
KNFS49 Incision and debridement of infection of hip joint with introduction of therapeutic agent X

Table 7: ICD-10 codes used in our analysis of the completeness analysis of the Danish Hip Arthroplasty (DHR) and to define a revision in

that were routinely or commonly performed in Denmark. This ex-
cluded a number of tests which have otherwise often been used
in definitions of PJI including: erythrocyte sedimentation rate, leu-
kocyte esterase colorimetric strip test, synovial white blood-cell
count and histologic analysis. Similarly, excluded from the algo-
rithm were new methods which were available only in the final
years of the study period or used only in some departments, e.g.
sonication of prosthesis and test for procalcitonin and alpha-de-
fensin.

3.4.2 Algorithm for Classification of Revisions Due to PJI and
Non-PJI

A: Intraoperative Cultures:

We defined a surgically treated PJI as three or more out of five in-
traoperative cultures showing growth of the same virulent or op-
portunistic pathogen. The criterion of three instead of two cul-
tures is in contrast to most other definitions (Table 3), but was
chosen to achieve a high specificity [13, 67, 105] which we believe
is required as this is a register-based definition without any addi-
tional information on the patients and as we had no knowledge of
pre-test probability. The resulting low sensitivity was addressed
by further investigating the revisions that did not fulfil this crite-
rion.

Besides the number of positive intraoperative cultures, on which
most definitions of PJI are based, the type of bacteria identified is
also of importance. The most commonly identified bacteria are
staphylococcus aureus and coagulase-negative staphylococcus
[92], which are almost always of clinical importance, while other
bacteria might be of more questionable relevance as some are
more likely to be due to contamination [58, 113, 147]. Clinical rel-
evance of the identified bacteria should be considered when es-
tablishing a definition of PJI, but clinical relevance has only rarely
been addressed in definitions of the PJI diagnosis. We classified
the identified bacteria as virulent, opportunistic and spore-form-
ing or of questionable significance; and we included bacteria only
of the virulent and opportunistic groups (Appendix Micro-organ-
isms).

B: Classification of Non-Infected Revisions

For the next step in the algorithm, we wanted to classify those re-
visions that could be defined as non-infected with a high degree
of certainty, i.e. a high specificity. Therefore, we set up a number
of criteria that should all be fulfilled for the revisions to be classi-
fied as non-infected, including =5 intraoperative cultures being
without any growth, which could not be a result of antibiotics
treatment within 14 days prior to revision. The criteria were
based on studies which have established that no positive in-
traoperative cultures in a sample of five have a high negative like-
lihood ratio [13, 166], unless the patient was treated with antibi-
otics prior to revision [103, 166].

C: Sinus Tract

Description of a sinus tract is a subjective measurement, and as
previously described it can occasionally be difficult to distinguish
a suppurating wound from a sinus tract [45]. Therefore, we con-
ducted a thorough examination of the medical records and in-
cluded only those with a clear description of a fistula between the
skin and the prosthesis.

D: Audit

As the remaining part of the algorithm was based mainly on the
number of positive intraoperative cultures, we performed an au-
dit if more than five intraoperative cultures were taken as growth
in one or two cultures in a large number of samples has a higher
risk of being a result of chance. The classification of these revi-
sions was, of course, subjective in nature. Nevertheless, the risk
of misclassification should be minimal as all authors classified the
revisions independently based on information on intraoperative
culture growth, preoperative antibiotic treatment, results from
aspiration of synovial fluid, C-reactive protein level and descrip-
tion of purulence in the joint.

E: C-reactive Protein Level
A C-reactive protein level of 10 mg/L has a very high sensitivity

and a low specificity [150, 180], which is why a negative result
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Figure 5: Algorithm for classification of revisions due to prosthetic joint infection and no infection.

was used to rule-out infection. In case of a positive result within
30 days prior to revision, further tests were performed. The revi-
sions, in which a C-reactive protein had not been measured prior
to the revision, were also classified as non-infected, although this
gives the same status to a negative and a missing test, which
might be questionable. However, if there is even a minor risk of a
PJI being the indication for revision, most surgeons would per-
form blood sample analysis.

F: Growth in Less Than Three Intraoperative Cultures
If the C-reactive protein level was elevated, the revision was clas-
sified as due to PJI provided >2 intraoperative cultures of the

same pathogen tested positive. As aspiration has a high specificity
and a moderate sensitivity [135], it was combined with the results
of intraoperative cultures and purulence whenever possible to
classify the revision. If all cultures were negative, the revision was
classified as non-infected, unless the negative results could be
due to antibiotic treatment prior to the revision.

G: Purulence

Purulence is a subjective measurement which can be caused by

other conditions than PJI [20, 108]. Purulence was therefore re-

garded as a pathognomonic sign of PJI only if the C-reactive pro-
tein level was elevated and the results of intraoperative cultures
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Figure 6: Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of the prosthetic joint infection (PJI)
diagnosis in the Danish Hip Arthroplasty Register (DHR). Revision reported to the National Register of Patients exclusively, would be

categorised as either FN or TN.

and aspiration of synovial fluid were inconclusive, e.g. due to pre-
operative antibiotic treatment. Besides being subjective by na-
ture, the usefulness of the test also depends on the surgeon’s de-
scription in the medical record. This caused us to define
purulence rather strictly, and we did not include description of in-
flammatory tissue or blurred synovial fluid in our definition.

3.4.3 Outcome of Study |

The outcome of Study | was first-time revision for PJI as defined
by the algorithm. We reported the 1- and 5- year incidence of
first-time revision for PJI, which were compared with the inci-
dence reported by the DHR and the NRP.

3.5 STUDY II: VALIDATION OF THE DIAGNOSIS PROSTHETIC JOINT
INFECTION

When clinical databases are used in research, two issues should
be considered when evaluating the quality of the data: validity
and completeness [48]. Completeness has previously been ad-
dressed in the discussion of the DHR as a data source.

Validity is defined as the percentage of cases in a register with a
given characteristic which "truly" has this attribute. Validity can
be assessed by various methods [48]:

- The diagnostic criteria method: the number of cases
that meet stringent criteria when thoroughly examined
(e.g. examination of x-ray showing sequelae of a collum
femoris fracture).

- The re-abstracted record method in which the medical
record is re-examined and compared with the register
record.

- Theinternal consistency method: Examination of rec-
ords to check for legitimate codes (e.g. sex can only be
male/female).

