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Abstract

We illustrate the application of the Bayesian Adjustment for Confounding (BAC) algorithm when
the treatment covariate is binary. Using data from the Multi-Ethnic Study of Atherosclerosis, we
estimate the effect of ever smoking on common carotid artery intimal medial thickness (CCA
IMT) among adult Caucasian participants (n = 1378). Our novel implementation of the BAC
algorithm is performed first from an outcome model perspective and secondly from a treatment
model perspective with both inverse-probability-weighting (IPW) and doubly-robust (DR)
estimation techniques. The BAC results are compared to the results obtained using standard model
averaging and full model strategies, giving a range of adjusted estimates between 45.50 um and
65.30 um for increased CCA IMT among ever smokers. For both perspectives, we observe that
BAC offers similar performance to using the fully specified outcome and/or treatment model (the
full outcome model ever smoking effect is 48.61 um; 95% ClI: (0.62, 96.60)). We then redo the
analyses for the African American, Hispanic and Chinese adult participants to study the robustness
of these findings with reduced sample size. For the Chinese subcohort, which corresponds to the
smallest sample size (n = 436), we find that, from a treatment model perspective, BAC reduces the
variability of the estimates in comparison to using a full model approach. This suggests that the
use of BAC in conjunction with IPW and DR estimation can be advantageous when applied to
relatively small sample sizes. This conjecture is subsequently verified on the basis of three
simulated experiments.
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1. Introduction

The process by which a researcher selects a model for a given estimation procedure is
important but most often neglected when reporting the results. By not taking into account
the issue of model uncertainty, that is by ignoring the process by which one model is
selected among the set of all possible models, a study overstates confidence in the chosen
model and corresponding conclusions. A common way of surmounting the problems
associated with selecting a few explanatory covariates out of a long list of available
covariates is to use Bayesian model averaging [1]. The idea behind this technique is that the
estimate of a quantity of interest (e.g., parameter, future observation) is averaged over
multiple models according to the posterior probability given to each model under
consideration. Model averaging stands in contrast to the more common approach of model
selection, whereby an estimate is obtained from a single model. The statistical properties of
Bayesian model averaging are well-known and it has been demonstrated that it increases
predictive ability [1, 2]. While model averaging is recognized to be successful to account for
model uncertainty in prediction problems, its potential benefits in the causal inference
framework were cast into doubt in past years [3, 4]. Indeed, when applied in the context of a
conventional regression strategy for causal treatment effect estimation, model averaging is
recognized to attribute large posterior probabilities to outcome models that may not
appropriately adjust for confounding, thus having sub-optimal properties for such usage.

Recently, Wang et al. [4] introduced the Bayesian Adjustment for Confounding (BAC)
algorithm as an alternative to model averaging in causal problems. Similarly to model
averaging, BAC considers unknown nuisance indicators for the inclusion of each potential
confounding covariate in the adjusted outcome model and an average effect estimate is
obtained by weighting the model-specific estimates by the posterior probabilities of the
outcome models. However, BAC differs from model averaging in that it shifts the bulk of
adjusted outcome models’ posterior weights to models for which the treatment effect is
believed to be unconfoundedly estimated. Indeed BAC is devised to take into account model
uncertainty while ensuring a common interpretation of the coefficient associated to the
treatment covariate in high posterior probability outcome models. This functioning of BAC
is made possible by considering both an outcome and a treatment model and the use of a
prior distribution that controls the probability of inclusion of the potential confounding
covariates in these models. Specifically, the prior is such that a covariate included in the
treatment model is given increased probability to be included in the outcome model. BAC is
this way designed to give larger posterior probabilities to outcome models that are
appropriately adjusted for confounding.

Wang et al. [4] introduced BAC from a fully Bayesian perspective and illustrated the
technique with continuous treatment variables only. In this paper, we illustrate how one can
apply BAC when the treatment covariate is binary and assess the effect of ever smoking on
carotid intima-media thickness using data from the Multi-Ethnic Study of Atherosclerosis
(MESA). To do so, we rely on Lefebvre et al.’s [5] perspective on BAC and take an
approximate Bayesian approach that facilitates the implementation of the algorithm.
Adjusted estimates are then reported using different estimation strategies from an outcome
regression modeling perspective. We begin by comparing the results obtained from 1)
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adjustment for the full set of potential confounding covariates, 2) a model averaging strategy
and 3) BAC. With this set of results, we aim to provide a comprehensive and real-data based
example of the differences between standard implementations of model averaging and BAC

for causal effect estimation.

With binary treatment covariates, causal treatment effect estimation is often performed
through the modeling of the treatment (propensity score) model. While propensity score
methods have become common to estimate treatment effects in non-experimental health
studies [6], the construction of the treatment model remains a challenging aspect of their
application [7]. In a recent paper that criticizes a common treatment model-building practice
- that is the selection of the most predictive model - Westreich et al. [8] state that : “as no
method for variable selection is foolproof, the epidemiologist should consider reporting
various results under different, sensible, and transparently explained model specifications”.
We agree with this point of view and encourage the development of propensity score
methods that formally but adequately take into account model uncertainty. We thus
additionally investigate the use of BAC within an inverse-probability-weighting and doubly-
robust estimation frameworks. The extension of BAC to such frequentist causal estimators
was identified by Vansteelandt [9] as an interesting line of research. Moreover, theoretical
and empirical examinations of model averaging (and adapted versions) in doubly-robust
estimation have recently started to emerge and results have shown promise [10]. Therefore
our work continues the investigation of such inferential strategies for causal effect
estimation.

