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ABSTRACT

Although randomization provides a gold-standard
method of assessing causal relationships, it is not
always possible to randomly allocate exposures. Where
exposures are not randomized, estimating exposure
effects is complicated by confounding. The traditional
approach to dealing with confounding is to adjust for
measured confounding variables within a regression
model for the outcome variable. An alternative
approach—propensity scoring—instead fits a regres-
sion model to the exposure variable. For a binary
exposure, the propensity score is the probability of
being exposed, given the measured confounders.
These scores can be estimated from the data, for
example by fitting a logistic regression model for the
exposure including the confounders as explanatory
variables and obtaining the estimated propensity
scores from the predicted exposure probabilities from
this model. These estimated propensity scores can
then be used in various ways—matching, stratifica-
tion, covariate-adjustment or inverse-probability
weighting—to obtain estimates of the exposure effect.

In this paper, we provide an introduction to propen-
sity score methodology and review its use within res-
piratory health research. We illustrate propensity score
methods by investigating the research question: ‘Does
personal smoking affect the risk of subsequent
asthma?’ using data taken from the Tasmanian Longi-
tudinal Health Study.
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INTRODUCTION

In respiratory health research, we often wish to esti-
mate the causal effect of a particular exposure on a
health outcome. When the exposure is not randomly
allocated, such analyses are inevitably affected by
confounding. We typically address this by adjusting
for measured confounding variables within a multi-
variable regression model for the outcome including
the exposure as an explanatory variable.” Alterna-
tively, we could perform a propensity score analysis.?
Instead of fitting a regression model for the outcome,
the propensity score approach involves fitting a
model for the exposure; the predicted exposure prob-
abilities from this model are the estimated propensity
scores. Broadly speaking, by controlling for these pro-
pensity scores, we hope to ‘balance out’ the con-
founders among exposure groups, thus removing
observed confounding. This can be achieved in a
number of ways, for example, matching or stratifica-
tion on the propensity score, inverse probability-of-
treatment weighting and covariate adjustment using
the propensity score.*”®

In this paper, we provide an introduction to pro-
pensity score methodology and review its use within
respiratory health research. To illustrate these
methods, we use propensity scoring to investigate the
effect of personal smoking (a non-randomized expo-
sure) on asthma remission among adults who
reported asthma during childhood, using data taken
from the Tasmanian Longitudinal Health Study
(TAHS), a population-based longitudinal cohort
study in Tasmania, Australia.
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ESTIMATING CAUSAL EFFECTS

Intuitively, the causal effect of personal smoking on
subsequent asthma remission for an individual can
be conceptualized by contrasting their asthma remis-
sion status under two possible scenarios: the asthma
status that would have occurred if that person had
smoked, and the asthma status that would have
occurred if that person had not smoked. (For simplic-
ity, we assume that a binary classification of smoking
is reasonable). Suppose that this individual did, in
fact, smoke. Their asthma status under the non-
smoking scenario is a counterfactual outcome; it is
contrary to fact.® Because we can only ever observe
the outcome under one possible exposure status, we
can never observe these causal effects. This has been
called the fundamental problem of causal inference.”
However, under certain assumptions, we can estimate
the average causal effect for a population of individ-
uals even though we cannot observe the causal effect
for them.

We can quantify the causal effect of smoking in a
population by the causal odds ratio, which is a hypo-
thetical construct: the odds of asthma remission that
we would have seen in the population if everyone in
the population had smoked, divided by the odds of
asthma remission that we would have seen in the
population if no one had smoked. We could alterna-
tively consider the causal risk ratio, or causal risk dif-
ference, defined analogously. For brevity, we consider
only the causal odds ratio.