In the Nordic arthroplasty registers, the validation procedure for
primary diagnosis, date of surgery and reoperation was primarily
the re-abstracted record method whereby data of the Nordic reg-
isters were compared with data in other databases and data from
a review of medical records [12, 126, 156]. This method is not ap-
plicable for validation of the PJI diagnosis for two reasons. First,
diagnosing often requires multiple test results that are not always

recorded in the medical record; second, because of lack of con-
sensus, the interobserver variability is of a considerable magni-
tude.

Preferably, the reference standard of PJI diagnosis should be
based on objective measurements and evidence-based tests, i.e.
a diagnostic criteria method should be used. In regards to PJI, the
diagnostics criteria method is hampered by a lack of consensus on
the criteria of the PJI diagnosis, and the diagnostic criteria should
therefore be based on the most objective, evidence-based and
physician-endorsed test and methods. As reference standard, we
used the algorithm developed in Study I.

One major consideration with Study Il was whether the revisions
reported to the NRP but missing in the DHR should be included in
the validation analysis. Inclusion of these revisions would affect
the sensitivity estimate and possible also the specificity, while the
PPV and most likely also the NPV would remain unaltered as the
missing revisions in the DHR would be categorised as false nega-
tive and true negative (Figure 6). We decided not to include the
revisions that were only reported to the NRP as the sensitivity
would then have been dependent on the completeness of the
register, which has changed in the course of the study period (Ta-
ble 5).

3.5.1 Linkage With the Microbiology Databases

Linkage was performed between the DHR and the microbiology
databases to investigate whether this combination of data would
increase the accuracy of the PJI diagnosis. For this linkage, we de-
fined a revision as due to PJI if three or more intra-operative sam-
ples showed growth of the same virulent or opportunistic micro-
organism, or if PJI was registered in the DHR as the indication for
revision (the micro-organisms that were classified as virulent and
opportunistic can be found in the appendix Micro-organisms). If
five or more intraoperative cultures were negative on culture, or
if PJI was not reported as the indication for revision in the DHR,
then the revisions were classified as non-PJI. The revision was also
classified as non-PJI if PJI was reported as the indication for revi-
sion, but five or more intraoperative-cultures were negative on
culture.
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We decided to link the DHR with the microbiology databases ra-
ther than with the DHR and other databases, because intraopera-
tive culturing was the test that ensured the highest sensitivity and
specificity among the tests routinely performed in Denmark. The
accuracy of the diagnosis could probably have been enhanced fur-
ther if additional linkage with the prescription databases and clini-
cal biochemistry databases had been performed. However, as ex-
traction of data from these databases is very labour-intensive and
time-consuming, we chose not to include them, given that the
aim was to develop a method that was based on easily accessible
data of high accuracy and which could be used in further studies
of PJI.

3.5.2 Outcome of Study Il

The outcome of Study | was first-time revision reported to the
DHR due to any reason. The indication reported to the DHR was
dichotomised into PJI and non-PJI and was measured against the
reference standard defined by the algorithm developed in Study I.
To evaluate the quality of the reported PJI diagnosis to the DHR,
we calculated the PPV, NPV, sensitivity and specificity.

3.6 STUDY Ill: CHANGES THE IN INCIDENCE OF PROSTHETIC JOINT
INFECTION

In order to study whether the incidence of first-time revision for
PJI within the first postoperative year following primary THA in-
creased during the 10-year study period, we estimated the rela-
tive risk of undergoing first-time revision for PJI during the last 5
years of the study period (1 January 2010 to 31 December 2014)
versus the first 5 years of the study period (1 January 2005 to 31
December 2009). We used the validated definition of PJI devel-
oped in Study Il. In addition to this, the relative risk between the
two time periods was also estimated using data from the DHR ex-
clusively and data from the microbiology databases exclusively.
To describe the development in antimicrobial resistance of bacte-
ria during the study period, we identified the five most common
species of bacteria found in intraoperative cultures taken during
revision surgery and evaluated their change in antimicrobial re-
sistance pattern. The most likely time period during which an in-
creasing antimicrobial resistance would have an effect on the risk
of PJl is at the time of implantation of the primary THA when
prophylactic antibiotics are administered. Therefore, we included
those PlIs only which were diagnosed within one year of implan-
tation and tested only those antibiotics that were most commonly
used as preoperative prophylaxis (i.e. cefuroxime and dicloxacil-
lin) at the implantation of the primary THA, or used in the cement
for fixation (i.e. gentamicin). Changes in antimicrobial resistance
can, of course, occur in other than the five most commonly iso-
lated bacteria; and previous studies on antimicrobial resistance in
bacteria isolated from revisions for PJI have, indeed, included all
bacteria [100, 160]. However, changes in the antimicrobial re-
sistance of bacteria that are infrequently identified in revision for
PJI are most likely not the cause of an increase in the incidence of
PJI.

The susceptibility of bacteria was defined by the EUCAST SIR clas-
sification which was dichotomised into susceptible or resistant.
Dichotomising of the EUCAST SIR meant that the bacteria, which
were classified as “intermediate” would be grouped as either
"susceptible" or "resistant”. The “intermediate” category is often
defined as including bacteria with an antimicrobial agent mini-
mum inhibitory concentration (generally abbreviated MIC) that
approaches the usually attainable blood and tissue levels and for
which response rates may be lower than those for susceptible

bacteria [174], i.e. the bacteria can be susceptible for the antibi-
otic if a higher-than-normal dose is used [169]. We choose to
group “intermediate” with “resistance”, as a higher-than-normal
dose is rarely used in preoperative prophylactics and would un-
likely be achieved locally at the implantation site. Previous studies
of antimicrobial resistance in PJI research have also combined the
“intermediate” and the “resistance” groups [100].

3.6.1 Outcome of Study Il

The outcome was first-time revision for PJI within one year fol-
lowing primary THA. For changes in antimicrobial resistance, the
outcome was the susceptibility (susceptibility or resistant) of the
five most commonly identified bacteria.

We reported the relative risk between the two five-year time pe-
riods 2005-2009 and 2010-2014. For changes in antimicrobial re-
sistance, we reported the probability of a change between the
two five-year periods.