The paper is structured as follows. The method is described in Section 2 and is divided in
three parts. We present MESA and the data considered in Subsection 2.1. In Subsection 2.2,
we introduce BAC and its implementation to estimate the effect of ever smoking on carotid
intima-media thickness from an outcome regression approach. In Subsection 2.3, we
examine the application of BAC from a treatment model perspective and present different
inference strategies investigated within the inverse-probability and doubly-robust
frameworks. The MESA results are presented in Section 3. In Section 4, we present a
simulation study whose goal is to verify the findings of Section 3. We conclude by a
discussion in Section 5.

2. Methods

2.1. Data description

MESA is a population-based, prospective cohort study designed to determine risk factors for
the development and progression of subclinical and clinical cardiovascular diseases [11, 12].
All MESA participants were free of clinical cardiovascular diseases at study entry. For the
primary analyses, participants were restricted to adult (< 65 years old) Caucasian, for a total
of n = 1436 participants out of 6814. This subcohort was chosen in order to investigate the
statistical techniques on a moderately large sample size and for reasons of clinical relevance
as individuals under 65 years old are most viable targets for smoking cessation. The
outcome of interest was common carotid artery intimal medial thickness (CCA IMT)
measured by ultrasonography; CCA IMT has been used in many studies to assess factors
contributing to levels of sub-clinical atherosclerosis. The treatment of interest was “ever

Stat Med. Author manuscript; available in PMC 2015 July 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lefebvre et al.

Page 4

smoking”, where, for ever smoking, a person must have reported smoking at least 100
cigarettes in his/her lifetime. The covariates we considered were age, sex, body mass index,
physical activity, cholesterol (total, HDL, triglycerides), levels of the inflammatory markers
Interleukin 6 (IL6) and C-reactive protein (CRP), diabetes, use of antidiabetic drugs, use of
lipid lowering medications, level of hemostatic marker, alcohol consumption, education and
income. These covariates were identified by prior papers in the literature as either possible
predictors of CCA IMT or candidate confounding covariates for the relationship between
smoking and CCA IMT [12-20]. We omitted blood pressure (systolic, diastolic) and use of
antihypertensive drugs from the list of candidate confounders since it can be argued that
they are on the causal pathway between smoking and CCA IMT, and therefore should not be
adjusted for [13, 14, 5]. We dropped all participants of the subcohort who had any missing
information on the selected covariates, for a total of 58 participants removed out of 1436
(4%). Of the remaining 1378 participants, 774 (56.2%) were ever smokers. Individual
characteristics are presented for ever smoker and never smoker separately in Table 1. Three
covariates (inflammatory marker 1L6, alcohol consumption, education) significantly differed
by smoking status at a 5% level of significance.

Previous epidemiological studies have shown a difference of the order of 20 um and 100 pm
between smokers and non-smokers [15-19]. These studies have occurred among diverse
populations including Caucasian [15-17], Chinese [18], and HIV infected [19] populations,
with the largest differences being seen in the cohorts with the highest baseline age [15, 16]
as opposed to younger cohorts [17, 19]. However, inference about the size of CCA IMT
between cohorts remains tricky in the absence of calibration as reader effects on estimates of
CCA IMT can be larger than the observed size of the smoking effect [20].

2.2. The Bayesian Adjustment for Confounding algorithm and its implementation from an
outcome regression approach

We first introduce the BAC algorithm for both continuous outcome and treatment
covariates, as in Wang et al. [4]. Then, relying on the novel perspective on BAC studied in
Lefebvre et al. [5], we describe how BAC can be easily extended when the treatment
covariate is binary. Finally, we describe our specific implementation of the algorithm to
estimate the BAC effect of ever smoking on CCA IMT. Since the difference between BAC
and a standard implementation of model averaging only comes from setting a
hyperparameter in the prior distribution of the covariate inclusion indicators in the outcome
and treatment models to different values, we thereby also present our implementation of
model averaging for the MESA data.

Let Y be the continuous outcome variable, X be the continuous treatment variable, and U =
{Uq, ..., Upm} be the set of available potential confounding covariates. The outcome and
treatment models are normal main effect models, which we assume are correctly specified.
Specifically, the outcome model is a linear regression of Y as a function of X and U, while
the treatment model is a linear regression of X as function of U. Let the inclusion vector a”

be an unknown vector of size M with component value o}, =1 (0) (m=1, ..., M) if covariate
Up is (is not) in the outcome model. Similarly, X is an unknown inclusion vector for the U
covariates in the treatment model. Lety = (y1, ..., Yn), X = (X1, ..., Xp) @and Up = (U m, -..,
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unm) (M=1, ..., M) be respectively the outcome, treatment, and covariate data. The
outcome and treatment model specifications yield the following likelihoods

2
n 1 M v
P(y‘w70y7 1;[ \/271_7 <_E |:y2_ (ﬂxl—’—; a'mgmul Wl>:| ) (1)

and
1 M 2
X X
33|9X7a ) H /27'(_0'2 Xp _E[xi_ <m§:1am5mui7m):| v ()
where 6,=(8,6) ,...,8),,02),0,=(6,..., 5., 0% )are unknown regression parameters

and i indexes the sampled units. The conditioning on the covariates U is implicit in the LHS
of Equations (1) and (2). Strictly speaking, aY only refers to the inclusion of the U
covariates in the outcome model. However, since every outcome model includes an intercept
and the treatment covariate X, there exists a one-to-one relationship between the outcome
model and a". In the sequel, we therefore refer to the outcome model and a"
interchangeably (and similarly for the treatment model). In any outcome model o, S refers
to the effect of the treatment X whether or not this effect can be interpreted causally. For the
purpose of inference, the goal is to target the @Y models for which can indeed be
interpreted as the true (causal) effect of X on Y.