In order for the causal odds ratio to be a well-
defined quantity, everyone in the TAHS data must
have had the possibility of being in both exposure
groups—in this case, of being either a smoker or a
non-smoker (the ‘positivity’ assumption®). We assume
that the effect of personal smoking for one individual
does not depend on other individuals’ smoking
behaviour (the ‘stable-unit-treatment-value’ assump-
tion®). The critical and usually most controversial
assumption, required to estimate the desired causal
effect, is that all confounders have been adequately
measured (the ‘exchangeability’ assumption®). We
note that the exchangeability assumption is also
required in conventional outcome regression models,
so it represents nothing new. Accessible discussions
of these issues are given elsewhere.®’

PROPENSITY SCORES

The propensity score is defined as the probability of
being exposed given the values of measured con-
founding variables.® This can be estimated for each
individual by fitting, for example, a logistic regression
model where the exposure takes the place of the
outcome variable, and the measured confounding
variables are included as explanatory variables. The
predicted exposure probabilities from this model are
the estimated propensity scores, which by definition
all lie between zero and one. Advanced computa-
tionally intensive methods, such as neural networks,
recursive partitioning and boosting, have also been
suggested as alternatives to the logistic regression
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propensity score model.'*** These provide superior
performance in some situations. Logistic regression,
however, remains the most popular model choice.

Balancing covariates using the
propensity score
In a simple randomized trial, we expect the distribu-
tion of all prognostic factors to be—on average—the
same in the control and intervention arms of the trial.
This expected balance of prognostic factors, or
‘exchangeability’, means that the control arm pro-
vides an estimate of the average outcome that would
have been observed in the intervention arm had this
group instead been assigned to the control condition,
and vice versa. This allows us to estimate the causal
effect of the intervention by simply contrasting the
average outcomes between the two arms.
Rosenbaum and Rubin® showed that on average, we
expect the distribution of all the variables included in
the propensity score model to be the same in the
exposed and unexposed groups at each value of the
estimated propensity score. This expected balance
means that we can estimate the exposure effect
simply by contrasting the outcome between exposure
groups at each value of the estimated propensity score,
provided that all confounders are included in the pro-
pensity score model. Thus, matching or stratifying on
the propensity score, or adjusting for it in a regression
model for the health outcome, are valid ways to
proceed in estimating the causal effect of exposure.
We discuss these analyses in more detail below.
Figure 1 depicts the main steps involved in a propen-
sity score analysis. Details of the steps are given in the
remainder of this paper.

Propensity score matching

In propensity score matching, we create groups of
exposed and unexposed individuals who all have
similar estimated propensity scores. A popular way of
selecting these matched groups is 1:1 nearest neigh-
bour matching within a caliper. This involves select-
ing a single unexposed match for each exposed
individual, provided that a match can be found with a
sufficiently close propensity score (where ‘closeness’
is determined by the caliper); otherwise the exposed
individual is discarded. There are many variations on
the procedure used to select the matched sample.”*
Matching can be either without replacement, where
an unexposed individual is used as a match for at
most one exposed individual, or with replacement. If
the latter is adopted, the multiple use of matches
must be accounted for in the statistical analysis. An
increase in precision of the estimated causal effect
can often be obtained by selecting more than one
untreated match for each exposed individual; typi-
cally such matching strategies need to be accounted
for in the analysis, for example through weighting, as
illustrated in our example below.”*!*

Once a matched sample has been selected, health
outcomes are directly compared between the exposed
and unexposed individuals. How the matching should
be accounted for in the analysis remains controversial
(see Austin® and discussion).
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Propensity scores

Step 1: Clearly define the causal effect of the exposure

For example, the causal effect of smoking on asthma remission can be defined as the
odds of asthma remission if the whole population had smoked relative to that if the
whole population had not smoked.

n

Step 2: Remove individuals who violate the positivity assumption
Exclude any individual who could never be exposed or could never be unexposed.
The exposure effect is undefined for these individuals.

n

Step 3: Create a list of covariates to be included in the propensity score
The list must include all confounders. This step may involve the use of causal
diagrams, knowledge of the clinical scenario and previous research to decide which
variables are believed to be confounders. Prognostic variables, not thought to be
confounders, may be additionally included in this list to increase statistical precision.

n

Step 4: Assess covariate balance between exposed and unexposed
Calculate the percentage standardised difference for each covariate — a measure of
how unbalanced this variable is between exposure groups.

Other measures of imbalance could also be created at this stage.

n

Step 5: Estimate the propensity score

Fit, for example, a logistic regression model where the exposure is the dependent
variable and the covariates (from step 3) are the independent variables.

The fitted values from this model are the estimated propensity scores.

"

Step 6: Choose a propensity score method

For propensity score matching: select a matched sample

For propensity score stratification: create propensity score strata

For IPTW: create inverse probability weights
For covariate-adjustment: no action required here

"

Step 7: Assess covariate balance between exposed and unexposed after
applying selected propensity score method

Calculate percentage standardised differences for each covariate within the matched
sample, strata or weighted sample, or by using the covariate-adjustment standardized
differences.