3.7 STUDY IV: MORTALITY FOLLOWING REVISION FOR PJI

3.7.1 Relative Risk of Mortality Following Revision for PJI Versus
Reference Population

In this analysis, a cohort of primary THA was followed from the
time of implantation to death. The cohort of primary THA was di-
vided into two groups: 1: Patients who were surgically treated for
a PJI within one year of their primary THA, hereafter referred to
as the PJI group; and 2: Patients who were not surgically treated
for a PJI, hereafter referred to as the reference population. Some
of the patients in the latter group did undergo a revision for other
causes than PJI. We estimated the relative mortality risk of pa-
tients in the PJI group compared with the reference population.
One problem with this analysis was that in order to acquire a PJI,
patients in the PJI group needed to live long enough to develop
the PJI and then be surgically treated for the infection. This could
cause so-called immortal bias as patients who acquire a PJI are
methodologically immortal from the time of implantation of pri-
mary THA until the PJl is surgically treated. Various methods can
be used to adjust for this problem [183]; the most simple of these
methods is to disregard the first period of follow-up until a point
in time when the majority of PJI are likely to have occurred. How-
ever, this simple method excludes those patients who have a high
risk of mortality, causing the relative risk to be underestimated.
We chose a different method called the iliness-death model in
which a time-dependent variable for the revision of PJI was intro-
duced and the time period from primary THA to revision for PJI
was classified as non-PJI time [183]. In our setting, the problem
with this model is that we only used one year of follow-up, begin-
ning at time of primary THA. Therefore, patients with a revision
for PJI were followed for a shorter period of time which meant
that those patients who acquired a PJI at the very end of the first
year only had very little time in which there was a probability that
death could occur. This could cause the mortality risk to be under-
estimated for patients who had undergone a revision for PJI.
However, as most PJI occur within the first few months, we con-
sidered the risk of underestimation to be very limited.

3.7.2 Relative Risk of Mortality Following Revisions for PJI Ver-
sus Aseptic Revision

In the second analysis, we compared the mortality risk following a
revision for PJI within one year of primary THA with the mortality
risk following an aseptic revision within one year from primary
THA. In this second analysis, follow-up time was initiated at the
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date of revision and patients were followed until death, emigra-
tion or a maximum of one year of follow-up. Follow-up was lim-

correlates with the exposure, without being affected by the expo-
sure (primary THA or revision surgery) and is unequally distrib-

Study Il Study IV
Risk factor Scale Primary THA | Aseptic revision
versus versus
Pl revision |  PJl revision

Comorhidity Charlson comorbidity index: 0-1, 1-2, >3 X X X
Age Continous X
Age <60years, 60-70, 70-80, >80 X X
Sex Female/male X X X
Indication for primary THA Primary osteoarthritis

Traumatic

Non-traumatic avascular femoral head necrosis X

Inflammatory arthritis

Congenital hip disease
Duration of primary THA operation <60, 260 minutes X
Duration of revision surgery <60, >60 - <90, 290 - <120, >120 minutes X
Fixation technique Cemented

Cementless N

Hybrid

Other
Operating theatre Conventional N

Laminar airflow ventilation
Primary THA preoperative antibiotics prophylaxis [Cefuroxime

Dicloxacillin X

Other
Number of secondary revisions 0,1, X

Table 8: Confounders adjusted for in Study Ill and IV.

ited to one year from the date of revision because the effect of
PJI on mortality was assumed to be highest in the immediate pe-
riod following surgery, and a 1-year period would therefore be
the most clinically relevant result.

Revisions for PJIs were defined using the validated definition de-
veloped in Study Il

3.7.3 Outcome of Study IV
The outcome was death within one year of primary THA or within
one year of revision surgery.

3.8 CONFOUNDERS

An observational study is the only possible design for the investi-
gation of incidence and trends of incidence (Study Ill). The ideal
method of studying whether revision for PJI was associated with
an increased risk of mortality (Study IV) would be to randomise
patients to either acquire a PJI or remain uninfected. Evidently,
such a design is unethical and therefore impossible. Instead, an
observational study can be performed in which patients who sus-
tain a PJI are compared with patients who do not. The weakness
of observational studies is the risk of potential confounders which
must be thoroughly controlled for. A confounder is a risk factor
that can cause the outcome of interest (PJI or death) and which

uted between the compared groups thereby causing a mixing of
effects [146].

A number of risk factors for PJI have been identified. These risk
factors can be divided into:

Patient-related risk factors, e.g.: comorbidity [115, 128, 140], age
[33, 77, 143], male sex [32, 61, 140], indication for primary THA
[32, 128, 142], weight/BMI [39, 98], smoking [36, 107] and alcohol
consumption [52].

Surgery-related risk factors, e.g.: fixation technique [33, 57], du-
ration of surgery [115] and antibiotic prophylaxis [8, 40].
Organisation-related risk factors, e.g.: hospital and surgeon vol-
ume [71].

In Studies Il and 1V, a number of confounders were identified and
adjusted for (Table 8).

As some of these risk factors are not reported in all register, the
registers need to be merged to perform this analysis. Further-
more, some important risk factors that are not reported in any of
the Danish registers cannot be adjusted for, e.g., weight/BMI and
smoking.

There is a risk of bias as some risk factors are easily identified and
studied because information on these risk factors is readily availa-
ble in registers, e.g. fixation technique [32, 33, 57, 128], whereas
other factors, e.g. malnutrition, are not recorded in most registers
and have been studied less exhaustively [9, 54, 181]. Moreover,
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the lack of consensus on the PJI diagnosis and the resulting differ-
ent PJI definitions used in these studies hampers the interpreta-
tion of the findings [148]. Furthermore, some studies find an as-
sociation with a risk factor and PJI that other studies do not, e.g.
cementless fixation [33, 57, 128], and some risk factors are time-
dependent, e.g. one study found that advanced age is a risk factor
within the first year, but not after the first year [31].

3.9 STATISTICS

Time-to-event analysis has traditionally been performed using the
Kaplan-Meier method [137]. This method was originally designed
to study events that would eventually occur for all patients in a
study population [70]. As death is such an event, we used the
Kaplan-Meier method to estimate patient survival following pri-
mary THA and revisions in Study IV.

In studies of PJI, not all primary THA will eventually experience a
first-time revision for PJI because competing events that preclude
the revisions for PJI might occur, e.g. death or revisions for other
causes. In studies in which competing events are present, the
Kaplan-Meier method is inappropriate as it overestimates the
probability that the event of interest will occur with time [79],
though some argue that the overestimation is not clinically rele-
vant [47], especially not from the patient’s view [138]. However,
in studies with competing events, a more accurate method of es-
timating the risk of an event of interest is the cumulative inci-
dence function [50]. As primary THA is most frequently per-
formed in older patients who have a high risk of death, we used
the cumulative incidence function in Study I.

