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6
Bilateral patients in

arthroplasty registry data

6.1 Introduction

Worldwide more than 3 million total hip and knee arthroplasties are performed annually,
and this number is predicted to increase substantially within the next decades (Pabinger
and Geissler, 2014; Pabinger et al., 2015). Data on total joint arthroplasties (TJAs) are col-
lected in a growing number of arthroplasty registries around the world, and the resulting
data has proven to be valuable in improving the outcome of TJA (Graves, 2010).

This chapter is based on analyses of total hip arthroplasty (THA) data from the LROI
(Landelijke Registratie Orthopedische Implantaten / Dutch Arthroplasty Register), which
has been recording patient and implant characteristics of all hip and knee replacements
in The Netherlands since its establishment in 2007. A large number of THAs is performed
in The Netherlands each year; the LROI registered about 28.000 primary THRs in 2014.
Osteoarthritis is the most common reason for THA: 87% of THAs were performed after a
diagnosis of osteoarthritis (LROI, 2014).

Bene�ts of THA include improved mobility, increased hip joint functionality, and pain
relief (Wilcock, 1978). A hip implant does not last forever however, and a patient may

This chapter contains material from two papers. The �rst has been submitted as: S.L. van der Pas, R.G.H.H.
Nelissen and M. Fiocco. Staged bilateral total joint arthroplasty patients in registries. Immortal time bias and
methodological options. The second is in preparation, with R.G.H.H. Nelissen, B.W. Schreurs and M. Fiocco,
and titled ‘Risk factors for early revision after unilateral and staged bilateral total hip replacement in the Dutch
Arthroplasty Register’.
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184 CHAPTER 6. BILATERAL PATIENTS IN ARTHROPLASTY REGISTRY DATA

need to undergo revision surgery, which we de�ne as any change to the implant. Revision
places not only a burden on healthcare costs, but on the patient as well, and is associated
with higher risk of adverse outcomes than the primary surgery (Mahomed et al., 2003;
Ong et al., 2006). Incidence of revision has been linked to many demographic, clinical,
surgical and health care provider related factors, including gender, age, race, body weight,
American Society of Anesthesiologists (ASA) score, underlying diagnosis, type of �xation
and hospital volume (Prokopetz et al., 2012). We investigate risk factors for revision within
the �rst 8 years of follow-up.

Three methodological issues need to be taken into consideration during the statistical
analysis. The �rst and second are due to the presence of (staged) bilateral patients in the
data. With "bilateral patients", we refer to patients with two THAs, and we refer to patients
with a THA on one side as "unilateral patients". The �rst issue is that each bilateral THA
patient contributes two dependent observations, violating the independence assumptions
underlying most methods. Secondly, the time that usually passes between two successive
THAs renders a patient’s bilaterality status time-dependent. The number of patients with
bilateral THAs is not negligible; in The Netherlands 20% of total hip arthroplasty surg-
eries in 2014 concerned the placement of a second prosthesis, in Sweden 20.5% of patients
became staged bilateral between 1992-2014, and in Norway, 23.6% of patients became bi-
lateral within 10 years (Lie et al., 2004; LROI, 2014; SHAR, 2014).

The third issue is that a patient may die before experiencing revision of the implant. If
this competing risk of death is not appropriately accounted for, the risk of revision surgery
will be overestimated (Keurentjes et al., 2012; Ranstam et al., 2011).

Although this chapter is written in the context of total hip replacement, the consider-
ations and results are relevant to registry data of any body part of which a human has at
least two, such as knees, ankles, shoulders, eyes, �ngers and teeth.

The structure of this chapter is as follows. Methods for handling the competing risk of
death are brie�y reviewed in Section 6.2. The complications stemming from the bilateral
patients are discussed in Section 6.3. The data structure is then introduced in Section 6.4.
This Chapter concludes with preliminary results on the LROI data in Section 6.5.

6.2 Competing risk of death

THA is most commonly done in elderly patients; the average age of the patients in the hip
replacement data set is 69 years. A patient may die before experiencing revision. Indeed,
out of the 161,434 hips in the data set 3,897 hips were revised, while it was not possible to
observe revision for 7,179 hips due to death of the patient. Thus, death should be consid-
ered a competing risk. Estimating the probability of revision by Kaplan-Meier would be
inappropriate, as it is designed for a single outcome (in this case, revision), which is pos-
sibly not observed due to censoring. Deaths are treated as censored observations and not
as events. However, considering deceased patients as censored observations violates the
independence of the censoring distribution assumption underlying Kaplan-Meier (Putter
et al., 2007). By the independent censoring assumption, a dead patient would have the
same hazard of revision as a patient who is still alive and has not experienced revision
yet. Since Kaplan-Meier treats dead patients as if they could still experience revision, the
probability of revision is overestimated.
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In a competing risk setting, the functions of interest are the cumulative incidence func-
tions. The cumulative incidence of cause k at time t is the probability that failure due to
cause k has occurred by time t . There are methods available to estimate the cumulative
incidence of any event in the competing risks setting. We consider three of them, and �rst
introduce some notation.

We assume right-censored data. We have n observations, and each observation i has
failure time Ti and censoring time Ci associated to it. De�ne X i = min{Ti ,Ci }, and ∆i =

1{Ti ≤ Ci } and let εi ∈ {1, . . . ,K } be the causes of failure, for i = 1, . . . ,n. Let Zi be a
p × 1 bounded and time-independent covariate vector. We assume that (X i ,∆i ,∆iεi ,Zi )
are independent and identically distributed for i = 1, . . . ,n. Denote the observed, distinct
event times by t1 < t2 < . . . < tm .

With this notation, the cumulative incidence of cause k is given by:

Fk (t ) = Pr (T ≤ t ,ε = k ), k = 1, . . . ,K .

A cumulative incidence function is determined by the cause-speci�c hazards λk (t ), k =
1, . . . ,K . The cause-speci�c hazard is the hazard of failing from cause k ∈ {1, . . . ,K },
which is in competition with the other failure causes. It is de�ned as

λk (t ) = lim
∆t↓0

Pr (t ≤ T ≤ t + ∆t ,ε = k | T ≥ t )

∆t
.

The cumulative incidence can be expressed in terms of the cause-speci�c hazards as fol-
lows:

Fk (t ) =

∫ t

0
S (u)dΛk (u), k = 1, . . . ,K , (6.1)

where S (t ) = exp(−∑K
k=1 Λk (t )) is the overall survival function, and Λk (t ) =

∫ t
0 λk (u)du

is the cumulative cause-speci�c hazard. In the following sections, we brie�y review three
methods for estimating the cumulative incidence: the Aalen-Johansen estimator, cause-
speci�c Cox regression and Fine-Gray regression.