If balance is unacceptable (differences >10%), go back to step 5, adding interactions or
nonlinear terms.

"

Step 8: Obtain estimated exposure effect
...using the chosen propensity score method.

Figure 1 Overview of the key steps involved in a propensity
score analysis. IPTW, inverse probability of treatment weighting.

Propensity score matching is often a good choice
when the number of exposed individuals is greatly
exceeded by the number of unexposed individuals.
When this is not the case (as in our later data analy-
sis), matching can result in many exposed individuals
being discarded due to lack of a suitable unexposed
match, or alternatively requires the use of matching
with replacement.

A rather subtle issue with propensity score match-
ing is that this procedure, as outlined earlier, esti-
mates the causal effect of the exposure among the
exposed individuals only, rather than in the whole
population. This is often called the average treatment
effect in the treated (ATT). Conceptually, this com-
pares the health outcome of all exposed individuals
with the outcome had they not been exposed. If the
exposure effect is stronger among some patient sub-
groups, this can lead to discrepancies between esti-
mates obtained from propensity score matching and
other analysis methods.'® Variations on the matching
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procedure can be used to estimate the causal expo-
sure effect among the whole population (often called
the average treatment effect (ATE)), if desired."”

Propensity score stratification
A simple method—propensity score stratification or
subclassification—involves creating a number of
strata, often five, based on the percentiles of the esti-
mated propensity score. The within-strata exposure
effects are estimated by contrasting the outcome
between exposure groups within each stratum, and
the mean of these across the strata is taken to obtain
an overall estimate of the exposure’s causal effect.'® A
variation on this method fits a regression model for
the health outcome including both the propensity
score strata and the exposure as explanatory vari-
ables. Additionally, including an interaction term
between the strata and the exposure, and averaging
the resulting strata-specific exposure effects across
strata results in a similar estimate of the exposure’s
causal effect to the first stratified approach described.
Stratification is simple and intuitive. The main
drawback of this method concerns residual confound-
ing; small differences in the distribution of propensity
scores between exposed and unexposed individuals
may exist within the same propensity score stratum
and could mean that some confounding remains.
Increasing the number of strata—where sample size
permits—can reduce residual confounding.

Covariate adjustment using the

propensity score

The third, and probably most commonly used, pro-
pensity score method involves fitting a regression
model for the outcome including the exposure and
the estimated propensity score as explanatory vari-
ables, with the estimated propensity score treated as a
continuous variable and often additionally adjusting
for other measured confounders."

This approach—which we will call covariate
adjustment—is simple and easy to apply. It is related
to the regression-based stratification approach
described above where the strata, rather than the con-
tinuous propensity score, are included as explanatory
variables. However, because the propensity score is
modelled as a continuous variable, the covariate-
adjustment method imposes a restrictive assumption
about the relationship between the health outcome
and the propensity score. The estimate of the exp-
osure’s effect will be valid only if this relationship is
correctly modelled. This contrasts strikingly with the
essence of the other propensity score methods where
emphasis is on the propensity score model alone.
Indeed, avoiding the need for correct specification of
an outcome model is a key advantage of the propen-
sity score approach, and therefore we, like others, do
not recommend the use of covariate adjustment pro-
pensity score method.**

Inverse probability of treatment weighting
The final propensity score method we consider is
called inverse probability of treatment weighting
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(IPTW).?' Unlike the other methods, it does not
attempt to compare subgroups of individuals with the
same value of the propensity score. Instead, it uses the
estimated propensity scores to weight individuals in
such a way as to create a ‘pseudo-population” in
which the measured confounding variables are bal-
anced between exposure groups, thereby effectively
removing the confounding. This is achieved, with p
representing the individual’s estimated propensity
score, by allocating a probability weight of 1/p to
exposed individuals, and a weight of 1/(1-p) to unex-
posed individuals. For example, suppose 1/2 of the
200 males and 1/4 of the 100 females in a sample are
exposed. Upweighting exposed men by a factor of 2,
unexposed men also by a factor of 2, exposed women
by a factor of 4 and unexposed women by a factor of
4/3 yields balance in gender across exposure groups.