The problem with competing risk is also present when estimating
the relative risk between two groups. The hazard rate ratio of Cox
regression analysis [30] can be interpreted as a measure of rela-
tive risk of a rare event [159], such as PJI, but is less appropriate if
a competing risk is present. Instead of Cox regression analysis, the
proportional hazards model by Fine and Gray can be used as it is
based on cumulative incidence functions [44]. This method was
used in Study Ill to estimate the relative risk of PJI in the 2010-
2014 period as compared with the 2005-2009 period.

When Cox regression analysis or the proportional hazards model
by Fine and Gray is used, the hazards must be proportional
throughout the study period, i.e. the proportional hazards as-
sumption must be met. This assumption of proportional hazard
can be evaluated by a log-minus-log plot or by Schoenfeld residu-
als. If the assumptions are violated, several different approached
can be used [138]. One approach is to use the pseudo-value
method which also takes into account competing risk such as
death and revisions for other causes than PJI; and using this
method, we may directly estimate the relative risk rather than
calculating the relative risk based on hazard rate ratio interpreta-
tion.

The pseudo-value method is based on a transformation of data —
called pseudo observations — which are calculated at pre-speci-
fied time points [11]. Individual pseudo observations are com-
puted using information on other patients and are therefore not
independent. The pseudo observations can subsequently be used
in a generalised linear model of the relative risk [120], as was
done in Study IV.

In Studies I-1V, Stata 12.1-14.0 (Stata crop. College Station, TX)
was used and all statistical analyses were performed by the PhD
student under the supervision of the supervisor and co-author,
Claus Varnum in study IV.

3.9.1 Bilateral Observations

The cumulative incidence function, Cox regression, the Fine and
Gray method and the pseudo value method are based on the as-
sumption of independent observations. As a patient can and of-
ten will have more than one THA, this assumption of independ-
ency is violated. Several methods can be used to remedy this
problem: One simple method is to only include all cases of left or
right THA and exclude any contralateral THA. However, this ap-
proach will cause selection bias that may result in an even more
biased estimate than the inclusion of both hips. A second simple
method is to include the first primary THA only, but this will result
in a violation of the principle that an analysis should not depend
on events happening in the future [10]. More advantageous
methods of dealing with the dependency associated with bilateral
THA exist, but studies have shown than the results are only mar-
ginally different from results obtained when observations of bilat-
eral THA are treated as independent observations, especially if
the outcome is rare [90, 144]. In this thesis, we chose to regard all
bilateral THA as independent observations, but assessed the de-
pendency of bilateral THA by examining the number of bilateral
PJI.

Another problem with bilateral observations is that this approach
introduces an extra risk of erroneous reporting as a revision in a
primary THA may be missed due to incorrect reporting of the side
of the operation following either primary or revision surgery. This
problem can be controlled for at least in part by going through
medical records, which was done to some extent in Studies |, 11l
and IV.

3.9.2 Missing Values

In observational studies, two forms of missing values can occur.
One is loss to follow-up, which may cause selection bias as pa-
tients who for some reason are lost to follow-up may differ from
patients with complete follow-up. In all studies, the loss to follow-
up was less than 0.5%, and no further actions were taken to ad-
dress this problem.

The second form of missing values occurs due to incomplete reg-
istration of variables for a given event, e.g. reporting of a primary
THA to the DHR, but missing registration of the date of surgery.
Missing data are generally classified as: Missing completely at
random when the missing data are independent of both observa-
ble and unobservable parameters; Missing at random when data
are not missing randomly, but a non-missing variable can account
for the missing data; Missing not at random when missing data
are related to the value of the variable that is missing [51]. The
missing category can only rarely be determined from the data,
but must be resolved by reference to the process, setting and re-
search question. As missing data in the DHR are primarily due to
incorrect reporting, we considered that any missing data were
Missing completely at random.

Different methods have been developed to handle missing data,
including complete case analyses, single and multiple imputation
[161] and deletion [129]:

For key variables, such as side of operation, date of surgery or in-
correct civil registration number, we excluded the patients from
the study populations, thereby using list-wise deletion. List-wise
deletion is not recommended for all variables because it may lead
to a high percentage of excluded cases, with reduces the power
of the analysis and introduces a risk of selection bias [129].

For variables that were not needed in order to link the databases,
e.g. type of fixation, different methods of imputation was consid-
ered in which missing variables are replaced with values [161].
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However, the percentage of cases with missing variables was
small; and instead of imputation, the pairwise deletion method
was used. In pairwise deletion, a case is deleted if a variable used
in one analysis is missing, but the case is included in other anal-
yses if the required variable for that analysis is present [129].

4. RESULTS

4.1 STUDY |

A total of 33,353 THA were identified of which 457 were excluded
due to missing or incorrect registration of the patient’s civil regis-
tration number, the operative side or the date of operation or in-
dication. That left a total of 32,896 primary THA in 29,077 pa-
tients. Their median age was 69 (range 11-98 years) and 55.0%
were females.

In the DHR, we identified 1,332 subsequent first-time revisions,
and 1,392 first-time revisions were found in the NRP (Appendix:
Frequency of ICD-10 codes), which combined to form a total of
1,522 revisions after exclusion of 25 first-time revisions due to er-
roneous reporting.

A total of 1,095 first-time revisions were reported to both regis-
ters, while 452 (29%) were registered only in one register. The
major reason for this discrepancy between the NRP and the DHR

L-jear Syer

No.of | No.of
primary THA revisions

Cumulative
incidence

Cumulative | No.of | No.of

Register w : »
incidence | rimary THArvisions

DR | %% | B0 pRQGLR BIE | S
NP | B | B9 RSRMLA BIS | S (AS4A1%49)

Combined | 328% | 90 (2BQE300 BIE | 6 (50(46654)

150848

Table 9: Cumulative incidence of first-time revisions due to any
cause following primarv total hip arthroplastv (THA).

was incorrect reporting of the side of operation or registration of
a procedure code in the NRP that we had not defined as a revi-
sion. For both the one- and the five-year follow-up, the NRP un-
derestimated the incidence of all first-time revisions by approxi-
mately 10%, whereas the DHR underestimated the incidence of
first-time revisions by 20% (Table 9).

4.1.1 Algorithm for Classification of Revisions

The results from classification using the algorithm are shown in
Figure 5. In the following, the findings are described more de-
tailed where they are not evident from the figure presenting the
algorithm.

In 1,210 of the 1,522 first-time revisions, three or more intraoper-
ative cultures had been obtained of which 91% included exactly
five samples. Other frequent numbers of samples were four (2%),
six (3%) and ten (2%). The last category (ten samples) was proba-
bly a result of two sets of five intraoperative cultures. In total, 289
revisions showed growth of the same virulent or opportunistic mi-
cro-organism in three or more out of five intraoperative cultures.
From the remaining 921 revisions in which intraoperative cultures
had been obtained, 89% were without any growth and 8%
showed growth in one or two cultures.