Aalen-Johansen estimator

The unadjusted cumulative incidence can be estimated by the Aalen-Johansen estimator
(Aalen and Johansen, 1978), which was de�ned for more general multi-state models, but
in this case reduces to (6.1) with the left-continuous Kaplan-Meier estimate for the sur-
vival function, and the Nelson-Aalen estimators for the cumulative cause-speci�c hazards.
Denote the number of failures due to cause k at time ti by dk (ti ) =

∑n
i=1 1{X i = ti ,εi = k }

and the number still at risk just before time ti by n(ti ) =
∑n

i=1 1{X i ≥ ti }.
The Nelson-Aalen estimators and Kaplan-Meier estimator are given by

Λ̂k (t ) =
∑
t i ≤t

dk (ti )

n(ti )
, Ŝ (t ) =

∏
t i ≤t


1 −

∑K
k=1 dk (ti )

n(ti )


 ,

and Fk (t ) is estimated by F̂k (t ) =
∑

t i ≤t S (ti−1)dk (ti )/n(ti ).
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Cause-speci�c Cox regression

The Cox proportional hazards model allows a natural extension to the competing risks
settings, where the cause-speci�c hazard for individual i and cause k is modelled as (Holt,
1978):

λk (t ; zi ) = λ0,k (t )e
βTk z i . (6.2)

Here, λ0,k (t ) is a cause-speci�c baseline hazard. All cause-speci�c hazards are estimated
separately and then combined to assess the association of the covariates to the cumulative
incidence of the cause of interest. Each cause-speci�c hazard λk (t ; z0) is estimated by
censoring all individuals who failed due to a cause other than k . At each time at which
an individual experiences failure due to cause k , the covariate values of this individual are
compared with the covariates of all other individuals who are still event-free and in follow-
up. Following Cheng et al. (1998), the cumulative incidence is estimated by plugging in
the maximum partial likelihood estimate β̂k for βk and the Breslow estimate Λ̂0,k (t ) for
the cumulative hazard:

F̂k (t ; z0) =

∫ t

0
Ŝ (u; z0)dΛ̂k (u; z0),

where Ŝ (u; z0) = exp(−∑K
k=1 Λ̂k (u; z0)) and Λ̂k (u; z0) = Λ̂0,k (u) exp(β̂Tk z0)).

Fine-Gray regression

Fine-Gray regression (Fine and Gray, 1999) is a Cox model like (6.2), but for the subdistri-
bution hazard hk (t ; z0) instead of the cause-speci�c hazard. The subdistribution hazard is
the instantaneous risk of failing from cause k given that the individual has not failed from
cause k :

hk (t ;Zi ) = lim
∆t→0

1
∆t

Pr (t ≤ T ≤ t + ∆t ,ε = k | T ≥ t ∪ (T ≤ t ∩ ε , k ),Zi ).

Fine-Gray regression is designed to model only one subdistribution hazard at the same
time (Beyersmann et al., 2012, Section 5.3.4). The model is given by:

hk (t ; zi ) = h0,k (t )e
βTk z i , (6.3)

where h0,k (t ) is a subdistribution baseline hazard and k refers to the single cause of failure
under consideration. An appealing property of the subdistribution hazard is that it satis�es

Fk (t ; z0) = 1 − e−
∫ t

0 hk (u;z0 )du . (6.4)

The model (6.3) for the subdistribution hazard thus allows direct assessment of the rela-
tionship between a covariate and the cumulative incidence of the cause of interest. The
risk set corresponding to the subdistribution hazard is counterintuitive however, as it con-
tains those individuals who have already failed from a cause di�erent than k , and are thus
not able to fail from cause k anymore (Fine and Gray, 1999). The coe�cients β in (6.3) are
estimated by a weighted partial likelihood approach and the cumulative subdistribution
baseline hazard is estimated by a Breslow-type estimator. A test for equality of cause-
speci�c cumulative incidence functions is available (Gray, 1988).
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Choice of method and model checking

Usually, only either cause-speci�c Cox regression or Fine-Gray regression is selected for
adjusted analyses. This seems natural, as they estimate di�erent quantities, although both
can be used to estimate cumulative incidences. There is a relationship between the sub-
distribution hazard hk (t ; z0) and cause-speci�c hazard λk (t ; z0), which follows from com-
bining (6.1), (6.4) and di�erentiating with respect to t (Beyersmann and Scheike, 2013;
Beyersmann and Schumacher, 2007):

hk (t ; z0) =
S (t ; z0)

1 − Fk (t ; z0)
λk (t ; z0).

If the proportionality assumption holds for one of the hazards, the other model will thus
typically be misspeci�ed (Beyersmann and Schumacher, 2007; Latouche et al., 2013, 2007).
Grambauer et al. (2010) found that the subdistribution hazards and cause-speci�c hazards
for cause 1 are numerically quite close if a covariate has no e�ect on the remaining cause-
speci�c hazards, or when there is heavy censoring.

Cause-speci�c Cox regression provides insight into the relationship of covariates on
the hazard of, in this case, revision or death. Fine-Gray regression yields in a sense a
summary, indicating the association between a covariate and the cumulative incidence of
revision. Grambauer et al. (2010) and Latouche et al. (2013) recommend presenting the
results from both the cause-speci�c Cox model and Fine-Gray regression side by side, for
all causes. In any case, it is prudent to report results on model �t. There are several options
available. Three aspects of the models are evaluated (Lin et al., 1993):

1. The proportional hazards assumption;

2. The functional forms of covariates in the exponent of the model;

3. The link function.

An overview of diagnostic tests for the Cox model is given in Chapter 11 of Klein and
Moeschberger (2003), while Li et al. (2015) discuss a number of tests for each of the three
aspects listed above for Fine-Gray regression. In addition, Andersen and Pohar Perme
(2010) review methods for assessing goodness-of-�t using pseudo-values, which can be
applied to the Cox model and the Fine-Gray model. Omnibus tests for all three aspects
are available for the Cox model (Lin et al., 1993; McKeague et al., 2001) and the Fine-Gray
model (Li et al., 2015), and an R package for the latter is under development (Li et al., 2015).

6.3 Dependence between hips and the time-dependent
bilateral status

Approximately 20% of THAs undertaken in The Netherlands concern the placement of
a second hip implant (LROI, 2014). Thus, the LROI data contains a sizable proportion
of bilateral patients. Both hips can be placed simultaneously, but more commonly, the
interoperative time is several months or years. In the latter case, the patients are referred
to as "staged bilateral patients". Their presence poses a problem to the statistical analysis of
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arthroplasty data, as has been recognized in the orthopaedic literature (Bryant et al., 2006;
Lie et al., 2004; Ranstam et al., 2011). The focus of those papers has been on the dependence
of the two observations contributed by a bilateral patient. There is little recognition for a
second problem however, namely that a patient’s bilaterality status is time-dependent.

We review some methods for handling the dependence between two hip implants
within a patient in Section 6.3.1, and discuss methods which incorporate the time-dependent
status in Section 6.3.2. We give some remarks on practical relevance in Section 6.3.3.

6.3.1 Methods for dependent observations

Most of the methods proposed in the orthopaedic literature only account for the depen-
dence between two hips within one patient, and do not consider the time between two
successive THAs. The interoperative time is not relevant for patients undergoing simulta-
neous bilateral hip replacement ("same-day bilateral patients"), and those are the patients
we will have in mind in this section. We now review the methods that have been proposed
in the orthopaedic literature. These methods are intended to be used in combination with
the competing risks methods discussed in Section 6.2.

Subgroup analysis

One recommendation by Bryant et al. (2006) is to analyse patients with bilateral THA as a
separate subgroup, which is done occasionaly in practice, or the bilateral patients are ex-
cluded altogether (Buchholz et al., 1985; Gillam et al., 2010; SHAR, 2014; Visuri et al., 2002).
The unilateral observations will all be independent, but the bilateral patients’ observations
are still dependent, so the dependence issue is not completely resolved by subgroup analy-
sis. In addition, when subgroup analysis is done with staged bilateral patients, the analysis
is at risk of being a�ected by immortal time bias, as will be explained in Section 6.3.2.

