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ABSTRACT

Background: Using empirical data, this article first examined how inverse probability weighting
(IPW) and multiple imputation (MI) handled missing outcome data from attrition in the
association between individual education and change in body mass index (BMI). Second,
simulating additional attrition, we quantified the impact of attrition and assessed how Ml
performed compared to complete case analysis (CCA) and to a perfectly specified IPW model as

gold standards.

Methods: We used data from the two waves of the French RECORD Cohort Study (N = 7,172).
After analyzing attrition bias in the observed data (stage 1), we simulated additional missing data
in BMI at follow-up under various Missing At Random (MAR) scenarios. IPW and MI analyses

in stage 1 and MI in stage 2 were assessed in their ability to account for attrition bias.

Results: With the observed data in stage 1, an inverse association was found between individual
education and change in BMI, in CCA as well as with IPW and MI. When additional attrition was
simulated under a MAR pattern (stage 2), the bias increased with the magnitude of selective

attrition, and M1 was useless to address it.

Conclusion: Our simulations revealed that selective attrition in the outcome heavily biased the
association of interest. The present article contributes to raise the awareness that for missing
outcome data M1 does not do better than CCA. More effort is thus needed during the design

phase to understand attrition mechanisms by collecting information on the reasons for dropout.



INTRODUCTION

Most studies with a longitudinal design do not address potential biases due to selective attrition.t
The potential of missing data, in the covariates or in the outcome, to compromise the validity of
research results has often been overlooked.?® Little and Rubin®* describe three categories of
missing data mechanisms: “Missing Completely At Random” (MCAR), i.e., missing cases are
not different than non-missing cases; “Missing At Random” (MAR), i.e., any systematic
differences between the missing values and the observed values can be explained by differences
in observed data; and “Missing Not At Random” (MNAR), i.e., the probability of missingness
depends on an event that the researcher has not measured, for example on the true value of the
missing data. Unfortunately, it is impossible when handling observational data to determine with
certainty whether the data are MAR or MNAR.>/

When data are missing in the outcome, the most common approach is complete case
analysis (CCA), i.e., simply excluding individuals with missing data.® In a review of 262 studies
published in 2010 in three leading epidemiological journals, Eekhout et al. found that 81% of
these studies used CCA.! Estimations obtained from CCA are valid when data are MCAR
because complete cases are a representative subsample of the sample.?® However, estimates may
be biased if excluded individuals are systematically different from those included (MAR or
MNAR).268

Multiple Imputation (MI1)°° has been proposed as an alternative to CCA for missing
covariates or exposures. Ml uses data on all subjects (including those with missing data), creating
a number of imputed datasets by generating multiple imputed values for each missing data. Each
imputed dataset is analyzed separately, and their estimates are combined using Rubin’s rules

(1987).1%11 M1 yields correct estimators if the imputation model is correctly specified and the



data are MAR.?!"13 However, some authors have suggested that when data are missing only in
the outcome, MI does not address the bias and can add needless noise to the estimates.'#°

In parallel, inverse probability weighting®® (IPW) has been proposed as a strategy to
mitigate attrition biases, when a MAR pattern is assumed. In this method complete cases are
weighted by the inverse probability of being a complete case.® IPW does not model the
distribution of the partially observed variables, but models the determinants of missingness.®*!

Considering a mix of empirically observed and simulated attrition, the present article
examines the magnitude of bias related to missing outcome data from selective attrition and the
performance of approaches to handle missing data. As a case study, we investigated the
association between individual education and change in body mass index (BMI) between the first
and second waves of the French RECORD Study.!” A MAR pattern may apply to missing BMI
due to material, behavioral, and psychological variables influencing nonparticipation in the
follow-up (motivated nonparticipation) that also influence BMI change. In the first stage, using
data with the observed attrition, we examined how IPW and MI handled missing outcome data
compared to CCA. In a second stage (simulation), we artificially introduced increasing selective
attrition following different MAR mechanisms through the manipulation of the empirical data,

and examined both the magnitude of the resulting bias and how MI performed compared to CCA.