Of the 819 revisions that were culture-negative, 68 first-time revi-
sions underwent additional analysis as they were reported as re-
vision for PJI in either the DHR (50 cases) or the NRP (42 cases),
had received antibiotics (31 cases) or showed growth of bacteria
in culture of synovial fluid from the joint prior to revision (6
cases).

Of the 460 cases in which C-reactive protein was used to classify
the revisions as “no infection” or “further tests needed”, 226
(49%) were found to have a C-reactive protein level above 10
mg/L, in 88 (19%) the level was below 10 mg/L, and the remaining
146 (32%) were not tested for C-reactive protein.

4.1.2 Incidence of Prosthetic Joint Infection
In the DHR, 227 (17%) of all revisions were reported to be due to
PJI; in the NRP, the corresponding number was 207 (16%). The
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Figure 7: Five-year cumulative incidence of prosthetic joint infection. DHR: Danish Hip Arthroplasty Register. NRP: National Register

of Patients.
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one-year incidence of PJI was estimated to be approximately 40%
higher by our algorithm than reported by the DHR and the NRP
for both one- and five-year follow-up (Table 10 & Figure 7).

4.2 STUDY Il

A total of 37,826 primary THAs were identified in the DHR of
which 1,382 were also reported to the DHR with a subsequent
first-time revision. The mean age at the time of revision was 69
(range 22 to 96) years, and 54% of those who underwent revision
were females. In the DHR, 232 (17%) of the 1,382 revisions were
reported as having been performed due to PJI.

When measured against the reference standard defined by the al-

4.3.1 Trend in the Incidence of Prosthetic Joint Infection

The incidence of PJI was 0.53% (95% Cl: 0.44; 0.63) for the 2005-
2009 period and 0.57% (95% Cl: 0.49; 0.67) for the 2010-2014 pe-
riod, resulting in a relative risk of PJI of 1.08 (95% ClI: 0.82; 1.38)
for the 2010-2014 period versus the 2005-2009 period. The ad-
justed relative risk was 1.05 (95% Cl: 0.82; 1.35)).

The relative risk was 1.16 (95% Cl: 0.91; 1.49) when data from the
DHR were used without linkage to the microbiology databases.
When defining PJI as three or more intraoperative cultures of the
same pathogen, the relative risk was 1.01 (95% Cl: 0.77; 1.32).

4.3.2 Bacteria and Antimicrobial Resistance

1-year 5-year
Register No. of No. of Cumulative No. of No. of Cumulative
primary THA | revisions incidence primary THA | revisions incidence
DHR 32,896 167 0.51 (0.44; 0.59) 13,175 84 0.64 (0.51; 0.79)
NRP 32,896 158 0.48 (0.41; 0.56) 13,175 75 0.57 (0.45; 0.71)
Combined 32,896 285 0.86 (0.77; 0.97) 13,175 136 1.03 (0.87; 1.22)

Table 10: umulative incidence of first-time revisions for prosthetic joint infection following primary total hip arthroplasty (THA)

gorithm in Study |, the PJI diagnosis in the DHR had a sensitivity of
67%, a specificity of 95%, a PPV of 77% and an NPV of 92% (Table
11).

Sensitivity was significantly higher if purulence was present, if the
C-reactive protein level was elevated or if the prosthesis had be-
come infected with virulent bacteria.

When data from the DHR were combined with data from the mi-
crobiology databases using the previously described definition of
PJI, the sensitivity increased to 90%. This pooling of data also pro-
duced an increase in the other parameters: the specificity in-
creased to 100%, the PPV to 98% and the NPV to 98% (Table 11).

4.3 STUDY Il

In total, 48,867 primary THAs in 42,210 patients were identified.
The mean age was 68.85 (95% Cl: 68.8; 68.9) at the time of pri-
mary THA, and 55.1% were females. Within one year of follow-up,
1,120 patients had a revision performed of which 271 could be
classified as having been performed due to PJI by the validated
definition.

The most commonly identified micro-organisms were Staphylo-
coccus aureus (31%), coagulase-negative staphylococci (26%), En-
terobacteriaceae (11%), Enterococcus species (9%) and Strepto-
coccus species (8%). For these five bacteria, the antimicrobial
resistance to beta-lactams and gentamicin did not change during
the study period.

4.4 STUDY IV

A total of 68,504 primary THA were identified in 59,954 patients.
The median age at implantation of a primary THA was 69.7 years
(interquartile range, 62.3-76.7 years), and the majority were fe-
male (55.4%). According to the validated definition, 445 of the
1,795 revisions that were performed within one year of the pri-
mary THA were due to PJI. Within one year from the primary THA,
1,907 patients died.

DHR
<4

Microbiology
Databases

DHR

Sensitivity

Specificity

Positive Predictive Value
Negative Predictive Value

67.0 (61.0; 72.6)
95.2(93.8;96.4) | 99.6(99.1; 99.9)
77.2 (71.2; 82.4)
92.3(90.7; 93.8)

90.3 (86.1; 93.5)

98.4 (95.9; 99.6)
97.7 (96.7; 98.5)

Table 11: Sensitivity, specificity, positive predictive value, negative predictive value of the prosthetic joint infection diagnosis in the Dan-

ish Hip Arthroplasty Register (DHR).
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Figure 8: Mortality rate following primary total hip arthroplasty operation (2A) and following revision for prosthetic joint infection (PJI) (2B).

4.4.1 Mortality Risk Following Revisions for PJI versus a Refer-
ence Population

The mortality rate following a revision for PJI was notably in-
creased compared with other patients from the study population
who were not revised due to PJI, (figure 8).

The crude relative mortality risk was 3.10 (95% Cl: 2.33; 4.13).
When adjusting for age, gender and comorbidity, the adjusted
relative mortality risk was 2.18 (95% Cl: 1.54; 3.08).

4.4.2 Mortality Risk Following Revision for PJI versus Aseptic Re-
vision

The crude relative mortality risk within one year following a revi-
sion was 1.65 (95% Cl: 1.15; 2.40) for revision for PJI versus asep-
tic revisions. Adjusting for age, gender, comorbidity and duration
of revision surgery, the adjusted relative risk was 1.87 (95% Cl:
1.11; 3.15).