Excluding the second joint

Bryant et al. (2006) suggested excluding the second joint, and this option is used in practice
(Maurer et al., 2001; Morris, 1993; NJR, 2015). Only using each patient’s �rst THA ensures
independence of the observations used in the analysis. A disadvantage is that not all data
is used, although this may not be a serious problem in arthroplasty registry studies where
the amount of data can run into the hundred thousands. At �rst glance, a second drawback
may be that the conclusions only hold for a patient’s �rst THA and not the second, but this
may actually be sensible given that the outcomes for the second implant may be di�erent
compared to the �rst implant.

Selecting a random joint

A third suggestion by Bryant et al. (2006) is to select a random hip for each bilateral pa-
tient, and this was previously implemented by Visuri et al. (2002). The analysis is carried
out using all unilateral observations, and one randomly selected observation from each
bilateral patient. In this way, alle observations in the sample are independent. However,
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this raises other issues. The �rst problem is that the sensitivity of the results to the partic-
ular sample should be assessed. The second is that it is unclear what is being estimated.
If the outcomes of a patient’s �rst and second THA are di�erent, the interpretation of the
estimate resulting from this procedure is di�cult.

Resampling techniques

Closely related to the selection of a random joint per patient is the idea of within-cluster re-
sampling. Each patient is viewed as a cluster, containing either one or two THAs. Ranstam
et al. (2011) suggested to apply the methodology of Ho�man et al. (2001), which is valid for
data with clusters of nonignorable size, meaning that the risk for the outcome is related
to the cluster size. For within-cluster resampling, a large number of data sets is created
by randomly selecting one observation per individual. The estimator is computed on each
data set, after which all estimates are averaged, resulting in the within-cluster resampling
estimator.

Ho�man et al. (2001) prove asymptotic normality in the context of generalized linear
models, and the main proof concept can be adapted to the competing risks setting, when
combined with results in Cheng et al. (1998); Fine and Gray (1999) and Lin (1997). This
extension would require assuming that both hips follow the same model, which seems
unlikely to be true. The resulting estimator would represent the cumulative incidence of
revision for a randomly sampled hip from a randomly sampled patient, and again, it is not
clear how meaningful this would be in practice.

The within-cluster resampling procedure is reminiscent of the block or cluster boot-
strap, but these methods di�er in execution and aim. Suppose we have observedC clusters.
The resampled datasets of the cluster bootstrap arise by samplingC clusters with replace-
ment (Davison and Hinkley, 1997), while for within-cluster resampling, exactly one ob-
servation is sampled from each cluster. In the arthroplasty example, the cluster bootstrap
would be performed by sampling the patients with replacement, while within-cluster sam-
pling proceeds by sampling one hip per patient.

Regarding the di�erence in aim, the cluster bootstrap is intended to �nd the sampling
distribution of the estimator, which would in our example be the variance of the estimated
cumulative incidence of revision for a randomly sampled hip from the population. The two
methods coincide only when there is no correlation between units in a cluster.

Shared gamma frailty model

A shared gamma frailty model was proposed to model the within-patient correlation (Ri-
patti and Palmgren, 2000), and has been applied since (Robertsson and Ranstam, 2003;
Schwarzer et al., 2001). A disadvantage of these models is that the correlation is explicitly
modeled, and the underlying assumptions do not necessarily hold for arthroplasty data.
In particular, only positive correlation between the two THAs can be induced (Wienke,
2003). Not much is known about the correlation between two THAs in one patient. A
positive one is possible, e.g. if the patient is very active, both prostheses are prone to ear-
lier failure. However, two prostheses in one patient can be negatively correlated. If the
patient favors one of the prostheses, then the prosthesis bearing the most stress is likely
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to fail early while the other prosthesis is likely to survive longer. Thus, the shared gamma
frailty model does not seem to be entirely adequate.

Cluster Fine-Gray

An extension of the Fine-Gray proportional subdistribution hazards model for clustered
data is available (Zhou et al., 2012). More details on standard Fine-Gray regression can be
found in Section 6.2. The cluster version has, to the best of our knowledge, not been ap-
plied to arthroplasty data yet. The cumulative incidence is estimated using standard Fine-
Gray methodology under an independence working assumption, after which the variance
is estimated using a sandwich variance estimator. The method was designed for settings
where there are unobserved shared factors across individuals, such as multicenter trials or
family studies. The correlation structure remains unspeci�ed, making this method more
attractive than a frailty model for arthroplasty data.

6.3.2 Methods for the time-dependent bilaterality status

In the terminology of Kalb�eisch and Prentice (2002), a patient’s bilaterality status can
be viewed as an internal time-dependent covariate, meaning that the possibility of its
observation depends on the survival status of the patient. Internal time-dependent co-
variates pose a challenge in competing risks analysis, as their very observation at some
time point t informs us that the probability of survival up until time t conditional on the
time-dependent covariate is equal to one. It is possible to estimate cause-speci�c hazards,
but prediction of cumulative incidences is not possible when an internal time-dependent
covariate is included (Andersen et al., 1993; Cortese and Andersen, 2009). This makes the
method of Lie et al. (2004), who propose to include a time-dependent covariate that con-
tains information on a patient’s bilaterality status and revision status of the opposite hip,
unsuitable for our purposes.

If one’s goal is to study the entire patient population, without any speci�c interest in
the bilateral patients, the time-dependence problem can be avoided by only including each
patient’s �rst THA in the analysis, as discussed in Section 6.3.1. In this section, we discuss
methods for the situation where the goal is to study bilateral patients speci�cally, or when
the loss of data resulting from excluding the second limb is considered prohibitive.

Cortese and Andersen (2009) discuss three methods to incorporate a time-dependent
covariate: a multistate model with additional transient states, the landmark analysis of
Van Houwelingen (2007), or an extended competing risks model in which all possible com-
binations between the levels of the time-dependent covariate and cause-speci�c events are
included as �nal states. These alternatives require a change of research question: the mul-
tistate model takes the per-patient point of view as opposed to the per-hip point of view,
landmark analysis yields estimates conditional on event-free survival up until a landmark
time, as does the extended competing risks model. Before reviewing these three options,
we discuss the potential for immortal time bias.
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Immortal time bias

A basic principle in survival analysis is that subgroups de�ned by patient characteristics
that are not known at the start of follow-up (such as receiving a second THA), can only be
compared with the greatest caution. The reason is the immortal time bias, a well-known
phenomenon in observational studies, resulting from �awed statistical analysis (Lévesque
et al., 2010; Suissa, 2007). Immortal time refers to a period of follow-up during which
the study outcome, which may be death or another event (e.g. revision surgery), cannot
occur. It was �rst described in the context of heart transplant data, when it was noted
that the observed improved survival of heart transplant patients was due to selection bias:
only patients who survived long enough to receive a heart transplant were included in the
transplant group (Gail, 1972).

Analyses of arthroplasty data risk being a�ected by the immortal time bias as well.
The immortal time bias arises when patients with staged bilateral THA are studied as a
separate subgroup, because only those patients who survive long enough to be able to
receive the second implant are observed. The bias occurs both when revision of one of the
implants or death are taken as the endpoints. With arthroplasty data, when the outcome
of interest is revision, the bias is subtle. Revision of the �rst hip does not prevent a patient
from joining the staged bilateral group, and thus there is no obvious immortal time bias.
However, there is the competing risk of death.