To estimate the exposure effect, a suitable regres-
sion model for the outcome (linear for continuous
outcomes, logistic for binary etc.) is fitted including
the exposure as the sole explanatory variable and
applying the probability weights described above. The
estimated coefficient for exposure provides an esti-
mate of the exposure’s causal effect.

This method works well when the estimated pro-
pensity scores do not lie close to zero or one. Propen-
sity scores near zero or one can result in extremely
large weights, leading to very imprecise estimates of
the exposure effect. Trimming the weights can allevi-
ate this problem, although potentially at the cost of a
small amount of bias in estimating the exposure’s
effect.”? However, in the absence of large weights this
method is easy to apply and mathematically elegant.
We find that it is often our method of choice, particu-
larly when the sizes of the exposed and unexposed
groups are similar, diminishing the attraction of pro-
pensity score matching. However, thus far, this
weighting approach is not as frequently used in prac-
tice as other propensity score methods.

Further considerations

We have focused on propensity score methods for
binary exposures. These methods have been extended
to categorical exposures® and some work has been
done extending the methods to continuous expo-
sures,* although theory is much less well developed
in this area.

Choosing variables to include in the propensity
score model can be important. The propensity score
model must include all confounders (assuming they
are measured), that is all variables that are believed to
be associated with exposure and prognostic of the
health outcome. Additionally including predictors of
exposure but not of outcome typically decreases the
precision of the exposure effect estimate, increasing
the P-value and the width of the confidence interval,
without decreasing the bias. Additionally including
variables prognostic of outcome but not associated
with exposure increases precision without increasing
the bias.?® Thus it may be helpful to include variables
thought to be prognostic of outcome, even if they may
not be confounders.

Recent work has combined traditional outcome
regression modelling with each of the propensity
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score methods described in the previous section.?*
Such combinations can increase the precision of the
estimated exposure effect and can offer some robust-
ness against the possibility of mis-modelling the pro-
pensity score. However these are not yet routinely
used, and are beyond the scope of this introductory
paper.

Missing data in confounding variables can be dealt
with by using multiple imputation* or by applying the
simpler missing-data-category method, which,
although a biased approach in standard regression
analyses,”®*® may be less biased within the propensity
score context.'*!®

Standard errors and P-values from propensity score
analyses often do not take the estimation of the pro-
pensity score into account. Counter-intuitively, this
produces conservative results; the confidence inter-
val for the exposure effect will be too wide, and the
P-value too large. We are presently aware of only one
software package (Stata, version 13.0)* that makes
appropriate corrections. This issue is most problem-
atic with continuous outcomes; little precision is lost
when the outcome is binary.

PROPENSITY SCORES IN
RESPIRATORY HEALTH RESEARCH

We conducted a briefliterature search using the Web of
Knowledge database, of five respiratory health jour-
nals: the American Journal of Respiratory and Critical
Care Medicine (AJRCCM), Thorax, Chest, European
Respiratory Journal (ER]), and Respirology. Articles
published between 2009 and 2013, including the
words ‘propensity score(s)’ or ‘propensity scoring’
were included. Abstracts and tutorial papers were
excluded.

We identified 28 articles using propensity score
methodology, 9 from AJRCCM,** 12 from Chest,**™!
5 from ERJ** and 1 each from Thorax® and
Respirology,”® with around 6 papers published in each
of the 5 years considered. A summary of these studies
can be found in the online supplement. In the major-
ity of studies (22 (79%)) the exposure was binary, with
one study considering a categorical exposure,* three
studies assessing continuous exposures,*"*>> one
with a mixture of binary and categorical exposures,*
and the final study considering the dose of
fluoroquinolone received® both dichotomized and as
the original continuous measure.

Of the 24 studies including at least 1 binary expo-
sure, 18 (75%) used a logistic regression model to esti-
mate the propensity score, 1 used a generalized
boosting model**—an alternative to logistic regres-
sion, which may account better for interactions
between explanatory variables—and the remaining 5
studies did not give details of the model used.
Multinomial regression models were used to estimate
the propensity score in the two studies involving
a categorical exposure. The models used for the
continuous outcomes were unclear.

In 17 (61%) of the studies, the primary health out-
come was binary, often 30-day mortality in hospital-
based studies. Nine studies had a time-to-event
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outcome, and the remaining two studies had a con-
tinuous outcome relating to healthcare costs.