METHODS
Study population

Data from the first and second waves of the RECORD Cohort Study (www.record-study.org)*’

were used for longitudinal analyses. During the first wave, 7,290 participants aged 30-79 years at
their inclusion were recruited without a priori sampling in 2007-2008 during free standardized

preventive medical checkups conducted by the Centre d’Investigation Préventive et Clinique in


http://www.record-study.org/

the Paris metropolitan area.*®?° Only participants residing in 10 (out of 20) administrative
districts of Paris or in 111 other municipalities in the region were selected. In the first wave, 83%
of the eligible participants at the health centers agreed to participate and completed the data
collection.!” During the second wave, 3,746 participants were reexamined between 2011 and
2013. The overall revisit rate at wave two was 51%. The French Data Protection Authority
approved the study protocol.

After excluding participants with missing values for Body Mass Index (BMI) in the first wave,
the sample comprised 7,172 participants, of which 3,693 had information on BMI in the second

wave.

Measures
Outcome of interest
BMI (kg/m?)? was calculated at each wave, using height (measured with a wall mounted
stadiometer) and weight (measured with calibrated scales) recorded by a nurse (standard
procedure of the IPC Medical Center??). The longitudinal change in BMI from baseline to follow-
up was the outcome of interest.

In the first wave, 4.5% of the participants were recruited in other sites than the Paris site
of the IPC Medical Center. Nurses in the different sites used the same stadiometers and scales
and were trained to apply the same procedure. In the second study wave, all participants were

assessed in the Paris site.

Main exposure
As the main exposure, personal education was coded in two classes, high vs. low (self-

administered questionnaire). High education corresponded to completing higher secondary school



(i.e., receiving the French baccalaureate, corresponding to 12 years of schooling after preschool)

or above.

Covariates

Age at baseline (in years) and sex were considered. Following our previous empirical work, 2324
the socioeconomic status of the neighborhood was assessed with the educational level of
residents (percentage of residents with >2 University years), using data from the 2006 population
census geocoded at the building address by INSEE (French National Institute of Statistics and
Economic Studies). The variable was computed within a street network buffer with a radius of
1000m centered on the participants’ residences. Arcinfo 10 (ESRI, Redlands, CA) and its
Network analyst were used to derive such buffers based on street network data from the National
Geographic Institute. Neighborhood education was used as a continuous variable. Stress, related
to whether participants find their lives unpredictable, uncontrollable, and overloaded, was
assessed with the Perceived Stress Scale of Cohen.?® Depressive symptomatology was evaluated
with the QD2A scale of Pichot.?® The perceived stress and depressive symptomatology scores

were entered as continuous variables.

Study design and statistical analysis

Stage 1: empirical analysis without added simulated attrition

Three methods (i.e., CCA, Ml and IPW) were first applied to the observed dataset. In CCA, only
subjects with an observed value for the outcome (change in BMI) were included in the linear
regression analysis (the complete dataset comprised 3,693 participants after excluding those with

missing BMI in the second wave).



Regarding M1, we created five imputed datasets (N = 7,172),4527 analyzed them
separately (linear regression with change in BMI as the outcome), and combined the results from
the different datasets into a single set of parameter estimates and standard errors. The covariates
used in the imputation model for change in BMI were age, seX, individual education, residential
neighborhood education, baseline BMI, perceived stress, and depressive symptoms (selected on
the basis of hypotheses of causal effects on this outcome). Ml (by chained equations) was carried

out in R using the mi package.?®

With IPW, the contribution of the complete cases to the regression estimation was
weighted by the inverse of their probability of being a complete case. We modeled the probability
of being followed in the second wave as a logistic function of the following predictors: age, sex,
individual education, residential neighborhood education, baseline BMI, perceived stress, and
depressive symptoms (selected on the basis of hypotheses of causal effects on this outcome). The
weight for each subject was calculated as the inverse of the predicted probability of participation
in the second wave. While 7,172 participants (with BMI at baseline) were considered to produce
the weights, 3,693 participants (with BMI also measured in wave 2) were included in the IPW

analysis of the relationship of interest.