The key to BAC is the specification of the prior distribution P(aY, &) such that, conditional
on a predictor’s inclusion in the treatment model, the same predictor has a higher probability
to be included in the outcome model. The prior P(aY, aX) is defined as

M
X): H P(O‘XN O‘%)a (3)
m=1

where

P(a) =0,aX=0)=P(a) =1, =0)=P(a},=1, a0 =1)=w/(3w+1), and P(a),=0, a;X =1)=1/(3w+1),

for w € [1, oco]. The two endpoint values of @ are of particular interest. When » = 1 the

outcome and treatment model indicators (o, oX) are a priori independent and BAC gives
marginally 0.5 probability for each covariate Uy, (m =1, ..., M) to appear in the outcome
and treatment models. The strongest dependency between the outcome and treatment models

is obtained when @ = co. In this case, P(a?,, o7 ) forces covariate Up, to be included in the
outcome model if it is included in the treatment model. As confounding covariates are often
conceptualized as common causes of both treatment and outcome (other than through
treatment) [21], this prior intuitively favors the inclusion of confounding covariates in the
outcome model. Finally, the priors P(& |a") and P (é|a) are standard normal gamma
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conjugate priors with hyperparameters selected as in Raftery et al. [22] (see Wang et al. [4]
for details).

Recall that our interest lies in the inference for the treatment effect 5. Wang et al. [4]
perform inference on S through an MCMC algorithm that targets the joint posterior
distribution of (5, @", aX). Lefebvre et al. [5] take a different route which first requires
writing the posterior distribution of fas

P(Bly, :B):ZZP(,B|QY, aX, y,z) P« Y, aX\y, x). )

Then, using assumptions made in BAC [4, 24], P(Ay, X) is simplified to

aY aX

P(Bly,z)=) P(Bla¥,y,z) {ZP(aY,aXIy,w)} ®)

=Y P’y @) Pla’ly.)],

aY

where P(Aa", y, x) is simply the posterior distribution of 4 conditional on outcome model
a". Examining (7), we thus realize that the difference between model averaging and BAC
arise through the posterior distribution P(aY |y, x). Put differently, the effect of the BAC
hyperparameter w is solely expressed through the marginal posterior probabilities of the
outcome models. BAC with @ = 1 is such that the corresponding probabilities P(a |y, x) are
the same than those that would be obtained with a model averaging algorithm on the
outcome model with a uniform prior on @, which, recall, completely ignores the
specification of a treatment model. When o > 1, these two sets of marginal posterior
probabilities of the outcome models generally differ.

Given the convenient representation of the posterior distribution of gin (6) and (7), Lefebvre
et al. [5] analytically study the effect of the BAC prior (3) on the posterior distributions of
(a", @) and a". One advantage of targeting P(a", aX]y, X), which we exploit in this work,
is that an MCMC algorithm that samples from this distribution can be easily implemented
using the following approximation

P(aY,aX|y,x) o< exp(—0.5BIC, Jexp(—0.5BIC . ) P(a¥ ,aX), (8)

where BICy (BICy) is the BIC value of the outcome (treatment) model. Approximation (8) is
obtained by expressing the joint integrated likelihood P(y, x|a", aX) as the product of the
integrated likelihoods P(y|x, aY) and P(x|aX) (see Lefebvre et al. [5] for full details). The
integrated likelihoods are then approximated with the well-known BIC approximation,
approximation which bypasses the need to explicitly define the prior distribution of the
models’ parameters [23]. From this point, implementing BAC with a binary treatment
covariate is straightforward. This can be done by replacing likelihood (2) by
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n M
P(m|0X7aX):pr’/(1—pi)1_Ii with pi:expit(5§+2a§(5ﬁui7m),

i=1 m=1

where 8, =(63°, 07, ..., 6.), and the consequence is that we now compute the BIC value of

a logistic model rather than a normal model in (8).

We now present our specific implementation of BAC for the MESA data based on the 16
potential confounding covariates presented in Section 2.1, with the alcohol consumption
covariate parametrized as (log(drinks/week+1)). First, our implementation easily permits the
consideration of factor covariates if one is willing to consider models that contain either all
or none of the corresponding dummy variables. We used single indicator variables to
indicate the inclusion of all dummies associated to the education and income covariates in
the outcome and treatment models. Therefore, oY and X are vectors of length 16 (instead of
20). The BIC values appearing in (8) are however calculated on the basis that these factor
covariates are transformed into an appropriate number of dummies in the models.

As mentioned in Section 1, we used an approximate Bayesian perspective which facilitated
the implementation. To simplify the notation introduced earlier, let outcome model My y
refers to configuration k of @¥ where k = 1, ..., K and K = 216, The BAC estimate of the
effect of ever smoking on CCA IMT, ﬂBAAC, was taken to be the weighted average of all K
model-specific estimates:

K
ﬂBAczzﬁkP(]‘lkﬂAy’ m)’ (9)
k=1

with ﬂKAbeing the maximum likelihood estimate of 4 under model My y and P(Mk,yly, x) the
proportion of times model My y was visited over the MCMC iterations. The corresponding
estimated variance was computed as

K K
A A A A N A~ A~ 2 A
‘/(IBBAc):Z‘/(IBk‘)P(]\'{]ﬁy‘y7m)+z(ﬁk_ﬂBAc> P(Afk,yk'l’m)’ (10)
k=1 k=1

where V (ﬂi is the estimated variance of @T Expressions (9) and (10) are analogs to the
model averaged posterior mean and variance, respectively (see Hoeting et al. [1]). We
remark that V (A,BBAAC) takes into account both the within and between-model variability of the
estimations.