In nine of the studies (32%), an analysis based on
traditional outcome regression modelling was also
presented. In these cases, the propensity score and
outcome regression estimates were very similar. In a
further eight studies (29%), several propensity score
methods were applied to assess the robustness of
findings to the methods used. The remaining 11
studies used a single propensity score method.

Including the propensity score as a continuous
explanatory variable in a model for the health
outcome was the most widely used method, appear-
ingin 14 (50%) of the studies, closely followed by pro-
pensity score matching used in 12 (43%) of studies.
Eight studies used some form of propensity score
stratification. Inverse probability weighting was not
used in any of the studies. The most popular match-
ing method was 1:1 matching without replacement.
The number of exposed individuals who were able to
be matched, only reported, in 5 of the 12 relevant
studies, ranged from 50% to 100%."* For stratifica-
tion, three, five and nine strata were used in different
studies. Combinations of methods were occasionally
used (e.g. Sadatsafavi et al. included the propensity
score as a covariate in an outcome regression model
fitted to a propensity-score matched sample*®).

Generally, the studies using propensity score meth-
odology were carefully performed and reported.
However, several studies did not adequately, or at all,
assess whether balance of the confounding variables
between exposure groups had actually been
achieved—the key diagnostic measure for evaluating
the performance of a propensity score method. Our
next section, therefore, focuses on propensity score
diagnostics.

PROPENSITY SCORE DIAGNOSTICS

When using propensity score methods, the key diag-
nostic criterion is whether balance of the confound-
ing variables between exposure groups (covariate
balance) has been achieved either within the
matched sample, within propensity score strata, after
adjustment for the propensity score or within the
weighted pseudo-population, for the four methods,
respectively. An excellent and comprehensive review
of various diagnostic measures to assess covariate
balance is given by Austin.*

Hypothesis testing is often used to assess covariate
balance. This is discouraged, particularly for propen-
sity score matching, due to its dependence on sample
size and its focus on statistical significance rather
than magnitude of differences.® Standardized differ-
ences, described later, provide a useful way of assess-
ing balance that avoids these pitfalls.

Standardized differences

For a continuous confounder, let %, and X, repre-
sent the mean in the exposed and unexposed groups,
respectively, and s.., and s., the standard deviations

(SD). The percentage standardized difference in this
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confounder between exposed and unexposed indi-
viduals is defined as

= - 2 + 2
1OOXM where SD,,(,,],:,/M (1)
SD 2

pool

For binary confounders, with p,,, and p,, represent-
ing the confounder’s observed prevalence in the
exposed and unexposed groups, the percentage
standardized difference is

P exp Pun
S pool

SD _\/ﬁexp(l_l_?exp)-’_ﬁun(l_ﬁun)

ool —
P 2

100 x where

)

Categorical variables can be converted into a set of
binary indicators, one for each non-reference level of
the variable, and then a set of standardized differ-
ences defined. Other authors present variations on
these definitions. Stuart,” for example, replaces
our pooled SD with the SD from the exposed group
only.

A value of 10% or greater in magnitude in the per-
centage standardized difference is often taken as an
indication of meaningful imbalance for—and thus
potential confounding by—that variable. However,
the negative consequences of imbalance will depend
also on how prognostic of the health outcome the
imbalanced variable is; it is more important to
achieve close balance for strongly prognostic
variables.

The standardized difference for a covariate can be
calculated in the original sample and after applying
one of the propensity score methods described previ-
ously (see subsections below; Fig. 3 demonstrates this
graphically for our TAHS example). As has been sug-
gested elsewhere," we recommend using the same
pooled SD before and after applying the propensity
score method. This ensures that reductions in the
standardized difference reflect a real increase in
balance rather than simply a change in scale due to
varying SD.