We could not exactly assess the performance of CCA, Ml, and IPW in this first stage,

because the true association between individual education and change in BMI was unknown.

Stage 2: simulation of additional attrition
Definition of simulated datasets by manipulation of the empirical dataset. The complete dataset

(3,693 participants) was used as a basis to simulate additional attrition. These simulated



incomplete datasets were generated from the complete dataset by randomly simulating the
outcome value (BMI in the second wave, thus change in BMI) to be missing. Missingness was
simulated according to three MAR mechanisms (see the signed?® Directed Acyclic Graphs in

Figure 1). The attrition rate was defined on the basis of the risk of having missing data at follow

up.

Different mechanisms to simulate attrition. We considered two mechanisms of attrition based on
observed covariates (individual education and either neighborhood education or baseline BMI)
and one mechanism using individual education and a simulated hypothetical covariate. Regarding
the first two mechanisms, previous studies have shown that low individual education and low
neighborhood education were associated with a higher BMI or a higher change in BMI and that a
higher BMI at baseline was associated with a higher change in BM1.243%-33 Moreover, as shown
with a regression model reported in eAppendix 1, these three baseline characteristics were
independently (but weakly) associated with the fact of having a follow-up BMI measurement in
the RECORD Study: the odds of participating in wave 2 were higher at high individual education
and high neighborhood education levels and among participants who were not obese at baseline.
Thus, two types of MAR mechanisms were first generated: missingness in the outcome (1) was
set to be conditional on both individual education and neighborhood education and (2) was set to
be conditional on both individual education and baseline BMI.

In these two scenarios, the other covariate influencing attrition was weakly associated
with the outcome (the correlation between neighborhood education and change in BMI was 0.06
while the correlation between baseline BMI and change in BMI was 0.09). Therefore, in the third
mechanism of attrition, we used a simulated hypothetical covariate for which we defined five

levels of correlation with BMI change (r = 0.3; 0.4; 0.5; 0.6; 0.7).



For each mechanism of attrition, eleven scenarios of attrition level were examined, with
an increasing influence of the two selected covariates (individual education and another variable)
on the risk of having missing data in wave 2. The eleven scenarios were defined on the basis of
eleven odds ratios [OR] ranging from 1.0 to 6.0 (increasing by 0.5) for these associations with
missingness (Table 1, see the footnote for details, including a description of the units of
variables). In each scenario, the same OR was applied to the relationship of individual education
with attrition and to the relationship of the other variable (neighborhood education, baseline BMI,
simulated covariate) with attrition. Thus, all the attrition simulated in the data is attributable to
increasing selective attrition, while in the initial empirical analysis the overall attrition rate is
higher but is likely less attributable to selective attrition. To circumvent random sampling
variability, 500 such simulated incomplete datasets were generated for each mechanism and for
each scenario of attrition level. Therefore, we obtained 11 scenarios for each of the first two
mechanisms of attrition and 11 x 5 correlation levels = 55 scenarios for the third mechanism of

attrition (see Table 1).

Quantification of bias and assessment of MI. The CCA analysis was applied to the simulated
incomplete datasets with the same adjustment factors than in the first stage. MI was also applied
with the following list of predictors in the imputation model: age, sex, individual education,
perceived stress, depressive symptoms, and one additional mechanism-dependent variable
(neighborhood education with the first, baseline BMI with the second, and the simulated
covariate with the third mechanism). It should be noted that IPW relies on a comparable model
than the one that we used to simulate additional attrition. The predictors included in the weight

model of IPW were those that were used as determinants of missingness with each of the three



distinct MAR mechanisms (e.g., individual education and either neighborhood education,
baseline BMI, or the simulated covariate, but without age, sex, stress, and depressive symptoms).
Thus in this second stage, we could not evaluate the performance of IPW but used it as a gold
standard (as it was perfectly specified) against which to assess the magnitude of bias with CCA
and the performance of M. In this second stage, the CCA estimate in the sample of 3,693
participants (from stage 1) can also be considered as the true estimate (compared to the bias

added through the simulations).