The BAC effect estimate (9) was obtained for the most conservative o value, that is @ = cc.
This choice is well justified since @ = co targets unbiased causal treatment effect estimation,
although this value may not translate into smallest mean square error for the corresponding
estimator [5]. In general, the choice of wremains a challenging aspect of BAC [24,5]. A
model averaged estimate of the effect of ever smoking on CCA IMT was also obtained using
expression (9) since BAC with = 1 amounts to model averaging. The BAC and model
averaged estimates were computed using the R programming language along approximation
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(8) for sampling from the posterior distribution of (aY, @X) when @ = co and w=1. The R
functions glm and extract AIC were used to obtain the treatment effect estimates and the
BIC values. For both BAC and model averaging, we used three MCMC chains of 50 000
post burn-in iterations for a total of 150 000 draws from P(a”, aX|y, X). Note that for these
MESA data, there are 22¥16 = 4 294 967 296 possible combinations of joint outcome and
treatment models.

2.3. Implementing BAC from treatment model approaches

We now describe our implementation of BAC within treatment model approaches, more
precisely through inverse-probability-weighting (IPW) and doubly-robust (DR) estimations.

The causal effect of ever smoking on CCA IMT was estimated by IPW under different BAC
and model averaged strategies. Using a specified treatment model, recall that IPW requires
first computing the propensity of the treatment received given covariates for every
individual. Then the outcomes under the two levels of treatment are compared while
weighting by the inverse of the propensities calculated in the first step. Specifically, we used
the following stabilized IPW estimator [26] to estimate the treatment effect

-1 -1
. n X; n Y, X, n 1-X; n Yi(1-X;
AIPWZ<Z_> Z B (Z 1-¢; ) ;%’ (D

i=1 € €i =1 i

where &; = P(S(i = 1]U;) is the estimated propensity score value for the ith individual. As for
the outcome regression approach, IPW requires including all necessary confounding
covariates in the (treatment) model in order to achieve unbiased estimation (e.g., [27]).

We investigated five IPW strategies which differed in the way the propensity score values §&;,
i=1, ..., n, were computed:

1. include all the available covariates in the treatment model to calculate the
propensity score values;

2. use the treatment models o sampled by model averaging to calculate weighted
averaged propensity score values, where the weights are the posterior probabilities
of the treatment models;

3. same as IPW Strategy 2 but using the treatment models sampled by BAC;

4. use the outcome models @Y sampled by model averaging to calculate weighted
averaged propensity score values, where the weights are the posterior probabilities
of the outcome models. In other words, propensity score models are fitted (and
subsequently averaged) by including covariates indicated by the vectors a¥
obtained through model averaging;

5. same as IPW Strategy 4 but using the outcome models sampled by BAC.

IPW Strategy 2 is based on targeting the potential confounding covariates that are the most
strongly associated with the treatment (irrespectively of their association with the outcome),
thus we anticipate that this strategy exhibits the same difficulties than model averaging on
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the outcome model for causal effect estimation. IPW Strategies 4 and 5 are based on the
inclusion of risk factors for the outcome in the propensity score models, which is an
increasingly accepted practice when constructing such models. Note however that IPW
Strategy 5 is hypothesized to be a better approach since it attemps to include both
confounders and risk factors for the outcome in the propensity score, practice that can be
considered as the current gold-standard when building propensity score models [7, 8].

The ever smoking effect on CCA IMT was also estimated using a DR approach under five
different strategies. The DR estimator considered was

X,Yi— (X —&)im; (1= X;)Yi+(X; —&;)rho;

n-1
Z 1-¢;

A 712

where my; = E[Y; |X X, Uij], x =0, 1. This estimator is said to have the double-robustness
property in that ADR remains consistent if either i) the propensity e is correctly specified but
the outcome model my (x =0, 1) is not or ii) my (x =0, 1) is correctly specified but e is not
[26].

Similarly to the IPW case, the DR strategies investigated differed in the way the treatment
and outcome models were used to calculate the propensity score &; and predicted outcome
my; values,x=0,1andi=1, ..., n:

1. include all the available covariates in the treatment and outcome models to
calculate the propensity score and the predicted outcome values;

2. use the treatment models X and the outcome models aY sampled by model
averaging to respectively calculate weighted averaged propensity score and
predicted outcome values, where the weights are the probabilities given to the
models a* and a" a posteriori;

3. same as DR Strategy 2 but using the treatment and outcome models sampled by
BAC;

4. use the outcome models @Y sampled by model averaging to calculate both weighted
averaged propensity score and predicted outcome values, where the weights are the
posterior probabilities of the outcome models;

5. same as DR Strategy 4 but using the outcome models sampled by BAC.

The DR Strategies 2-5 are analogous to the DR model averaged strategies investigated in
Cefalu et al. [10], but differ in the following aspects. First, in DR Strategies 2-5, the
different treatment and outcome models are used to provide individual average propensity
score and predicted outcomes. In Cefalu et al. [10], the authors instead investigate the
process of averaging model-specific treatment effect estimates based on models’
probabilities. Moreover, while Cefalu et al. [10] explore DR model averaged strategies with
different priors on the space of models, they did not implement a DR model averaged
strategy using the BAC prior (3), although this is identified as an obvious alternative in their
conclusion.

Stat Med. Author manuscript; available in PMC 2015 July 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lefebvre et al.