The underlying mechanism of the immortal time bias is illustrated through an arti�cial
example, in which 50% of patients will become staged bilateral exactly 2 years after their
index surgery. The �rst-placed implants of unilateral and bilateral patients are compared.
The implants of all patients behave the same: they have a 30% probability of revision after
exactly 3 years. In addition, each patient has a 20% probability of dying after 1 year. All
percentages are chosen for illustrative purposes and are not meant to be realistic. We
assume independence for all events. The process is visualized in Figure 6.1.

When the unilateral and staged bilateral subgroups are created at the end of follow-
up, patients that would have become staged bilateral at the 2-year mark but died before
realizing that potential, are observed to be unilateral. This leads to an estimate of a zero
probability of death for staged bilateral patients, while the cumulative incidence of death
is overestimated for unilateral patients. The reverse happens for revision: the cumulative
incidence of revision is overestimated for staged bilateral patients, as the competing risk
of death is not observed, while it is underestimated for unilateral patients, because the risk
set is made arti�cially large by the inclusion of patients who would have become staged
bilateral if they had not died before the second surgery could take place.

The severity of the e�ect of the immortal time bias depends on the revision, mortality
and bilaterality rates, and also on the research question. With 5% revision, 5% mortality
and 20% bilaterality, the bias in the arti�cial data example is inconsequential for the cu-
mulative incidence of revision, but still relatively large for death. Moreover, statistically
signi�cant di�erences in implant survival between two groups can be very small, even
less than 1%, when the follow up is short. In such a case, even a small bias may be large
enough to give the false impression of a di�erence between subgroups where there is ac-
tually none. In addition, the Swedish Hip Arthroplasty Register reports 23-year revision
rates of up to 38.5% for men who are 50-59 years at index surgery (SHAR, 2014). After
such a long follow up, immortal time bias may signi�cantly a�ect analyses, and thus clini-
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Figure 6.1: Visualization of the arti�cial data example. Circles denote patients who will
only have one implant, while squares indicate patients who will become bilateral at the
2-year mark. Green indicates event-free patients, black patients who die before experi-
encing revision, and orange patients whose prosthesis has been revised. The subgroup
analysis ignores the fact that some patients will have died before realizing their poten-
tial of becoming bilateral, and thus some potentially bilateral patients will be considered
unilateral.

Figure 6.2: A landmark time is chosen, in this case after the patients become bilateral.
All patients who died or were revised before the landmark time are excluded from the
analysis.
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cal results based on subgroup analysis with staged bilateral patients should be interpreted
with caution.

Landmark analysis

Landmark analysis allows for comparison of unilateral and staged bilateral patients with-
out the risk of immortal time bias (Cortese and Andersen, 2009; Van Houwelingen, 2007).
The �rst step is to choose a landmark time of for example 2 years. The choice of land-
mark time should be guided by the research question. Only patients who are still alive
and have not experienced revision yet at the landmark time are included in the analysis.
This ensures a fair comparison between the two groups, as both need to survive for the
same minimum amount of time in order to be included in the analysis.

The next step is to create the subgroups: patients who have become bilateral by the
landmark time, and patients who were unilateral at the landmark time. As only each
patient’s status at the landmark time is considered, the latter group includes patients who
may receive a second implant after the landmark time. The procedure is illustrated in
Figure 6.2.

When the landmark subgroups have been made, the cumulative incidence can be es-
timated, for example by using one of the methods described in Section 6.2. The interpre-
tation of the resulting models is conditional on the landmark time. Thus, conclusions can
be drawn for comparison of unilateral and staged bilateral patients, conditional on the
fact that these patients were still alive and did not undergo revision by the landmark time.
This is a limitation to the method: the conclusions only hold for patients who are still alive
and unrevised by the landmark time point. This is not a negative per se, as this question
will be of interest to a patient who has survived some time unrevised since the primary or
index THA. However, excluding the �rst few postoperative months or years from analysis
may not be satisfactory in a situation where mortality or revision risk are especially high
immediately following surgery.

Extended competing risks model and multistate models

The second approach discussed by Cortese and Andersen (2009) is an extended competing
risks model, which has all possible combinations between internal covariate levels and
cause-speci�c events as �nal states. In the case of arthroplasty data, such a model could
be represented as in Figure 6.3.

The change in status from unilateral to bilateral comes bundled with the introduction
of a second outcome: revision of the second hip. Thus, the outcome "revision" needs a
more precise de�nition, such as "revision of the �rst THA", in which case the outcome of
the second THA is disregarded.

The disease process of a patient can be more fully captured by a multistate model with
transient states. Such a multistate model allows inclusion of a patient’s second THA in
a natural manner. Another advantage of these extended models is that they allow us to
take a per-patient point of view, which is more useful to the orthopaedic surgeon than the
classical per-hip point of view. See Figure 6.4 for an example of such a model.

There is a Markovian assumption behind this model, which can be relaxed. It may
be the case that the probability of transitioning from for example "bilateral" to one of the
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Figure 6.3: Extended competing risks model for Total Hip Arthroplasty.

revised states, depends on the amount of time spent as a unilateral patient. It is possible to
model the intensity regulating the transitions as a function of the time spent as a unilateral
patient, resulting in a semi-Markov model (Cortese and Andersen, 2009; Putter et al., 2007).

While multistate models have been rarely used in orthopaedic studies, there has been
a successful application to the data of the Australian Orthopaedic Association National
Joint Replacement Registry (Gillam et al., 2013, 2012).

6.3.3 Clinical relevance

Two reviews of arthroplasty studies found that is commonly believed that the bilateral
patients do not a�ect the results of the analyses too much, and thus the dependence of
their observations is often ignored (Bryant et al., 2006; Ranstam et al., 2011). Robertsson
and Ranstam (2003) �nd that the e�ect of subject dependency in total knee arthroplasty
is negligible, and explain this by saying that the source of the bias generated by ignoring
dependency consists solely of bilateral patients with revisions on both sides, of which
there are very few. Findings of Ripatti and Palmgren (2000), Schwarzer et al. (2001), Visuri
et al. (2002) and Lie et al. (2004) for THA are similar. A contributing factor is that hip
implant survival is very high.

The �ndings that ignoring the within-patient dependence does not signi�cantly a�ect
results are all within the context of questions about the entire patient population. Whether
ignoring the presence of bilateral patients is problematic depends on the goal of the anal-
ysis, and on the similarity of the outcomes for the two prostheses. If one is interested in
the time to revision for any hip, then ignoring the dependence may be a pragmatic solu-
tion if the �rst and second THAs have similar survival properties and similar associations
with the covariates, and especially if implant survival is high in general. In that case, the
ignored dependence will likely only a�ect the con�dence intervals. However, if the im-
plants of bilateral patients have di�erent survival properties than unilateral prostheses,
grouping everyone together without extra consideration does not make much sense. In
that cases, studying unilateral and bilateral patients separately will provide more useful
clinical insights.
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Figure 6.4: Multistate model for Total Hip Arthroplasty.

When the research question is concerned with bilateral patients, caution is warranted.
The main potential pitfalls lie in the time-dependence of a patient’s bilateral status. Extra
care needs to be taken when the proportion of bilateral patients is high, and when the
patients who become staged bilateral tend to do so relatively long after the �rst surgery.
A naive subgroup analysis may be a�ected by immortal time bias. Landmark analysis or
a multistate model seem appropriate solutions in this case.