Analysis of the relationship between individual education and change in BMI

For all the approaches enumerated above, a linear model was used to estimate the association
between individual education and the change in BMI. Based on the available variables, we could
not identify any causal antecedents of individual education (temporally antecedent to individual
education) that was also associated with change in BMI (confounder). Parental education and the
human development index of the country of birth were tested but did not fulfill the last condition.
Thus the association between individual education and BMI change was adjusted only for age
and sex, both in the initial empirical and simulation analyses. In the first stage, this model was
applied to the complete case database of 3,693 participants for CCA and IPW, while MI was
applied to the complemented dataset of 7,172 participants. In the second stage, this model for the
individual education — BMI change relationship was applied to simulated complete case
databases (N < 3,693) for CCA and IPW (even if the weight model of IPW was run among 3,693
participants), while M1 was applied to complemented datasets of 3,693 participants. The median
of the coefficient over the 500 simulated datasets was used as the final estimate. The uncertainty

in this estimate was assessed with the 2.5th and 97.5th percentiles over the simulated datasets.



The simulation code is provided in eAppendix 2. All analyses were conducted using R version

3.1.1 (http://www.R-project.org).

RESULTS

Descriptive characteristics for participants with BMI measured at baseline (N = 7,172);
participants with BMI also assessed at the follow-up (N = 3,693); and participants who dropped
out (N = 3,479) are provided in eAppendix 3. In our sample of 7,172 participants in the first
wave, median BMI at baseline was 25.0 (interdecile range: 20.7, 30.7). In the subsample of 3,693
participants followed up in the second wave, 68.6% were men, 70.8% had a high education, the
mean age was 51.5 years (SD = 11.3), the median baseline BMI was 25.0 (interdecile range: 20.9,

30.1), and the median change in BMI was 0.1 (interdecile range: -1.4, 1.9).

Stage 1: empirical analysis without added simulated attrition

In the CCA (N = 3,693), after adjustment for age and sex, the change in BMI was lower for
participants with a high compared to a low educational level [-0.26, 95% confidence interval
(CI): -0.36, -0.15]. As shown in Table 2, IPW and M1 also yielded a comparable inverse
association between individual education and change in BMI. The final estimate was relatively

similar whatever the correction method (IPW or MI).

Stage 2: simulation of additional attrition
The results for the simulated datasets based on three mechanisms of attrition under eleven
different scenarios of attrition level (OR = 1.0 to 6 by 0.5) are shown in Figures 2 to 4. Numerical

estimates are reported in eAppendix 4. Due to the perfect knowledge of the simulated
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missingness mechanisms, the IPW estimates were close from the horizontal reference line, as
expected (gold standard).

The first attrition mechanism was grounded on the effect of individual education and
neighborhood education on participation in the second wave. Figure 2 shows an inverse
association between individual education and change in BMI after adjustment for age and sex,
with all methods and under all scenarios of attrition level. The CCA estimate was very close from
the thick horizontal line (true estimate), and very close from the IPW estimate (which was still
closer from the horizontal line). There was an indication that MI did slightly worst than CCA,
with a slight increase of bias with increasing selective attrition. The uncertainty in the estimates
increased for CCA, and still more so for Ml, with increasing attrition bias.

The second simulated mechanism of attrition resulted from the effects of individual
education and baseline BMI on attrition. As shown in Figure 3, the gap between the true
coefficient and the CCA coefficient increased weakly but regularly (from -0.26 to -0.22) with the
strength of the simulated selective attrition bias. MI could not correct the bias, and on the
opposite implied a stronger bias than the CCA itself.

The findings for the third MAR mechanism of attrition using a simulated covariate
correlated with the outcome are shown in Figure 4. For CCA as well as for Ml, the magnitude of
the attrition bias increased both with the strength of the association between the covariates and
attrition and with the strength of the correlation between the simulated covariate and BMI
change. For example, the coefficient for the association between individual education and BMI
change analyzed with CCA varied from -0.26 to -0.06 under the eleven scenarios of attrition level
when the correlation between the simulated covariate and BMI change was of 0.3 and from -0.26

to 0.14 when the correlation was of 0.7. MI could not correct this attrition bias.
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DISCUSSION
To our knowledge, the present study is the first to rely on a simulation approach applied to
longitudinal observed data to quantify the magnitude of bias due to missing information in the

outcome at the follow-up and to test the ability of statistical methods to correct this attrition bias.