Page 10

We implemented the IPW and DR Strategies 2-5 on the MESA data using the treatment and
outcome models that were initially sampled from P(a¥, aX|y, x) (with @ = co and @ = 1) and
subsequently used to compute the BAC and model averaged estimates based on (9). Let
a0 and @O refer to these outcome and treatment models for given value . The standard
errors were computed by bootstrap using 1000 bootstrap samples from the original data.
More precisely, we did not sample 150 000 new (a¥, aX) (with @ = oo and @ = 1) to be used
in Strategies 2-5 for each bootstrap sample although we did reestimate the parameters of the
a¥© and a*:© models for each bootstrap sample (similarly to IPW/DR Strategy 1 where we
refitted the full outcome and treatment models for each bootstrap sample).

3. MESA results

3.1. Results from the outcome regression approach

We report the results under the conventional outcome model (OM) regression approach. The
crude (unadjusted) effect of ever smoking on CCA IMT was 88.78 um (standard error (se):
25.04; 95% confidence interval (Cl): (39.66, 137.89)). The outcome model adjusted for all
16 covariates (the full model) yielded a barely significant ever smoking effect of 48.61 pm
(se: 24.48; 95% CI: (0.62, 96.60); p-value: 0.047). This estimate corresponds to the
traditional regression estimate using the full set of clinically relevant covariates, and thus
forms the basis of comparison for the more complex approaches presented herein. The
model averaged (i.e. BAC with @ = 1) estimate of the ever smoking effect was 64.82 pm
with a standard error of 25.75. The BAC (with @ = co) estimate of the ever smoking effect
was 49.66 um with a standard error of 24.45. We next investigated the model averaging and
BAC results.

The posterior probabilities of inclusion of the covariates in the outcome model were close
for both model averaging and BAC (see Figure 1), except for the education and alcohol
consumption covariates that were given greater marginal posterior probability of inclusion
under BAC. Two outcome models were given higher posterior probabilities under model
averaging. The most probable model (posterior probability (pp) equal to 18.4%) included
age, sex, total cholesterol, HDL cholesterol, use of lipid lowering medications and
inflammatory marker IL6 as covariates. The second most probable outcome model under
model averaging (pp = 18.2%) included the same covariates as the most probable model, but
additionally included the education covariate. Three outcome models were given higher
posterior probabilities under BAC. Unsurprisingly, the most probable outcome model (pp =
40.9%) selected by BAC included the same covariates as the most probable model under
model averaging, but additionally included education and alcohol consumption. The second
and third most probable outcome models under BAC included the same covariates than the
best BAC model, but respectively additionally included diabetes and use of anti-diabetic
drugs (pp = 11.4% and pp = 10.4%, respectively).

We also examined the treatment models X sampled by model averaging and BAC. Most
covariates were observed to have small marginal posterior probability of inclusion in the
treatment model under both model averaging and BAC, for the exception of education and
alcohol consumption which both had an estimated marginal posterior probability of 1. Both
model averaging and BAC gave high posterior probability to the same treatment models.
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The most probable model according to these two techniques was the one only including the
education and alcohol consumption covariates (pp = 36.3% for model averaging and 48.6%
for BAC). The second most probable treatment model was the one also including the

inflammatory marker IL6 covariate (pp = 19.7% for model averaging and 25.4% for BAC).

We next looked at the range of estimated ever smoking effects (that is, the maximum
likelihood estimates of f) for the outcome models obtained through model averaging and
BAC. Over 150 000 iterations each, 530 and 243 distinct outcome models were sampled by
model averaging and BAC, respectively. Smooth histograms were obtained for the
corresponding estimated treatment effects (see Figure 2), irrespectively of the posterior
probabilities associated to the models. The curve associated to the BAC estimates is bimodal
with one mode around 49 um and another one around 55 pm for the ever smoking effect on
CCA IMT. A closer examination of the covariates included in the outcome models
associated to each of these modes indicates that the inflammatory marker IL6 covariate is
such that its inclusion/exclusion causes the change in the estimation. More precisely, this
covariate is included in almost all outcome models associated to the 49 um mode while it is
excluded from all models associated to the 55 pm mode. Figure 3 shows the estimated ever
smoking effects for the most likely outcome models (with posterior probability greater than
or equal to 0.01) according to model averaging and BAC. We see from this figure that the
estimated effects are very similar across the best models selected by BAC and close to the
estimated effect under the fully adjusted outcome model. In fact, Figure 3 shows that the
most probable outcome models according to BAC are all associated to the first mode of the
curve for the BAC estimates appearing in Figure 2.

As seen, the model averaged, BAC and full model estimators exhibited similar standard
error for the effect of ever smoking on CCA IMT (respectively 25.75, 24.45 and 24.48 um).
We gave a closer look at the variance of these estimators by evaluating the contribution of
the within and between-model variability (first and second terms on the RHS of (10),
respectively) to the total variability of the model averaged and BAC estimators. First we
observed that the sizes of the best models according to model averaging were smaller than
the sizes of the best models according to BAC. The estimated variances of the best models
according to model averaging were overall also slightly smaller than the estimated variances
of the best models according to BAC. These results are not surprising since 1) recall that
when @ = oo, the BAC prior (3) forces a covariate included in the treatment model to be
included in the outcome model, whether or not this covariate is truly associated with the
outcome and 2) including strong predictors of the treatment in an adjusted outcome model
inflates the variance of the corresponding treatment effect estimator [25]. Over all models,
the square root of the estimated within model variability was computed to be 23.70 for
model averaging and 24.43 for BAC. BAC’s within model variability is essentially equal to
the variability of the full outcome model (24.48). The square root of the estimated between
model variability was equal to 10.09 for model averaging and 1.04 for BAC. These results
nicely illustrate a potential pitfall, that is inflated variance due to large between-model
variability, of model averaging for causal effect estimation (seen when it averages over high
posterior probability models yielding dissimilar treatment effects) [3]. Moreover, these
results are in accordance with BAC’s objective of small between-model variability, but are
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somewhat disappointing with respect to the anticipated reduction in within-model variability
(as compared to the full outcome model). Indeed, recall that the rationale behind BAC is to
obtain unbiased estimation, as in the full model, but with potentially smaller standard error
for the effect of the treatment since averaging over models generally smaller than the full
one [4].