In any analysis of arthroplasty registry data, researchers should carefully consider the
impact the bilateral patients may have on their results, de�ne their research population
precisely, and select the statistical method accordingly.

6.4 Data structure

The data set contains data on 161,434 primary total hip arthoplasties, undertaken between
2007 and 2014. Arthroplasties after tumors or fractures, and hemiarthroplasties were not
included. The survival information is captured in the following four variables:

1. Status_revision: indicates whether the hip was revised.

2. Status_death: indicates whether the patient has died.

3. Surv_revision: time at risk until revision.

4. Surv_death: time at risk until death.

In order to illustrate the time to event structure of the data, consider the following
patients (only status indicators and time at risk shown for clarity):
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Patient Status_revision Status_death Surv_revision Surv_death
103867 0 0 7.67 7.67
99702 1 0 3.97 6.56
88945 0 1 0.18 0.18
6645 1 1 0.13 0.52

Patient 103867 was under follow up for 7.67 years and was still alive at the end of
follow up, without revision of his or her implant. Patient 99702 was under follow up for
6.56 years. After 3.97 years, his or her hip implant was revised. The patient was still alive
at the end of follow up. Patient 88945 died after 0.18 years of follow up, without revision
of his or her implant. The implant of patient 6645 was revised after 0.13 years, and the
patient died 0.39 years later, at 0.52 years of follow up.

Each line in the data set corresponds to one hip. However, there are bilateral patients
included in the data set, with a hip implant on both sides. Some examples in the data:

Patient Status_revision Status_death Surv_revision Surv_death
5 0 0 3.16 3.16
5 0 0 2.30 2.30

3044 0 1 1.63 1.63
3044 1 1 0.15 1.13

22112 0 0 4.47 4.47
22112 1 0 1.36 2.86

Patient 5 received a second hip implant 0.86 years after the �rst, and was then followed
for another 2.30 years. During that time, none of the implants were revised, and the patient
was still alive at the end of follow up. Patient 3044 received his or her second implant after
0.5 years. The second implant was revised 0.15 years after its placement. The �rst was
never revised. The patient died 1.63 years after the �rst prosthesis was implanted. Patient
22112 received his or her second implant after 1.61 years, and it was revised 1.36 years
later. The patient was still alive, without revision of the �rst implant, at the end of follow
up at 4.47 years.

The statistical complications associated with the presence of bilateral patients in the
data set are discussed in Section 6.3. Before proceeding to the data analysis in Section 6.5,
we describe the remaining variables in the data set. The variables used in the model are
listed below.

1. Age: age of patient at index surgery.
Converted to the �ve age categories used by the LROI: younger than 50, 50-59, 60-69, 70-79,
80 and older.

2. GENDER: gender of patient.

3. ASACLASH: American Society of Anesthesiologists (ASA) classi�cation.
1: A normal healthy patient. 2: A patient with mild systemic disease. 3: A patient with severy
systemic disease. 4: A patient with severe systemic disease that is a constant threat to life
(ASA, 2014).

4. DIAGH: diagnosis.
The nine diagnoses in the data set were combined into �ve diagnostic groups, following
the recommendation of the clinician: osteoarthritis, post-Perthes and dysplasia, rheumatoid
and in�ammatory arthritis, osteonecrosis, and late posttraumatic combined with all other
diagnoses.
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5. FIXH_incl_rev: type of �xation of the hip implant.
Cementless, hybrid, cemented or reversed hybrid.

6. Hospitaltype: type of hospital.
General, academic, or private. Taken as a proxy for unmeasured confounders, outcome not
reported.

The distribution of the patient characteristics is shown in Figure 6.5.
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Figure 6.5: Barplot of patient characteristics in the LROI data set.
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Besides those variables, the data set contained information on the side of operation,
year of operation and revision, and whether the hip had been operated on before. These
were left out of the model because of redundancy or, in case of previous operations on the
same hip, low completeness.

6.5 Results on the LROI data

This section contains results on data from the Dutch Arthroplasty Register (LROI). The
analysis is based on total hip arthroplasty (THA) and subsequent revision surgeries per-
formed on a total of 161,434 hips in 144,513 patients, between January 1st, 2007 and De-
cember 31st, 2014. We aim to identify variables associated with the cumulative incidence
of revision, for all patients and in particular the bilateral patients.

A limitation of these analyses is that it requires identifying whether a THA was a pa-
tient’s �rst or second. This is not problematic for patients whose both surgeries took place
after 2007, but it is for bilateral patients whose �rst THA took place before the establish-
ment of the LROI. If a patient’s �rst THA happened before 2007, and his or her second
THA happened after 2007, then only the second THA is recorded in the data set, and we
would require an indicator to alert us to the fact that it is that patient’s second, not �rst
THA. Such an indicator exists in the form of the Charnley score, but this score has only
been recorded sinds mid 2013, and we do not have access to it at time of writing. This is
discussed in more detail in 6.5.3.

We �rst describe the analyses and present the results. We discuss the results, limita-
tions of these analyses and plans for future analyses in Section 6.5.5.

6.5.1 Competing risks

The need for competing risks methods is illustrated in Figure 6.6. It shows the cumulative
incidences of revision and death, estimated separately for the youngest and the oldest
patients. The cumulative incidences were estimated using each patient’s �rst THA, noting
that for some patients, this will actually be their second, as explained above.

The Figure shows a very strong competing risk of death for patients older than 80. For
patients under 50, the competing risk of death in this relatively short amount of follow up
is so small as to be negligible. Given the average age of patients undergoing THA, which
is 69, the competing risk of death cannot be ignored.

6.5.2 All patients

Before zooming in on the bilateral patients, we consider the entire patient population.
Following the recommendations of Grambauer et al. (2010) and Latouche et al. (2013),
both Fine-Gray regression and cause-speci�c Cox regression are performed.

We use Fine-Gray regression for clustered data (Zhou et al., 2012) to �nd variables
associated with revision. As discussed in Section 6.3, this analysis does not account for the
time between two THAs for bilateral patients. As a form of sensitivity analysis, standard
Fine and Gray regression was also performed on the entire data set, and on all �rst THAs
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Table 6.1: Fine-Gray regression for all patients. Reference category between parentheses.

Variable
Cluster Fine-Gray Fine-Gray Fine-Gray

all data all data �rst THAs
coe�cient s.e. coe�cient s.e. coe�cient s.e.

Gender (female)
Male 0.080 0.036 0.080 0.036 0.076 0.037

Age (< 50)
50-59 -0.073 0.083 -0.073 0.082 -0.084 0.087
60-69 -0.285 0.080 -0.285 0.079 -0.277 0.083
70-79 -0.300 0.083 -0.300 0.082 -0.312 0.086
≥ 80 -0.426 0.094 -0.426 0.093 -0.407 0.098

ASA (ASA 1)
ASA 2 0.090 0.040 0.090 0.040 0.086 0.042
ASA 3 & 4 0.234 0.060 0.234 0.060 0.249 0.062

Diagnosis (Osteoarthritis)
Osteonecrosis 0.027 0.097 0.027 0.096 0.063 0.098
Post-Perthes/Dysplasia -0.123 0.110 -0.123 0.110 -0.135 0.115
Late posttraumatic 0.434 0.091 0.434 0.091 0.421 0.093
Rheum./in�. arthritis -0.085 0.162 -0.085 0.163 -0.140 0.177

Fixation (Cementless)
Cemented -0.559 0.047 -0.559 0.046 -0.533 0.049
Hybrid -0.260 0.089 -0.260 0.088 -0.284 0.094
Reversed hybrid 0.046 0.078 0.046 0.078 0.081 0.081

(which will in some cases be the second THA, as explained above). The results are given
in Table 6.1.