Standardized differences after propensity

score matching

An advantage of propensity score matching is the ease
with which covariate balance can be assessed within
the matched sample. Standardized differences can be
calculated within the matched sample by replacing
the means in each exposure group in Equations 1 and
2 with the means within the matched sample but
leaving the value of SD,,,; unchanged. Where a varying
number of unexposed matches is used, these means
should be replaced by weighted means, weighting the
unexposed individuals in a matched group by the
inverse of the number of unexposed matches in
the group.®

Respirology (2014) 19, 625-635

85U80]7 SUOWIIOD BAIERID [dedlidde aup Aq pausenob aJe Saphe YO ‘8sN JO Sa|NJ 10} A%idiT8ul|UO A8 |IAA UO (SUORIPUOD-PUR-SLLIBILI0D" A3 1M AeIq|BUUO//:SANY) SUORIPUOD pue S | 8Y) 88S *[Z02/S0/ET] Uo AriqiTauliuo AB(IM ‘AISeAIuN Ueme] euoeN Aq ZTEZT dseu/TTTT 0T/I0p/L00 A8 1M AIq Ul |U//SAny Wouy pepeojumod ‘S ‘¥T0Z ‘Sr8TOrYT



630

Standardized differences after propensity

score stratification

When using stratification, standardized differences
can be calculated by replacing the means in each
exposure group in Equations 1 and 2 with the differ-
ence in the within-stratum means averaged over the
strata according to the fraction of the sample in each
stratum, and leaving the value of SD,,, unchanged.

Standardized differences after

covariate adjustment

It is much less clear how to assess post-adjustment
balance when using covariate adjustment, although
Austin® has suggested an approach to calculating the
standardized differences in this scenario.

Standardized differences after IPTW

The post-weighting standardized differences are
obtained by applying the inverse probability weights
to obtain weighted means of the covariate in each
exposure group. These are substituted into Equations
1 and 2, dividing by the pooled SD from the original
(unweighted) sample.

Other model fit diagnostics

Although the area under the curve or C-statistic are
often reported in propensity score analyses, along
with measures of goodness of fit such as the Hosmer—
Lemeshow statistic, these are not relevant in the pro-
pensity score context because they do not measure
the degree of control of confounding achieved.®

ANALYSIS OF THE TASMANIAN
LONGITUDINAL HEALTH
STUDY (TAHS)

In this section, we apply propensity score methods to
estimate the effect of personal smoking on asthma
remission (no adult asthma) among TAHS partici-
pants who reported asthma during childhood.

The TAHS cohort

At study enrolment in 1968,% parents provided infor-
mation on their child’s respiratory health including
asthma and bronchitis history, plus information on
their own respiratory health, smoking history and
occupation. In 2004, the participant’s adult asthma
status, smoking history and occupation (reflecting
socio-economic status) were documented.

The original data have been used in an extensive
investigation of risk factors for asthma remission;
clinical interpretations of these analyses have been
reported previously.® This analysis is for illustrative
purposes only and uses a subsample of 194 partici-
pants from the TAHS who reported asthma during
childhood.

Confounding
Because smoking status is not randomly allocated,
confounding is likely to be present. In a companion
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paper,! we discuss the use of causal diagrams for con-
founder selection. Applying this approach to the
current research question, we concluded that the fol-
lowing confounders must be controlled for in the sta-
tistical analysis: poor childhood lung function,
chronic bronchitis, number of asthma attacks,
gender, number of parents reporting smoking, and
socioeconomic status. In our previous paper,’ we
adjusted for these characteristics via a multivariable
regression model for the outcome. Alternatively, we
can adopt a propensity score approach. We use both
approaches below for comparison.

The estimated propensity score

The propensity score is the probability of being a
smoker, conditional on the selected confounders. We
estimated the propensity score using a logistic regres-
sion model for smoking including the confounders as
explanatory variables including no interaction terms
or nonlinear terms. The propensity score was esti-
mated for each individual using the fitted values from
this model. An iterative procedure is often used,
where covariate balance is assessed after fitting the
initial propensity score model and is modified if
covariate imbalance remains."”® However, our initial
model achieved acceptable balance (standardized
differences at most around 10% in magnitude) so we
retained this simpler model.

Analysis methods

We first performed standard outcome regression
modelling, by fitting a logistic regression model for
asthma remission including smoking status and the
selected confounders as explanatory variables.

We then applied four propensity score methods.
Firstly, we applied propensity score matching.
Because the smoking group was the larger group, we
used matching with replacement. For each smoker,
we selected up to three non-smokers with the closest
estimated propensity scores, provided that these were
within a distance of 0.14 on the log odds scale (calcu-
lated as 0.2 standard deviations of the log odds of the
estimated propensity score). We estimated the odds
ratio for smoking using conditional logistic regression
which is a method to accommodate the smoker-non-
smoker groupings created by the matching, with
robust standard errors accounting for the re-use of
individual non-smokers in multiple groupings, after
giving the non-smoker matches in each grouping a
weight of 1/n., where n, is the number of non-
smokers in that grouping, and a weight of 1 to the
single smoker in the matched grouping.