3.2. Results from the treatment model approaches

Table 2 displays the results under the five IPW strategies presented in subsection 2.3. All
strategies, except IPW Strategy 4, gave similar point estimates for the ever smoking effect
on CCA IMT. Using averaged propensity score values based on the treatment models
sampled by model averaging and BAC (IPW Strategies 2 and 3) produced the largest
standard errors. Using propensity score values based on the full treatment model (IPW
Strategy 1) and using averaged propensity score values based on the outcome models
sampled by BAC (IPW Strategy 5) produced similar results.

Table 3 displays the DR results under the five strategies investigated (also as described in
Subsection 2.3). The DR results were similar to those obtained with IPW, with a decrease in
variance for all strategies but DR Strategy 4.

3.3. Additional analyses

In order to examine the sensitivity of all techniques investigated to diminishing sample
sizes, we further estimated the ever smoking effect on CCA IMT for the three other ethnic
subcohorts: the adult African American (n = 963), Hispanic (n = 842) and Chinese (n =
436). The results for the Chinese subcohort are presented in Table 4 (other results not
shown). Two remarks can be made based on these additional analyses. For the three smaller
subcohorts, there was less consistency in the pattern of the full, model averaged and BAC
point estimates across strategies (OM, IPW and DR), compared to the Caucasian subcohort.
However, the results indicated that model selection was generally beneficial to reduce the
variability of estimates, especially for the estimation approaches that rely on the treatment
model (IPW, DR). This was most notable for the Chinese subcohort where the use of the full
model within IPW and DR yielded a standard error approximately twice the size of the other
strategies.

In order to provide additional insight on the results, we analyzed the IPW weights given to
each individual in the Chinese subcohort. In relation to IPW estimator (11), we define the
weight of a treated individual as the inverse of its propensity score; the weight of an
untreated individual is the inverse of one minus its propensity score. We compared the full
treatment model (IPW Strategy 1) weights to those obtained from IPW Strategy 5 which,
recall, consists in using in (11) a weighted average propensity score based on the outcome
models sampled by BAC with @ = co. We focused on these two strategies since they were
observed to provide very similar results for all subcohorts except the Chinese. For IPW
Strategy 1, the weights ranged from 1.01 to 67.61 while the weights ranged from 1.04 to
27.67 for IPW Strategy 5. The IPW Strategy 1 weights were on average larger and more
variable than the IPW Strategy 5 weights ((mean=2.08, sd=4.97) vs (mean=1.97, sd=3.32),
resp.). Moreover, the two outlier weights in IPW Strategy 1 (64.63, 67.61) were more than
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half reduced in IPW Strategy 5 (26.82, 27.67). These results suggest that IPW Strategy 5
could be seen here as a principled way to control the magnitude and variability of IPW
weights, as opposed, for example, to ad-hoc weight truncation [28].

4. Simulation study

Scenario 1

Scenario 2

Scenario 3

In order to better understand the differences between estimators, we ran three simulated
experiments on which the performance of all inference strategies considered was assessed.

Our first scenario shares some similarities with the illustrative example in Wang et al. [4].
The causal links between covariates are as follows

logit(P(X=1))=log(2)U; +log(2)Us+log(1.2)Us
Y:U1+01U2+U;+U4+01X+Ey,

where U1, Uy, Uz, Uy, ey are independent N (0, 1) random variables. The set of available
potential confounding covariates is U = {Uq, Uy, U3, U4} In this scenario, the true outcome
model is the full model although only U; to U3 need to be included in the outcome model to
unconfoundedly estimate the true effect of X on Y (here equal to 0.1).

For the second scenario, the data generating process satisfies the following relationships

U3:U2+£3
U5:U4+£5
logit(P(X=1))=log(2)U;+log(2)Uz+log(2)Uy
Y =Us+0.1U;4Us+0.1X +¢,,,

with Uq, U, Uy, &3, &5, ey ~ N (0, 1) all independent. The set of available covariates is U =
{Uq, Uy, ..., Us}. The true effect of X on Y is 0.1.

The third scenario is slightly more complicated and features an indirect effect of X on 'Y

Ur=Us+e;
Us=U,+tes
Us=U,tes
U5:U1+65
logit(P(X=1))=log(2)U;+log(2)Us+log(2)Us
Ug=0.5X+Usz+¢c¢
Y =0.1U4+0.1U5+0.1Us+40.05 X +-<,,,
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where Uy, &1, &, &3, &, &, &y ~ N (0, 1) all independent. The set of available covariates is U
={Uq, Uy, ..., Us, U7, Ug}, where U7 and Ug are independent N (0, 1). Covariate Ug is
excluded from U since it is in the causal pathway from X to Y. The true effect of X on Y
(both direct and indirect) is 0.1.