Stage 1: empirical analysis without added simulated attrition

Previous studies, mostly based on cross-sectional designs,* have reported that BMI or body fat
increased with decreasing individual/neighborhood socioeconomic levels.30:31:333% A review
concluded from studies with measured adiposity and a follow-up of at least 4 years to an inverse
association between education and weight gain.! Our findings indicate that participants with a
high education had a weaker increase in BMI over the follow-up. Our analyses of the empirical
sample based on IPW and Ml indicate that MAR mechanisms of attrition based on the effects of
individual education, neighborhood education, and baseline BMI on participation in the study are
unlikely to affect the direction and even the strength of the association of interest. This is likely
because there were only weak effects of individual education, neighborhood education, and
baseline BMI on participation, and weak effects of neighborhood education and baseline BMI on

the change in BMI.

Stage 2: simulation of additional attrition

First and second attrition mechanisms (observed covariates)

There was evidence of a modest attrition bias for the coefficient of interest especially for the
second mechanism of attrition (specifying an effect baseline BMI on participation). A likely
explanation is that the association of baseline BMI with change in BMI (correlation = 0.09) was

stronger than the association of neighborhood education with change in BMI involved in the first
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attrition mechanism (correlation = 0.06). The comparison of Figure 2 with Figure 3 shows that
the attrition bias was in the opposite direction in these two cases: the covariate that was used as a
determinant of attrition was associated in the opposite direction with BMI change (see the

signed?® Directed Acyclic Graphs in Figure 1).

Third attrition mechanism (simulated covariate)

Simulating a covariate allowed us to modulate its correlation with the change in BMI between 0.3
and 0.7. These results emphasize the following important aspects: 1) even in presence of a very
strong selective attrition (influence of covariates on dropout), the bias for the association of
interest remains of small magnitude if the correlation between the covariates influencing study
dropout and the change in BMI is weak; 2) the magnitude of the attrition bias, as expressed by the
difference between CCA and the thick horizontal line or the gold standard IPW estimate,
increased with the correlation between the simulated covariate and change in BMI; 3) when data

are missing in the outcome under a MAR pattern, M1 does not do better than CCA.

When data are missing in the covariates, Ml is the most commonly advocated method to
handle missing data.>®' However, when data are missing only in the outcome, MI cannot correct
the bias even if the imputation model is correct. Compared to CCA, Ml can even amplify the
observed bias (see the point estimates on Figure 3), which is consistent with previous studies.>>
Allison'* and Hippel® showed that if there is no missing data in the independent variables and if
there are no strongly correlated auxiliary predictors, then there is no additional information in the
imputed values. Hippel®® and Kullback®’ showed that observations with an imputed outcome
contain no information about the regression of Y on X. The approach relies on the available

knowledge of how X predicts Y to impute Y, so it does not bring additional information on the
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potential influence of X on Y. In this case, using Ml is equivalent to performing a CCA, while
the imputation of missing outcome values adds noise to these estimates (which is clear from the
95% credible intervals in Figure 4).

The attrition mechanisms examined were based on MAR patterns. eAppendix 5 reports a
complementary analysis where a MNAR pattern of missingness was implemented (individual
education and BMI change itself influencing study dropout). In this case, the weight model of
IPW could not be perfectly specified (i.e., it included individual education, but not the change in
BMI, considering that it was inaccessible to the researchers when missing). The findings show
that the bias was substantial and that neither MI nor IPW could correct the attrition bias

introduced by MNAR outcome data (eAppendix 5).