Cause-speci�c Cox regression was done for revision and death, both on the �rst THAs
and on all THAs. The results are given in Table 6.2.

The subdistribution hazard ratios resulting from cluster Fine-Gray, as well as the haz-
ard ratios resulting from cause-speci�c Cox regression on all patients are given in Table
6.3, together with the p-values and the numbers of revisions and deaths.

The cumulative incidence of revision is associated with gender, age, ASA score, diag-
nosis and type of �xation. Men are more likely to experience revision than women. The
cumulative incidence of revision decreases with age, and increases with ASA score. It is
less for hybrid �xation and even smaller for cemented �xation, compared to cementless
�xation. This is set in context and discussed in Section 6.5.5.

As a visual check of the proportionality assumptions for Fine-Gray regression and
cause-speci�c Cox regression, nonparametric estimates of the cumulative incidences of
revision and the cause-speci�c cumulative hazards of revision and death are given in Fig-
ures 6.7, 6.8 and 6.9.



200 CHAPTER 6. BILATERAL PATIENTS IN ARTHROPLASTY REGISTRY DATA

Table
6.2:Cause-spec�cCox

regression
forallpatients.Reference

category
betw

een
parentheses.

Variable
FirstTH

As
A

lldata
Revision

D
eath

Revision
D

eath
coe�

cient
s.e.

coe�
cient

s.e.
coe�

cient
s.e.

coe�
cient

s.e.
Gender(fem

ale)
M

ale
0.085

0.037
0.478

0.027
0.088

0.035
0.476

0.026
Age

(<
50)

50-59
-0.079

0.086
0.687

0.159
-0.068

0.082
0.767

0.155
60-69

-0.270
0.082

1.099
0.150

-0.278
0.078

1.162
0.147

70-79
-0.296

0.085
1.803

0.149
-0.284

0.081
1.866

0.146
≥

80
-0.365

0.096
2.583

0.149
-0.384

0.092
2.636

0.147
A

SA
(A

SA
1)

A
SA

2
0.091

0.042
0.313

0.039
0.095

0.040
0.315

0.038
A

SA
3

&
4

0.281
0.062

1.100
0.044

0.265
0.059

1.112
0.042

D
iagnosis(O

steoarthritis)
O

steonecrosis
0.078

0.096
0.672

0.061
0.040

0.094
0.651

0.060
Post-Perthes/D

ysplasia
-0.132

0.115
0.023

0.120
-0.120

0.110
0.049

0.115
Late

posttraum
atic

0.441
0.092

0.645
0.062

0.453
0.091

0.636
0.062

Rheum
./in�.arthritis

-0.132
0.176

0.499
0.106

-0.078
0.163

0.484
0.103

Fixation
(Cem

entless)
Cem

ented
-0.530

0.048
0.138

0.029
-0.556

0.046
0.140

0.028
H

ybrid
-0.282

0.093
0.195

0.055
-0.258

0.088
0.200

0.053
Reversed

hybrid
0.082

0.081
0.048

0.078
0.048

0.078
0.060

0.075



6.5. RESULTS ON THE LROI DATA 201

Ta
bl

e
6.3

:N
um

be
rs

of
ev

en
ts

(a
ll

pa
tie

nt
s).

Su
bd

ist
rib

ut
io

n
ha

za
rd

ra
tio

s(
SH

R)
fro

m
cl

us
te

rF
in

e-
Gr

ay
,a

nd
ha

za
rd

ra
tio

s(
H

R)
fro

m
ca

us
e-

sp
ec

i�
cC

ox
on

al
lp

at
ie

nt
s.

Re
fe

re
nc

e
ca

te
go

ry
be

tw
ee

n
pa

re
nt

he
se

s.

Va
ria

bl
e

Cl
us

te
rF

in
e-

Gr
ay

Ca
us

e-
sp

ec
i�

cC
ox

re
vi

sio
n

re
vi

sio
n

de
at

h
ev

en
t-f

re
e

re
vi

sio
ns

de
at

hs
SH

R
p

-v
al

ue
.

H
R

p
-v

al
ue

H
R

p
-v

al
ue

Ge
nd

er
(fe

m
al

e)
10

1,1
21

2,4
82

4,4
10

1
1

1
M

al
e

48
,30

5
1,3

95
2,7

34
1.0

8
0.0

25
1.0

9
0.0

13
1.6

1
<

0.
00

1
Ag

e
(<

50
)

6,7
29

25
2

55
1

1
1

50
-5

9
18

,81
6

64
1

29
7

0.9
3

0.3
8

0.9
3

0.4
1

2.1
5
<

0.
00

1
60

-6
9

48
,79

6
1,2

56
1,1

44
0.7

5
<

0.
00

1
0.7

6
<

0.
00

1
3.2

0
<

0.
00

1
70

-7
9

54
,81

9
1,2

93
2,9

49
0.7

4
<

0.
00

1
0.7

5
<

0.
00

1
6.4

6
<

0.
00

1
≥

80
20

,89
4

44
8

2,7
24

0.6
5

<
0.

00
1

0.6
8
<

0.
00

1
13

.96
<

0.
00

1
A

SA
(A

SA
1)

37
,10

5
99

9
94

6
1

1
1

A
SA

2
90

,01
4

2,1
51

3,6
35

1.0
9

0.0
25

1.1
0

0.0
17

1.3
7
<

0.
00

1
A

SA
3

&
4

16
,37

1
46

9
1,9

10
1.2

6
<

0.
00

1
1.3

0
<

0.
00

1
3.0

4
<

0.
00

1
D

ia
gn

os
is

(O
st

eo
ar

th
rit

is)
13

7,5
92

3,4
91

6,3
62

1
1

1
O

st
eo

ne
cr

os
is

4,3
16

13
6

32
8

1.0
3

0.7
8

1.0
4

0.6
7

1.9
2
<

0.
00

1
Po

st
-P

er
th

es
/D

ys
pl

as
ia

3,6
28

94
84

0.8
8

0.2
6

0.8
9

0.2
7

1.0
5

0.6
7

La
te

po
st

tra
um

at
ic

3,3
04

13
4

29
8

1.5
4

<
0.