Patients infected with enterococci had a significantly higher one-
year mortality risk than patients infected with other bacteria spe-
cies (p: 0.01). Patients with an enterococci-infected prosthesis
were treated with a beta-lactam exclusively prior to revision in
75% of the cases.

4.5 MAIN FINDINGS:

1. The one- and five-year cumulative incidences of PJI were
estimated to be 0.86% (95% Cl: 0.77; 0.97) and 1.03%
(95% Cl: 0.87; 1.22). Both the NRP and the DHR underesti-
mated the incidence by approximately 40%.

2.  For the PJI diagnosis reported to the DHR, the sensitivity
was 67%, the specificity 95%, the PPV 77% and the NPV
92%. Sensitivity was higher when the PJI resulted in ele-
vated C-reactive protein or purulence in the joint, or if the
PJI was caused by virulent bacteria.

When the data from the DHR were combined with data
from the microbiology databases, the sensitivity of the PJI
diagnosis increased to 90% which also improved the spec-
ificity (100%), the PPV (98%) and the NPV (98%).

3. The relative risk of PJI was 1.05 (95% Cl: 0.82; 1.35) in the
2005-2009 period versus the 2010-2014 period. No
changes were observed in antimicrobial resistance to ce-
furoxime, dicloxacillin or gentamicin for the five most
commonly isolated bacteria causing PJI during that period.

4. Revision for PJI within one year of the primary THA re-
sulted in a 2.18 (95% Cl: 1.54; 3.08) adjusted relative mor-
tality risk compared with patients without a revision for
PJI, and a 1.87 (95% Cl: 1.11; 3.15) adjusted relative mor-
tality risk compared with patients with an aseptic revision.
Patients infected with enterococci had a particularly high
mortality risk (p: 0.01).

5. DISCUSSION

5.1 INTERNAL VALIDITY

All studies in this thesis are observational studies and they are
therefore limited by factors that affect observational studies, in-
cluding confounding (as discussed in chapter 3.8), selection and
information bias.

5.1.1 Selection Bias

The structure of the Danish National Health Service and the
unique and unchangeable civil registration number allow for in-
clusion of almost all patients of interest in Denmark [91, 151],
which should reduce the risk of selection bias. However, selection
bias might have been introduced due to the inclusion criteria
used in this thesis, of which the limitation of only including pa-
tient reported to the DHR that were operated in Jutland-Funen
probably have the highest impact on our results.

The DHR: Included were only patients reported to the DHR, which
has a completeness of 91-98% (Table 5). However, as the primary
THASs that are missing in the DHR are missing due to the surgeon’s
forgetfulness and misclassification, there is probably very little
difference between the characteristics of the patients reported to
the register and those of the patients who are missing in the reg-
ister. It is therefore unlikely that there should be any association
between missing registration in the DHR and the outcomes stud-
ied in this thesis. Selection bias may be reduced by the fact that
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revisions can be performed and reported to the DHR by a differ-
ent surgeon that the one performing the primary THA.
Jutland-Funen: Only patients operated in Jutland or Funen were
included in Studies I-1ll, and they comprised the majority of the
study population in Study IV. This inclusion criterion may cause
selection bias in some of our estimates.

Study I: The reported incidence of revision is similar for Jutland
and Funen and the remaining parts of Denmark when complete-
ness is incorporated into the estimation [5]. This led us to con-
clude that the estimation of the “true” incidence of PJI may be
generalised to the remaining parts of Denmark and that the risk
of selection bias is minimal.

Study Il: We believe that it is unlikely that the inclusion of only
Jutland and Funen has caused selection bias in the validation of
the PJI diagnosis in the DHR, as the DHR-reporting procedure is
the same in all of Denmark and for the Norwegian and Finish ar-
throplasty registers as well [176],

Study III: Changes in the risk of PJI and antimicrobial resistance
may differ between Jutland and Funen and the remaining parts of
Denmark. With the emergence of methicillin-resistant Staphylo-
coccus aureus (MRSA), staphylococcus aureus is one of the bacte-
ria species that has been subject to change of antimicrobial re-
sistance [162]. Although MRSA remains a rare infection, the
prevalence of this infection is increasing in Denmark [34]. Still, the
prevalence seems to be equally distributed throughout Denmark
[43, 84], and we expect selection bias to be limited in Study IIl if
this scenario applies generally to other bacteria as well.

Study IV: The treatment of PJI (especially the choice of antibiotic)
probably has much influence on the risk of mortality, and our
mortality estimate may be affected if treatment differs between
Jutland and Funen and the remaining parts of Denmark. However,
preoperative prophylactic antibiotics are used uniformly in Den-
mark [5], which indicates that the treatment is similar in all parts
of the country.

5.1.2 Completeness in the Danish Hip Arthroplasty Register

The completeness of both primary THAs and revisions in the DHR
changed during the study periods of all four studies. Specifically, it
should be mentioned that PlJ revisions are occasionally per-
formed acutely, e.g. if the patient is septic. In these cases, the sur-
geons performing the acute revision may be more inexperienced
and less familiar with the reporting procedures of the DHR than
surgeons who regularly perform THA operations, and therefore
more prone to forget to report. This could have had an effect on
the results of Studies I, lll and IV.

Study I: The incidence of PJI may be underestimated if all revi-
sions were not included in the study. As both the DHR and NRP
were used, this underestimation is expected to be small, but the
percentage of revisions missed by both registers remains un-
known.

Study lll: The completeness of primary THAs and revisions in-
creased during the study period, but these increases were non-
proportional as the completeness of revisions increased more
than the completeness of primary THAs (Table 5). This heightens
the probability of registration of a PJI in the later years of the
study period, which could cause the relative risk of PJI in the later
period to be overestimated.

Study IV: The estimation of the higher mortality risk for patients
who received surgical treatment for a PJI is probably underesti-
mated because some revisions for PJI are not reported as revi-
sions and are therefore included in the reference population in-
stead.

5.1.3 Information bias

In this thesis, information bias occurs when the exposure (pre-
dominantly primary THA) or outcome (revision for PJI or death) is
misclassified [146]. As the risk of misclassification of the exposure
‘primary THA' is limited, the following presentation will focus on
the consequences when misclassification of the outcome occurs,
e.g. when a revision for Pl is classified as an aseptic revision.
Study I: Some revisions may have been misclassified. This oc-
curred primarily when the tests included in the algorithm failed to
diagnose a PJI. Inclusion of more tests would probably have iden-
tified a higher number of revisions for PJI; however, such tests
were unavailable or not commonly used during the 2005-2011
period [166]. We therefore expect the sensitivity of the algorithm
to be lower than the specificity. Thus, if the estimated incidence
of revisions for PJl is biased, the result is probably underesti-
mated.