Strengths and limitations

Regarding study strengths, first, our study combined empirical longitudinal data with simulation
approaches: we used the available knowledge on the determinants of attrition in the RECORD
Cohort Study to create scenarios of attrition corresponding to realistic situations occurring in
practice, allowing us to assess how statistical methods handled missing outcome data in “real life
scenarios”. Second, in this simulation study, different mechanisms of attrition (including two
MAR with observed variables and one MAR with a simulated covariate strongly correlated with
the outcome) and different attrition levels were explored.

Regarding limitations, a first shortcoming of the work is related to the fact that in the
initial empirical analyses, the true estimate against which to compare the corrected estimates was
not known. Second, our simulation study was designed to quantify the magnitude of bias and to
illustrate the non-performance of Ml to handle missing outcome data; however, this simulation

study was not meant to assess the performance of IPW, which by design was perfectly specified.
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Third, the present study analyzed only two repeated measures, thus our findings are difficult to
generalize to other longitudinal designs with more than two waves (which would likely have to
be analyzed with hierarchical linear models or repeated measure models rather than linear models
as in the present case). Fourth, explore the few potential confounders that we had for the effect of
individual education on change in BMI, but we lacked variables that are difficult to collect (e.g.,
norms and attitudes prior to the completion of education). Fifth, although we made efforts to
correctly specify these models, we acknowledge that the weight and imputation models could be
further complemented in the initial empirical analyses. Sixth and finally, our convenience sample,
recruited in preventive healthcare centers, was not representative of the Paris lle-de-France
region.*® However, a large panel of municipalities from the region was a priori selected to ensure

the presence in the sample of people from all socioeconomic backgrounds.

Conclusion

In conclusion, the results of this study suggest that biases related to selective attrition in
longitudinal studies implying missing outcome data can be substantial. Moreover, it was found
that when data are missing only in the outcome, Ml is not able to correct the bias introduced by
MAR patterns of attrition. Thus, although Ml is the most commonly advocated method to handle
missing data in the covariates in cohort studies, it should not be used in these particular
circumstances (outcome missingness under a MAR pattern) where it does not do better and can
even do worse than CCA. Overall, our findings therefore emphasize the need to devote more
effort during the design phase to plan the collection of relevant information on the cause of study
dropout,® in order to evaluate the attrition mechanism involved, and to improve the specification

of IPW models.
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FIGURE LEGENDS

FIGURE 1. Signed directed acyclic graphs depicting the different selection biases that were
introduced with the three mechanisms of attrition examined [following Missing At Random
(MAR) patterns]. These mechanisms were based on the effects of the following variables on
participation: individual education and neighborhood education in mechanism 1 (1A); individual
education and baseline BMI in mechanism 2 (1B); individual education and a simulated covariate
in mechanism 3 (1C). Signed graphs were established based on the assumption of so-called weak
monotonic effects.?® Participants with a high level of neighborhood education or a low baseline
BMI (respectively in the first and second MAR patterns) and participants with high individual
level of education are more likely to participate in the second wave. The attrition bias in the
estimate of interest is introduced by conditioning on participation (P = 1), which is a common
effect of the variable of interest (individual education) and of another covariate that also

influences the change in BMI

FIGURE 2. Associations between individual education and change in BMI in simulated datasets
based on the first attrition mechanism (MAR, individual education, neighborhood education)
under eleven scenarios of attrition level. Point estimates and 95% credible intervals (median and
2.5 and 97.5" percentiles over 500 realizations of each scenario) for each method are
represented as continuous lines to ease the reading but refer to discrete estimates for each attrition
level. The horizontal thick line represents the true coefficient of reference for the simulation
work, from the analysis without missing data (N = 3,693). As IPW was considered as a gold
standard for the point estimate (due to the perfectly specified weight model), only the point

estimate but not its 95% credible interval is reported.
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FIGURE 3. Associations between individual education and change in BMI in simulated datasets
based on the second attrition mechanism (MAR, individual education, baseline BMI) under
eleven scenarios of attrition level. Point estimates and 95% credible intervals (median and 2.5™
and 97.5" percentiles over 500 realizations of each scenario) for each method are represented as
continuous lines to ease the reading but refer to discrete estimates for each attrition level. The
horizontal thick line represents the true coefficient of reference for the simulation work, from the
analysis without missing data (N = 3,693). As IPW was considered as a gold standard for the
point estimate (due to the perfectly specified weight model), only the point estimate but not its

95% credible interval is reported.