00
1

1.5
7
<

0.
00

1
1.8

9
<

0.
00

1
Rh

eu
m

./i
n�

.a
rth

rit
is

1,5
22

41
10

4
0.9

2
0.6

0
0.9

2
0.6

3
1.6

2
<

0.
00

1
Fi

xa
tio

n
(C

em
en

tle
ss

)
93

,19
2

2,7
18

3,2
54

1
1

1
Ce

m
en

te
d

42
,65

9
75

2
3,1

24
0.5

7
<

0.
00

1
0.5

7
<

0.
00

1
1.1

5
<

0.
00

1
H

yb
rid

6,6
68

15
1

44
8

0.7
7

0.0
03

3
0.7

7
0.0

03
1.2

2
<

0.
00

1
Re

ve
rs

ed
hy

br
id

6,3
31

19
2

20
5

1.0
5

0.5
6

1.0
5

0.5
4

1.0
6

0.4
2



202 CHAPTER 6. BILATERAL PATIENTS IN ARTHROPLASTY REGISTRY DATA

0 2 4 6 8

0

2

4

6

Age 
 cumulative incidence (revision, %)

Time after primary surgery (years)

<50
50−59
60−69
70−79
>=80

0 2 4 6 8

0

1

2

3

4

Gender 
 cumulative incidence (revision, %)

Time after primary surgery (years)

Male
Female

0 2 4 6 8

0

1

2

3

4

ASA classification 
 cumulative incidence (revision, %)

Time after primary surgery (years)

ASA 1
ASA 2
ASA 3 & 4

0 2 4 6 8

0

1

2

3

4

Diagnosis 
 cumulative incidence (revision, %)

Time after primary surgery (years)

Late−posttraumatic
Osteonecrosis
Dysplasia/post−Perthes
Rheum./infl. arthr.
Osteoarthritis

0 2 4 6 8

0

1

2

3

4

Fixation 
 cumulative incidence (revision, %)

Time after primary surgery (years)

Reversed hybrid
Cementless
Hybrid
Cemented

Figure 6.7: Aalen-Johansen estimates of the cumulative incidences of revision, using all
hips in the data set.
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Figure 6.8: Nelson-Aalen estimates of the cumulative hazard of revision, using all hips in
the data set.
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Figure 6.9: Nelson-Aalen estimates of the cumulative hazard of death, using all hips in the
data set.
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Table 6.4: Number of known second THAs in the LROI data.
2007 2008 2009 2010 2011 2012 2013 2014

Number of THAs (total) 7,938 13,781 19,976 21,992 22,713 23,971 24,631 26,438
Number of second THAs 197 632 1,304 1,975 2,539 2,964 3,436 3,874
Percentage second THAs 2.5% 4.6% 6.5% 9.0% 11.2% 12.4% 13.9% 14.7%

6.5.3 Comparison of unilateral and bilateral patients

We compare rates of revision for the �rst implanted hip for unilateral and staged bilateral
patients at the landmark time of 1 year, meaning that we include those patients who had
not yet experienced revision after 1 year and divide them into groups who have received
either one or two prostheses by 1 year.

As explained above, this analysis is problematic, because the "unilateral" group will
contain some second THAs from bilateral patients. To get a sense of how many of these
second THAs we may miss, we compute for each year the number of THAs that are known
to be the second of a bilateral patient, because the corresponding �rst THA took place in
or after 2007. These numbers are given in Table 6.4. For reference, the Charnley score was
recorded in 2014, and in that year, 20% of THAs concerned the placement of a second hip
(LROI, 2014).

To mitigate the problem of the unidenti�ed second THAs, we only study patients
whose �rst (known) procedure took place in 2010 or later. Based on clinical experience,
we perform landmark analysis at the 1 year landmark, for 4.5 years of follow-up. In to-
tal, 75,397 patients were included in the unilateral group, and 5,031 in the bilateral group.
Gray’s test detects a di�erence in cumulative incidence of revision between patients who
are unilateral or bilateral 1 year after the �rst THA (p = 0.003). The estimated cumulative
incidences are given in Figure 6.10. As shown in Figure 6.10, the �rst implanted prosthesis
of a patient who has become bilateral at the one year mark is less likely to be revised com-
pared to unilateral prostheses, if we compare patients who have not undergone revision
and are still alive one year after the �rst THR.

6.5.4 Second-implanted hips

For a comparison of the second-implanted hips of staged bilateral patients, no time-
dependent covariates are required, as their time point of origin is the time of the sec-
ond primary THA. We thus compute the unadjusted and adjusted cumulative incidences
without any further considerations. Characteristics of the bilateral patients are given in
Table 6.5.

The results from the Fine-Gray regression are given in Table 6.6. When we consider
the second-placed hips of staged bilateral patients, the amount of time between the two
surgeries is a signi�cant variable. The unadjusted cumulative incidence of revision of the
second hip is signi�cantly di�erent for patients whose second hip was placed more than
one year after the �rst one, compared to patients whose hips were both placed within
one year (p = 0.009). This is illustrated in Figure 6.11, which shows that the unadjusted
cumulative incidence of revision for patients whose surgeries take place more than one
year apart is higher than for patients whose surgeries take place within one year.
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Figure 6.10: Aalen-Johansen estimator of the cumulative incidence of revision of the �rst
hip implant for patients who are unilateral or bilateral and event-free at the 1 year land-
mark. The cumulative incidence of revision is higher for patients who are (still) unilateral
1 year after their �rst THA.
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Figure 6.11: Aalen-Johansen estimator of the cumulative incidence of revision for a bi-
lateral patient’s second hip implant. The cumulative incidence of revision is higher for
patients who receive their second THA after more than 1 year.
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Table 6.5: Characteristics of bilateral patients as recorded at the time of the second THA,
compared to all patients.

Characteristics Second hip
within 1 year

Second hip after
more than 1 year

All patients

Total 8,027 8,894 161,434
Mean age 67.2 70.1 69.0
Female 68.7% 72.8% 67.3%
ASA 1 25.4% 20.9% 25.4%
ASA 2 64.2% 66.6% 62.4%
ASA 3&4 10.4% 12.5% 12.2%
Osteoarthritis 92.3% 95.6% 91.3%
Cementless �xation 64.1% 64.2% 62.1%

When the interoperative time is adjusted for, we �nd few remaining signi�cant pre-
dictors for revision of the second prosthesis. Patients with cemented hips are less likely
to experience revision than patients with cementless �xation, and the oldest patients are
less likely to experience revision than the youngest. Gender, ASA and diagnosis do not
appear to play a signi�cant role when we consider only the second prostheses of bilateral
patients.

6.5.5 Discussion and outlook

All patients

Outcome of Fine-Gray regression
The �nding that young age, male sex, high ASA score, uncemented prostheses and an
earlier trauma are risk factors for revision (Table 6.3) is consistent with previous studies
(Prokopetz et al., 2012). Many of those previous analyses were done without accounting
for the competing risk of death, but the conclusions still stand when it is corrected for.
Explanations are available in the clinical literature. Younger patients are typically more
active and heavier, leading to increased stress on the implant components compared to
older patients (Johnsen et al., 2006). Higher mechanical stress may also explain the in-
creased risk of revision for men compared to women, together with hip kinematics (Gallo
et al., 2010). The ASA score is an indicator of a patient’s preoperative health status, and can
be predictive of the early functional status (Hooper et al., 2012). Regarding �xation, the
lower cumulative incidence of revision for cemented implants compared to uncemented
implants is well-documented (Makela et al., 2014). In addition, we �nd that hybrid prosthe-
ses have a lower risk of revision compared to uncemented prostheses, a �nding for which
previous studies found evidence in either direction (Prokopetz et al., 2012). Of the diag-
noses included in this study, only those patients who receive a hip prosthesis long after a
trauma have a signi�cantly di�erent risk of revision than patients who have a diagnosis of
osteoarthritis. After a trauma, risk of dislocation is increased, as anatomic structures may
be compromised (Mallory et al., 1999). Thus, the results are consistent with the clinical
literature.
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Outcome of cause-speci�c Cox regression
The conclusions from the cause-speci�c Cox model are in line with the results from Fine-
Gray regression. The subdistribution hazard ratios for revision and the cause-speci�c
hazard ratios for revision are numerically very close (Table 6.3). This may be due to the
heavy censoring (Grambauer et al., 2010): there were 161,434 hips in the data set and only
11,076 events (3,897 revisions and 7,179 deaths).