Study lI: As the outcome in Study Il is the reported PJI diagnosis in
the DHR, the risk of information bias is limited.

Study lll: In Study I, the developed linkage of the DHR and the
microbiology databases ensured a sensitivity of 90%. Using the
same approach in Study Ill, we expect an underestimation of 10%,
which is most likely non-differential. Therefore, the relative risk of
PJlin the later part of the study period will be biased towards an
underestimation. In contrast, the increasing trend towards ob-
taining intraoperative cultures in the later part of the study pe-
riod produces differential misclassification and biases the relative
risk towards overestimation. As only surgically treated PJI were
included in the analysis, a change towards a more or less aggres-
sive surgical policy would also bias our result. However, we have
no knowledge of any studies describing such a change and can
therefore not take into account how such a change would affect
our result.

Study IV: The outcome in Study IV was death and revision for PJI.
Death — as reported by the civil registration system —is almost
never misclassified [151]. In contrast hereto, the revision for PJI
diagnosis as defined by Study Il, with the above mentioned 90%
sensitivity, leads to a non-differential misclassification and a re-
sulting underestimation of the relative mortality risk.

5.2 COMPARISON WITH EXISTING LITERATURE

5.2.1 Incidence of Prosthetic Joint Infection

A considerable number of studies and reports from the national
arthroplasty registers have been published on the incidence of PJI
following primary THA (Table 2). Dale et al. included 432,168 pri-
mary THAs [31] and showed a five-year cumulative incidence of
surgically treated PJI was estimated to 0.62% (95% Cl: 0.60; 0.65),
which is very similar to the five-year cumulative incidence of
0.64% (95% Cl: 0.54; 0.79) found in Study | when using only data
from the DHR. We therefore believe that our result of the “true”
incidence of PJI may be generalised to the other Nordic countries.
Whether our results can be generalised to other countries is more
questionable because of differences between these countries’ pa-
tient populations [42], health service organisations and antimicro-
bial resistance patterns [34].

Dale et al. also reported that the incidence of PJI was increasing
during the 1995-2009 study period [31], which is in line with the
results of many other studies from that study period (Table 2).
However, only the study from the Swedish Hip Arthroplasty Regis-
ter used validated data in their analysis of the trend in PJI inci-
dence [95]. If data from the DHR are used exclusively in our analy-
sis, the relative risk of 1.16 (95% Cl: 0.91; 1.49) indicates that an
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increase might be present if register data are used exclusively
during the study period 2005-2014, although the confidence in-
terval is too wide to determine this. Application of the validated
definition of PJI decreases the relative risk to 1.05 (95% Cl: 0.82;
1.35), indicating that the incidence has actually not been increas-
ing, even though there was a higher probability of identifying PJI
in the later study period as the completeness of revisions in DHR
increased during the study period, and intraoperative cultures
were obtained from a higher percentage of revisions in the later
study period. It should be noted, though, that Dale et al. reported
small increases in relative risk of 1.1 (95% Cl: 1.0; 1.2) and 1.6
(95% Cl: 1.4; 1.7). This underlines that large study populations are
needed to study the incidence of PJI, and our study population
might be too small to detect minor changes in the incidence of PJI
[19].

Various risk factors can influence the trend of PJI. In the studies,
which describe an increasing incidence of PJI a number of risk fac-
tors have been assessed [31, 32, 128], but in the studies it has not
been possible to explain the increasing incidence of PJI by a corre-
sponding increase in risk factors. However, studies of micro-or-
ganisms from PJI have identified an increasing antimicrobial re-
sistance of coagulase-negative staphylococci from the 1980s to
the beginning of the 215t century [100, 160], which could explain
the increasing incidence of PJI. In the analysis of trends of PJI esti-
mated from register studies, it is of importance to remember that
on top of changes in completeness various confounders exist,
which can be difficult to adjust for. The increasing number of revi-
sions in which intraoperative cultures were obtained during the
study period in study Ill could be a result of an increasing aware-
ness of PJI that would also affect the reporting to the registers.
Moreover, a change in the threshold of revision for PJI and a shift
towards treating a higher or lower percentage of PJI with antibiot-
ics exclusively would also affect the results.

5.2.2 Validation of the Prosthetic Joint Infection Diagnosis

The only validation of the PJI diagnosis in a national arthroplasty
register undertaken before the present thesis was conducted was
performed by Lindgren et al [93] who validated the PJI diagnosis
in the Swedish Hip Arthroplasty Register through linkage with the
Swedish Prescribed Drug Register and subsequently reviewed the
medical records of possible PJI cases [93]. Even though Lindgren
et al. used a different method and reference definition of PJI than
us, our results are remarkably similar. Thus, they reported a sensi-
tivity of 60%, a specificity of 99%, a PPV of 76% and a NPV of 99%,
whereas our result from Study Il showed a sensitivity of 67%, a
specificity of 95%, a PPV of 77% and a NPV of 92%. Zhu et al. have
later demonstrated that with a sensitivity of 63% for the PJI diag-
nosis, the incidence of PJI was underestimated in the New Zea-
land Joint Registry [184].

The reporting procedure differs between the DHR, the New Zea-
land Joint Registry and the Swedish Hip Arthroplasty Register, but
all the reporting procedures are based on a subjective estimation
which does not always include an assessment of all tests per-
formed, including intraoperative cultures. That the reporting of
PJl is based on a subjective estimation might explain why the sen-
sitivity was higher if C-reactive protein was elevated or purulence
was present, which made the PJI more easily recognisable at the
time of revision.

5.2.3 Mortality

PJI has been associated with a high mortality [18, 60], but few
studies have studied the risk of mortality compared with other re-
visions, and no previous studies have followed a cohort of pri-
mary THA to date of death and described the impact of PJI on
mortality.

Choi et al. and Webb et al. found that the mortality risk after PJI
revision was not significantly higher than the mortality risk after
aseptic revision [28, 171]. However, both studies did report a
higher mortality rate following revision for PJI, and both studies
may be subject to type Il error. Zmistowski et al., on the other
hand, found that the relative mortality risk was 5.9 (95% Cl: 3.5;
10.2) for revision for PJI compared with aseptic revision [188].
This is notably more than the 1.87 (95% Cl: 1.11; 3.15) relative
mortality risk found in the present study. This difference in rela-
tive mortality risk is probably due to differences in study popula-
tion as Zmistowski et al. included both THA and total knee arthro-
plasties, which have a different incidence of PJI [77] and different
length of stay following revision for PJI, which could indicate that
the PJIin THA has a different course than the PJI in total knee ar-
throplasties. Furthermore, we only included first-time revisions,
and as the risk of failure increases by each revision performed [5],
this might also be an explanation of the different relative mortal-
ity risk estimates. Moreover, only early revisions performed
within the first year were included in our study, and chronic PJI —
which were included in the study by Zmistowski et al. - might
have a higher mortality risk than early PJI [81].