For each scenario, we estimated the bias, the standard deviation, the root-mean-squared error
(RMSE) and the percentage coverage (nominal coverage rate of 95%) of all estimators
investigated. This was done using 1000 datasets of various sizes generated from each of the
three data mechanisms considered (for Scenarios 1 and 2 the sample sizes were n = 200,
500, 1000, 2000 and for Scenario 3 the sample sizes were n = 200, 500). The calculation of
the coverage rates was done as follows. For each estimator, we computed the number of
times (out of 1000) where the absolute difference between the treatment effect estimate and
the true treatment effect (0.1 in all three scenarios) was no more than 1.96 times the standard
error, where the standard error was obtained differently according to the estimators. For the
full outcome model estimator, the standard error was the one directly obtained from the
regression output. For the model averaged and BAC estimators from an outcome regression
approach, the standard error was computed using expression (10). For each IPW and DR
estimators, the standard error was taken to be the standard deviation of 1000 bootstrap
estimates based on a single generated dataset (as described in Section 2.3).

The results are presented in Tables 5-7. We first discuss the results from an OM perspective
(first part of the tables). In all three scenarios, the model averaged estimator based on (9) is
biased, with largest amounts of bias showing when n = 200. The RMSE of the MA estimator
can however be smaller than the RMSE of the full model or BAC estimator, especially if the
sample size is small. The results for the full model and BAC estimators are very comparable
in all scenarios and sample sizes (in Scenarios 1 and 2, BAC attributes very large posterior
weight to the full model at all sample sizes). We secondly focus on the IPW and DR results
(second and third parts of the tables). Overall, only few differences are observed in the
results between IPW Strategies 2 and 3, which use the treatment models a* sampled by
either model averaging or BAC to calculate weighted averaged propensity score values. IPW
Strategy 5, which uses outcome models sampled by BAC, but implicitly includes treatment
models in its definition, is often showing the least amount of bias after the full model
strategy (IPW Strategy 1). The IPW estimators also sometimes show some undercoverage.
In general, the IPW and DR estimators based on model averaging are those observed to be
the most biased and least variable, although no significant bias is observed for DR Strategy
2 (recall that this strategy uses the outcome and treatment models sampled by model
averaging to respectively calculate weighted averaged propensity score and predicted
outcome values). In more complex Scenario 3, we see a clear evidence for the usefulness of
BAC or model averaging strategies for reducing the variability and RMSE of the IPW/DR
estimators when the sample size is small. In this scenario, the largest reduction in RMSE is
observed between DR Strategy 1 (full model) and DR Strategy 3 (which uses the outcome
models @ sampled by model averaging to compute both average propensity scores and
predicted outcomes) when n = 200, where DR Strategy 3 has 37% less RMSE than DR
Strategy 1.
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5. Discussion

The purpose of this paper was to extend the application of the Bayesian Adjustment for
Confounding (BAC) algorithm to binary treatment covariates and thereby continue the
investigations on BAC. We showed how a simple approximate Bayesian approach, which
makes use of standard regression outputs, can be used to implement BAC in this case. Our
illustration was done using data from the Multi-Ethnic Study of Atherosclerosis and the
analyses aimed at estimating the ever smoking effect on common carotid artery intimal
medial thickness primarily for the Caucasian adult subpopulation. We also investigated the
use of BAC from a treatment modeling perspective, that is within both a standard inverse-
probability-weighting and a doubly-robust framework. Here, different model averaged and
BAC strategies were adopted for constructing the propensity score and predicted outcome
values required for using these estimators. We subsequently investigated these strategies in
three simulated experiments.

The main findings of this work are the following. First, from the perspective of the
conventional outcome model regression approach, we found that model averaging should
not be used if one desires to unbiasedly estimate the causal treatment effect, especially when
the size of the sample is small. Moreover, we observed that the model averaged treatment
effect estimator could possess larger variance than the estimator based on the full outcome
model (as seen for the adult Caucasian subcohort and for some sample sizes in Scenarios 1
and 3). Our results thus reinforce the documented inappropriateness of standard model
averaging as a way to account for model uncertainty in causal problems. Secondly, and
again from the perspective of the conventional outcome model regression approach, we
found that BAC behaved similarly to the full outcome model approach, and thus did not
yield the anticipated reduction in variability. This result should not be overgeneralized as it
was reached, in part, on the basis of a limited set of simulation scenarios of small or
moderate complexity. In particular, additional simulations for Scenarios 2 and 3 indicated
that around 7% and 4.5% of reduction in root-mean-squared error could be achieved by
using the true outcome model instead of the full model, respectively. Third, our results from
MESA and the simulation study hinted however for BAC to be advantageous when used
along with inverse-probability-weighting and doubly-robust estimation techniques,
techniques for which the control of variance is a critical aspect of their implementation
(most notably with relatively small sample sizes) [28, 29].

Another interesting result seen from the simulation study was that our standard model
averaging strategy in doubly-robust estimation yielded an unbiased (or close to an unbiased)
estimator in the finite sample sets-up considered here. Our simulation results did not point
out to a BAC or model averaging strategy uniformly superior to the other for all
combinations of scenarios and sample sizes, with respect to the variance or the mean-square-
error of the doubly-robust estimator. Albeit found to show some amount of bias, the doubly-
robust estimation strategy that use the outcome models @Y sampled by model averaging to
calculate both weighted averaged propensity score and predicted outcome values
nonetheless often exhibited markedly smaller variance and mean-square-error than the other
strategies. Further work will be required to better understand the impact of different nuances
of estimation strategies in this new class of doubly-robust estimators.
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Figure 1.
Posterior probability of inclusion of each covariate in the outcome model for both model

averaging (o= 1) and BAC (v = c0).
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Smooth histograms of estimated ever smoking effect on CCA IMT (in um) associated to
distinct (unique) post burn-in sampled outcome models for model averaging (solid line) and
BAC (slashed line).
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Figure 3.