Secondly, we created five equally-sized strata,
based on the quintiles of the estimated propensity
score distribution. A greater number of strata was
impractical due to the small sample size. We fitted a
logistic regression model of asthma remission on
smoking status and these strata, including interac-
tions between the strata and smoking status. The five
within-strata effects (log-odds ratios) of smoking were
combined in an arithmetic mean, weighting each
estimate by the fraction of the sample in that propen-
sity score stratum.
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Thirdly, we performed covariate adjustment using
the propensity score by fitting a logistic regression
model for asthma remission on smoking status and
including the estimated propensity score as an
explanatory variable with a linear effect. We also fitted
a similar model additionally adjusting for the con-
founders listed above.

Finally, we created inverse probability weights
using the estimated propensity score. A logistic
regression model of asthma remission on smoking
status only, applying these probability weights, was
fitted; the odds ratio for smoking status from this
model is the IPTW estimate of the exposure effect.

Table 1 Baseline characteristics of subsample of 194
participants from the Tasmanian Longitudinal Health
Study

Never smoker Smoker

Characteristic (n=175) (n=119)
Demographics
Age (year) at 2004 survey; 42.6 (0.5) 42.6 (0.4)
mean (standard
deviation)
Male 49 (65%) 66 (56%)
Socioeconomic status:
1 (Highest) 33 (44%) 30 (25%)
2 6 (8%) 11 (9%)
3 12 (16%) 25 (21%)
4 10 (13%) 24 (20%)
5 (Lowest) 14 (19%) 29 (24%)
1968 survey
Bronchitis 30 (40%) 40 (34%)
Poor lung function 4 (5%) 5 (4%)

Number of asthma attacks
in the last 12 months

631

Covariate balance

Standardized differences were used—within the
strata, the matched sample and in the weighted
pseudo-population—to assess covariate balance. We
did not attempt to assess balance for the covariate-
adjusted propensity score method.

Results

In 194 participants, 119 (61%) were classed as ever-
smokers. Fifty-one (68%) of the never-smokers
achieved asthma remission, a slightly lower propor-
tion than 86 (72%) of the ever-smokers.

Table 1 shows a summary of the selected confound-
ing variables by smoking status. Women, participants
in the lower socioeconomic groups, participants
without childhood lung problems and with less severe
(or no) childhood asthma were more heavily repre-
sented in the smoking group. A larger proportion of
children whose parents smoked were themselves
smokers.

In this case, the propensity score is the probability
of smoking, given the variables shown in Table 1. The
median (minimum, maximum) of the estimated pro-
pensity scores was 0.58 (0.17, 0.82) in the non-
smoking group, and 0.69 (0.20, 0.95) in the smoking
group. The distribution of the estimated propensity
scores is shown in the histograms of Figure 2 by
smoking status. Generally, individuals in the smoking
group tend to have higher propensities of smoking (as
expected). However, the range of propensity scores in
the two groups is broadly similar. Were this not the
case, it would be a crude indication of a violation of
the positivity assumption—some individuals in the
sample have no one comparable with them in the
other exposure group—in which case it may be nec-
essary to restrict the analysis to a more select group.®

For the propensity score matching, suitable

1 8(11% 12 (10%
2.5 27 236% ; 16 539% ; matches were found for all but 2 (2%) of the 119
6-10 15 (20%) 32 (27%) smokers. Figure 3 shows the propensity score distri-
11-20 14 (19%) 17 (14%) bution within the propensity score matched sample.
220 11 (15%) 12 (10%) As expected, the distribution in the smokers and non-
Parental smoking smokers has become virtually identical.
Neither 26 (35%) 17 (14%) For the IPTW approach, the median (minimum,
One 29 (39%) 64 (54%) maximum) probability weights were 2.39 (1.21, 5.59)
Both 20 (27%) 38 (32%) for the non-smokers and 1.45 (1.18, 5.06) for the
smokers.
41 Non-smoker Smoker = All
S ,"‘b‘
37 "' l‘
> o 1
G 2- EEEE
c . 1
(0]
e 4 \ o
N i
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