Enterococci infected PJI had a higher mortality risk than PJI
caused by other bacteria. This is in accordance with several stud-
ies which have shown that THA infected with enterococci have a
high risk of failure, high risk of subsequent revisions, and longer
length of stay [96, 106, 141]. A possible explanation of the higher
mortality rate in enterococci infected PJI could be that most revi-
sions were treated with a beta-lactam as preoperative prophylac-
tic antibiotic prior to revision, which enterococci are intrinsic re-
sistant to [112].

6. CONCLUSION

This thesis demonstrates that the difficulties associated with PJI
diagnostics which often rely on results from multiple tests cause
the incidence of PJI to be underestimated in the national registers
and also cause the PJI diagnosis to be inaccurately recorded in the
Danish Hip Arthroplasty Register, especially when the PJI is not
manifest or evident at the time of surgery. This thesis also
demonstrates that one method of circumventing this inaccuracy
is by merging the DHR with data from microbiology databases.

By linkage of data from the DHR with microbiology data, we show
that the risk of PJI, which has been reported to be increasing from
the 1990s to the beginning of the 215t century, seems not to fol-
low an increasing trend in the 2005-2014 period. Nor is there any
change in the antimicrobial resistance to the most commonly
used prophylactic antibiotics used in primary THA surgery.

PJlis a devastating complication that needs to be closely moni-
tored. This is underlined by the fact that a PJI following primary
THA caused an approximately two-fold increase in the relative
mortality risk, even after adjusting for multiple risk factors. Pa-
tients infected with enterococci that are resistant to the most
commonly used preoperative prophylactic antibiotic administered
prior to revision surgery have a particularly high mortality risk.
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7. PERSPECTIVES & FUTURE RESEARCH

It is of pivotal importance that continuous research is conducted
to establish how PJI may be prevented and to optimise treatment
for those unfortunate patients who acquire this condition as they
have a high risk of treatment failure and — as shown in this thesis -
death. Moreover, the severity of this complication means that a
method of surveillance of its incidence is called for. Most national
registers are characterised by underestimation and inaccuracy of
the PJI diagnosis [59, 82, 93]. This is deplorable as such registers
are often the only available research tool for studying the inci-
dence of PJI and other important issues regarding PJI. It is there-
fore essential to improve the reporting to these registers, and
new methods of surveillance are required. Various methods have
been tested, e.g. in the Swedish Arthroplasty Registers the medi-
cal records are submitted along with the report, but the effect of
this approach currently remains unclear. As shown in this thesis
and in Victor Lindgren’s thesis [94], another applicable method is
linkage of various databases and registers. However, linkage may
not be applicable in countries where the processing of non-deper-
sonalised data is not an option [130]. This underlines the unique
possibility of merging the exceptionally many and large databases
in Denmark, which will hopefully continue to be available for valu-
able research, even if it has been suggested that access to data
should be limited [46, 63].

7. SUMMRAY IN ENGLISH

Prosthetic joint infection (PJI) is a rare, but devastating complica-
tion following primary total hip arthroplasty (THA). As PJI is a rare
event, large cohorts of patients are required in order to study this
complication. National arthroplasty registers offer such large and
unselected cohorts, but studies have shown that these registers —
used alone — underestimate the incidence of PJI.

The aim of this thesis was to estimate the incidence of PJI and the
mortality risk following a PJI by combining data from the Danish
Hip Arthroplasty Register (DHR), the National Register of Patients
(NRP), the Microbiology Databases, the Civil Registration System,
the medical records, the Danish National Prescription Registry
and the Clinical Biochemistry Databases.

The thesis comprises the following four studies:

Study I: The aim of this study was to estimate the “true” inci-
dence of surgically treated PJI following primary THA. To estimate
the true incidence, we developed an algorithm that classified the
revisions as due to PJI or due to other causes. The algorithm in-
corporated data from the DHR, the NRP, medical records, the mi-
crobiological databases, the prescription database and the clinical
biochemistry databases. The one- and five-year cumulative inci-
dences were estimated to be 0.86% (95% confidence interval (Cl):
0.77;0.97) and 1.03% (95% Cl: 0.87; 1.22), respectively. These fig-
ures are approximately 40% higher than the equivalent figures re-
ported by the DHR and the NRP.

Study lI: The aim of the second study was to validate the PJI diag-
nosis in the DHR. We did this by comparing the PJI diagnosis in
the DHR with the PJI diagnosis derived from the algorithm devel-
oped in Study I. We found a sensitivity of 67%, a specificity of
95%, a positive predictive value (PPV) of 77%, and a negative pre-
dictive value (NPV) of 92%. When the data from the DHR were
linked with data from the microbiology databases, the sensitivity
increased to 90% and the specificity also increased (to 100%)
along with the PPV (98%) and the NPV (98%).

Study llI: The aim of the third study was to examine whether the
incidence of PJI observed within the first year of primary THA in-
creased in the course of the ten-year study period from 2005 to

2014. We used the validated PJI diagnosis described in Study Il
and found that the incidence of PJI did not appear to be increas-
ing as the relative risk of PJI was 1.05 (95% Cl: 0.82; 1.34) for the
2010-2014 period compared with the 2005-2010 period. Nor did
we find any changes in the antimicrobial resistance pattern.
Study IV: The aim of the fourth study was to estimate the mortal-
ity risk following a revision for PJI within one year following a pri-
mary THA. When combining data from the DHR with data from
the microbiology databases, we found that the mortality risk of
patients with a revision for PJI was 2.18 (95% Cl: 1.54; 3.08) com-
pared with the reference population, and 1.87 (95% CI: 1.11;
3.15) when compared with patients who had an aseptic revision.
In conclusion, the incidence of PJl is approximately 40% higher
than that reported by the NRP and the DHR. By linkage of the
DHR and the microbiology databases, the validity of the PJI diag-
nosis can be improved notably. By such a combination of data
from the DHR and the microbiology databases, we show that the
incidence of PJI does not seem to be increasing and that revision
for PJl is associated with a high mortality.
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