Estimated ever smoking effect on CCA IMT (in um) for the most likely outcome models
according to model averaging (solid line) and BAC (slashed line). Numbers in the central
part of the graph represent posterior probabilities (pp) in %. Estimated ever smoking effect
are presented by model in increasing order of pp (only models with pp > 0.01 are shown).
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Participant characteristics for adult Caucasian ever smokers (n = 774) and never smokers (n = 604)

Table 1

Ever smoker ~ Never smoker  p_yajue*
CCA IMT (um) 99.30 (47.27) 90.42 (44.59) <0.01
Age (year) 54.86 (5.56) 54.39 (5.65) 0.12
Male 373 (48.19) 275 (45.53) 0.35
Body mass index (kg/m?) 28.01 (5.48) 28.05 (5.55) 0.89
Physical activity (MET-hours/week)  2440.0 (2624.9) 2697.3 (2882.1) 0.09
Total cholesterol (mg/dl) 196.01 (36.42)  198.79 (36.62) 0.16
HDL cholesterol (mg/dl) 52.20 (16.27) 51.92 (14.98) 0.74
Triglycerides (10 mg/dl) 135.74 (91.42) 135.69 (118.54) 0.99
Inflammatory marker IL6 (pg/ml) 1.40 (1.25) 1.23 (1.13) <0.01
Inflammatory marker CRP (mg/l) 3.25(4.39) 3.42 (6.10) 0.57
Diabetes 38 (4.91) 25 (4.14) 0.58
Use of anti-diabetic drugs 27 (3.49) 19 (3.15) 0.84
Use of lipid lowering medications 115 (14.86) 84 (13.91) 0.67
Hemostatic marker fibrinogen 323.38(68.08)  325.60 (66.85) 0.54
Alcohol consumption (drinks/week) 7.21(10.81) 3.83(7.87) <0.01
Education <0.01
Low 26 (3.36) 11 (1.82)
High-school 375 (48.45) 198 (32.78)
College 172 (22.22) 166 (27.48)
Graduate 201 (25.97) 229 (37.91)
Income ($) 0.15
< 25K 82 (10.59) 51 (8.44)
25 - 50K 179 (23.13) 139 (23.01)
50 — 100K 296 (38.24) 214 (35.43)
> 100K 217 (28.04) 200 (33.11)

Continuous covariates: mean presented with standard deviation in parentheses; Binary or polytomous covariates: total (n) presented with

percentage (%) in parentheses.

*
P-values obtained from t-tests for continuous covariates and from chi-squared tests for binary or polytomous covariates.
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Table 2

Ever smoking effect on CCA IMT from inverse-probability-weighting (IPW) estimation with five strategies
for computing the propensity scores

R O (A
Strategies A V(A) 95% CI”

1- Full™ 4550 2860  (-10.56, 101.55)
2 MAwith @™** 4971 3125  (-11.54,110.97)

3: BAC with a¥ 49.97 31.28 (-11.34,111.29)
4: MA with a¥ 65.30 24.02 (18.22, 112.39)
5: BAC with a¥ 46.16 28.75 (-10.20, 102.53)

A ever smoking effect estimate (um); V(A): associated standard error;

“(A+£1.96\/V(A)).

all covariates used for computing the propensity scores.

Fkk

For strategies 2-5, the labels refer to the technique (model averaging (MA) or BAC) and model (ax or aY) used for the calculation of the
propensity scores.
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Ever smoking effect on CCA IMT from doubly-robust (DR) estimation with five strategies for computing the

propensity scores and the predicted outcome values

Strategies A" ‘7(A) 95% CI*

1 Full™ 4983 2836  (-5.76,105.42)
2: MA with (@, aY)*** 47.02 29.05 (-9.92, 103.95)
3: BAC with (aX, a") 47.07 29.02 (-9.81, 103.95)
4: MA with (a", a") 60.95 24.27 (13.37, 108.52)
5: BAC with (@, ") 50.03 28.37 (-5.58, 105.64)

A ever smoking effect estimate (um);

“(A+£1.96\/V(A)).

all covariates used for computing both the propensity scores and the predicted outcome values;

Fkk

V(A): associated standard error;

the first argument of the parentheses indicates the model used for the calculation of the propensity scores and the second argument indicates the
model used for the calculation of the predicted outcome values.
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Ever smoking effect on CCA IMT for the adult Chinese (n = 436) subcohort based on an outcome modeling
(OM), an inverse-probability-weighting (IPW) and a doubly-robust (DR) approach (with different strategies)

Strategies Estimate  Standard error 95% ClI
OM, Crude 76.40 38.41 (0.90, 151.89)
OM, Full -13.66 40.69 (-93.40, 66.08)
OM, MA 7.43 42.59 (-76.04, 90.91)
OM, BAC 2.60 40.10 (-76.00, 81.20)
IPW, 1: Full -70.06 71.86 (-210.91, 70.79)
IPW, 2: MA with a* -5.59 39.27 (-82.56, 71.39)
IPW, 3: BAC with a* -2.68 38.85 (-78.81, 73.46)
IPW, 4: MA with a" 4.40 36.63 (-67.39, 76.20)
IPW, 5: BAC with a" -10.94 39.51 (-88.37, 66.50)
DR, 1: Full -36.24 81.82 (-196.60, 124.12)
DR, 2: MA with (&, ") -24.22 39.10 (~100.86, 52.43)
DR, 3: BAC with (&%, a") -23.59 39.37 (-100.75, 53.57)
DR, 4: MA with (a", a") -10.09 37.89 (-84.36, 64.17)
DR, 5: BAC with (@, a") -17.45 39.10 (-94.09, 59.20)

Refer to Tables 2 and 3 for details and abbreviations.
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