Estimated propensity score

Figure 2 Histograms of the estimated propensity score by smoking status, with smoothed density estimates overlaid. Smoothed

density: ===, non-smokers; ===, smokers.
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Figure 3 Estimated propensity scores within matched sample constructed to estimate the average treatment effect of personal
smoking on subsequent asthma remission. Smoothed density: ===, non-smokers; ===, smokers.
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The dashed vertical lines indicate the cut-off of 10%; values larger in magnitude are considered to represent substantial confounding.
, initial sample; @, weighted sample; &, matched sample; @, within strata.

Figure 4 shows the percentage standardized differ-
ences of confounders between smoking groups, both
in the original sample and in the matched sample,
within the strata and in the weighted pseudo-
population. We did not attempt to assess balance for
the covariate-adjusted propensity score method. The
initial sample had several differences of greater mag-
nitude than 10% indicating moderate confounding.
These standardized differences were all reduced to
<10% by the IPTW approach. Matching greatly
reduced the standardized differences, although a
couple remained near 10%. Stratification, as
expected, reduced the standardized differences the
least, although confounder balance was still substan-
tially reduced.

Table 2 shows estimates of the effect of smoking on
subsequent asthma remission. All methods resulted

Respirology (2014) 19, 625-635

in an estimated odds ratio less than the unadjusted
odds ratio of 1.23 (95% confidence interval (CI): 0.65—
2.30), P=0.53, with the biggest reduction coming
from stratification (OR = 0.99, 95% CI: 0.47-2.09) and
the smallest reduction from covariate adjustment
with additional adjustment for confounders
(OR =1.17, 95% CI: 0.57-2.37).

DISCUSSION

It is important to separate limitations of propensity
score methods from limitations of the data sources.
The latter are often of greater concern because analy-
ses of non-randomized data frequently use existing
data for which measurement of potential confound-
ers is not within the control of the investigators. In
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Table 2 Estimates of the effect of personal smoking on
subsequent asthma remission using various statistical
analysis methods

Analysis method Odds ratio 95% ClI P-value

Unadjusted 1.23 (0.65, 2.30) 0.53

Adjusted using logistic 1.12 (0.56, 2.27) 0.75
regression

Propensity score
methods
IPTW 1.13 (0.58, 2.21) 0.73
Stratification 0.99 (0.47, 2.09) 0.99
Matching (ATT) 1.06 (0.60, 1.86) 0.85
Covariate adjustment 1.10 (0.56, 2.14) 0.79
+ Adjustment via 1.17 (0.57, 2.37) 0.67

logistic regression

ATT, average treatment effect in the treated; Cl, confidence
interval; IPTW, inverse probability of treatment weighting.

consequence, critical measures may be collected
poorly or not at all, thereby violating the key assump-
tion that all confounders have been adequately meas-
ured. We note that this inhibits all forms of analysis of
exposure-outcome relationships, whether using
outcome regression, propensity scoring or otherwise.

Propensity scores allow the analysis to be con-
ducted almost entirely without reference to the
outcome variable, to a large extent avoiding the pos-
sibility of the chosen analysis approach being influ-
enced by the results of the analysis. They are a
particularly attractive analysis option where model-
ling the exposure is easier than modelling the
outcome, for instance, where the outcome is rare but
the exposure is common. Where many outcomes and
few exposures are of interest, propensity scores can be
useful because the one set of propensity scores can be
applied (assuming common confounders across out-
comes). However, where many exposures are of inter-
est, it can be inefficient to model the propensity score
for each exposure. Where outcome regression model-
ling and propensity score methods are both possible,
they often give comparable estimates of exposure
effect.®

Summary

In this paper, we have defined propensity scores, illus-
trated their use in a respiratory health context, pre-
sented diagnostic measures to validate balance after
propensity score adjustment and discussed the broad
advantages depending on the exposure and outcome
data available. Propensity score methods form a
useful addition to the medical researcher’s toolkit.
Even where propensity scoring is not the primary
method of analysis, estimating and graphing the pro-
pensity score can be an invaluable tool in assessing
the comparability of exposed and unexposed individ-
uals. We encourage the further use of propensity
scores in respiratory health research.
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