The added value of two separate analyses for death and revision is visible for those
variables where the coe�cients for the two hazards have opposite signs: old age, diag-
noses of post-Perthes / dysplasia or rheumatoid/in�ammatory arthritis, and cemented or
hybrid �xation. In all these cases, the cause-speci�c hazard of revision is decreased; the
cause-speci�c hazard of death increased, and the cumulative incidence of revision de-
creased. Besides the explanations already provided above, this analysis makes clear that
another e�ect may be that patients with these characteristics are revised less frequently
because the rate of occurence of death is increased.

The proportionality assumptions
We highlight two aspects of Figures 6.7, 6.8 and 6.9. First, all plots in Figure 6.7 are re-
markably similar to the corresponding plots in Figure 6.8. We already observed that the
subdistribution and cause-speci�c hazards for revision are numerically very close. This is
most likely due to the heavy censoring.

The second aspect is that there is some evidence for violation of the proportional
subdistribution/cause-speci�c hazards assumption. The assumption seems to hold for nei-
ther hazard for revision for the ASA score, age (�rst 2 years) and diagnosis. For age, the
violation could be due to the categorization. The proportionality assumption does appear
to be reasonable for gender and �xation, and for the cause-speci�c hazards of death. This
can be investigated further using, for example, the methods listed in Section 6.2.

Sensitivity to the presence of bilateral patients
The di�erences between standard Fine-Gray and cluster Fine-Gray regression are negligi-
ble (Table 6.1). The estimated coe�cients are the same, and the standard errors only di�er
on the third decimal place. The coe�cients and standard errors estimated using only the
�rst THAs are di�erent compared to cluster Fine and Gray, but the signs of all coe�cients
are the same, and the same coe�cients would be signi�cant at the 5% level. The cause-
speci�c Cox regression is not substantively impacted by the within-subject dependence
of the bilateral patients either (Table 6.2); the di�erences between the estimated coe�-
cients based on all THAs or only the �rst THAs are minimal, and conclusions based on a
0.05-cuto� for the p-values would be the same.

Bilateral patients

Results
Our results indicate that the cumulative incidence of revision is di�erent for staged bi-
lateral patients than for unilateral patients, and that staged bilateral patients are not a
homogeneous subgroup. Interoperative time is an important factor to take into account.
If a patient’s second THR takes place within 1 year, not only does his or her �rst prosthesis
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survive longer compared to unilaterally implanted prostheses, but his or her second pros-
thesis is less likely to be revised than the second prosthesis of a bilateral patient whose
second THR took place more than 1 year after the �rst.

The results for the �rst bilateral implant compared to a unilateral implant correspond
with the �ndings of the Swedish Hip Arthroplasty Register; they report better survival
for the �rst bilateral THA compared to a unilateral implant (SHAR, 2014). However, in
homogeneous subgroups consisting of patients with a diagnosis of osteoarthritis, no dif-
ference in survivorship of the �rst bilateral prosthesis compared to the unilaterals was
found (Havelin et al., 1995; Lie et al., 2004; Visuri et al., 2002).

Most variables that were signi�cant for all patients, are not signi�cant at the 5% level
for bilateral patients, when the time between surgeries is included as a categorical variable
(Table 6.6). Only very old age and a cemented �xation remain signi�cant. This may be
in part because the time between surgery serves as a proxy for a patient’s general health
status and activity level, as will be discussed below.

Limitations
We must be careful not to draw causal conclusions, as the data are observational. Fur-
thermore, there are limitations to the comparison of unilateral and bilateral patients. First
of all, even after removing the data from 2007-2009, some second THAs will have been
included in the "unilateral" group. Two studies indicate that the second THA has bet-
ter survival than a unilateral implant, but the evidence is limited (Lie et al., 2004; Visuri
et al., 2002). It is thus not clear how the presence of unidenti�ed second THAs may have
a�ected the estimates presented in Figure 6.10. A second limiting factor is that the land-
mark analysis precludes us from drawing conclusions about the risk of revision within the
�rst year.

The analysis of the second THAs does not su�er from these limitations, and suggests
that implant survival is better for patients who receive their second THA within 1 year
after the �rst. When interpreting the results in Figure 6.11, the competing risk of death
needs to be considered. A bilateral patient who receives his or her second implant after
more than 1 year is on average older than a bilateral patient whose second surgery takes
place within 1 year, as supported by Table 6.6. Being older, the patient may be at lower
risk of revision. Yet Figure 6.11 and Table 6.5 indicate that patients who receive their sec-
ond implant after more than 1 year have higher risk of revision, lending credence to the
hypothesis that the two groups of bilateral patients di�er from each other in some other
respect.

Timing of the second THA
The protective e�ect of a shorter time between the two surgeries has been observed before
(Havelin et al., 1995; Lie et al., 2004; Möllenho� et al., 1994; Visuri et al., 2002). The cuto�
for signi�cant di�erences found in each of these studies has been di�erent, and none of the
studies accounted for the competing risk of death. The optimal lengths of interoperative
time as reported by these studies are within 1 year (Visuri et al., 2002), within 2 years (Lie
et al., 2004), or within 1-3 years (Möllenho� et al., 1994).

Our results suggest that the relevant period may be as short as 1 year. However, again
it must be stressed that these data are observational, and the conclusion that bilateral
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THAs should be placed as soon as possible cannot be drawn.
We o�er some clinical considerations on the observed protective e�ect of a shorter

interoperative time period. One factor may be the relationship between activity levels and
revision risk. A patient who receives two implants within 1 year may have other health
issues associated with impeded mobility, thus putting less strain on the �rst replaced hip,
leading to longer survival of the implant. Bilateral patients whose two surgeries are more
than 1 year apart may have su�ered from impaired mobility to a lesser extent, explaining
why their implants are more prone to early failure than those of patients who received
their second implant soon after the �rst.

On the other hand, with some diagnoses, patients may elect to have the second THA
sooner rather than later. The patients who do so are likely to be in good health, and more
satis�ed with the outcome of the �rst THA. This may actually lead to worse survival of
the implants, as these are generally more active patients.

A third factor may be that the group of osteoarthritis patients is not homogeneous,
and that those who receive a second implant soon after the �rst represent a subgroup
within the group of osteoarthritis patients for whom osteoarthritis should be considered
a systemic disease.

Outlook

Only a randomized clinical trial can con�rm hypotheses about interoperative time and
improved outcomes for staged bilateral patients. The LROI is still relatively young. With
the passing of time, more data will become available, allowing more detailed study of
bilateral patients. A multistate model has been applied to the data from the Australian
National Joint Replacement Registry, with promising results (Gillam et al., 2013, 2012).
One insight from the Australian multistate model is that women are more likely than men
to experience a second joint replacement surgery, which may be due to the lower mortality
risk for women, or because women may have more extensive osteoarthritis. We expect
that such a model, applied to the LROI data, would provide more insight into the path a
patient may take from unilateral to possible bilateral, revision and/or death. The Dutch
hip replacement data can be linked to knee replacement data, allowing for further study
of patients with multiple implants.
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