FIGURE 4. Associations between individual education and change in BMI in simulated datasets
based on the third attrition mechanism (MAR, individual education, simulated covariate with five
levels of correlation with the outcome: r = 0.3 to 0.7 by 0.1) under eleven scenarios of attrition
level. Point estimates and 95% credible intervals (median and 2.5™ and 97.5™ percentiles over
500 realizations of each scenario) for each method are represented as continuous lines to ease the
reading but refer to discrete estimates for each attrition level. The horizontal thick line represents
the true coefficient of reference for the simulation work, from the analysis without missing data
(N =3,693). As IPW was considered as a gold standard for the point estimate (due to the
perfectly specified weight model), only the point estimate but not its 95% credible interval is

reported.
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TABLE 1. Number of observations with a missing outcome at the follow-up (and corresponding percentage) for each mechanism of
attrition under each attrition level (the initial database in which attrition is simulated comprises 3,693 participants)

Attrition level

First attrition

Second attrition

Third attrition mechanism with a simulated covariate®

mechanism? mechanism® r=03 =04 =05 r=06 r=07
OR =1.0¢ 67 (1.8) 66 (1.8) 66 (1.8) 67 (1.8) 66 (1.8) 66 (1.8) 66 (1.8)
OR=15 141 (3.8) 140 (3.8) 140 (3.8) 141 (3.8) 139 (3.8) 140 (3.8) 140 (3.8)
OR=20 248 (6.7) 241 (6.5) 241 (6.5) 248 (6.7) 242 (6.5) 242 (6.5) 242 (6.5)
OR=25 385 (10.4) 376 (10.2) 368 (10.0) 385 (10.4) 368 (10.0) 369 (10.0) 368 (10.0)
OR=3.0 537 (14.5) 509 (13.8) 506 (13.7) 537 (14.5) 506 (13.7) 510 (13.8) 509 (13.8)
OR=35 687 (18.6) 654 (17.7) 650 (17.6) 687 (18.6) 651 (17.6) 655 (17.7) 653 (17.7)
OR =40 832 (22.5) 795 (21.5) 794 (21.5) 832 (22.5) 797 (21.6) 797 (21.6) 798 (21.6)
OR=45 962 (26.0) 930 (25.2) 932 (25.2) 962 (26.0) 933 (25.3) 934 (25.3) 934 (25.3)
OR=5.0 1083 (29.3) 1060 (28.7) 1060 (28.7) 1083 (29.3) 1060 (28.7) 1063 (28.8) 1060 (28.7)
OR =55 1192 (32.3) 1177 (31.9) 1176 (31.8) 1192 (32.3) 1179 (31.9) 1179 (31.9) 1178 (31.9)
OR=6.0 1293 (35.0) 1285 (34.8) 1285 (34.8) 1293 (35.0) 1289 (34.9) 1286 (34.8) 1287 (34.8)

2 MAR mechanism: individual education and neighborhood education influence dropout.

® MAR mechanism: individual education and baseline BMI influence dropout.

¢MAR mechanism: individual education and a simulated variable strongly correlated with the change in BMI influence dropout. Several degrees of correlation of
this variable with dropout are considered.

4 The OR refers to a multiplicative coefficient for the odds of having a missing outcome in wave 2 for having a low rather than a high individual education level
(binary variable), for a 2-standard deviation decrease in the proportion of high educated residents in the neighborhood, for a 2-standard deviation increase in
baseline BMI (a 2-standard deviation was chosen to mimic the effect of a binary variable with approximately half of the population in each group), and for a 2-
standard deviation increase in the simulated covariate strongly correlated with the change in BMI (r = 0.3 to 0.7 by 0.1). The distribution of the standardized
baseline BMI and standardized change in BMI were shifted towards the positive, so as to have a minimum value equal to 0, yielding the minimal (and non-
negative) probability of attrition when these recoded variables were equal to 0. The distribution of standardized neighborhood education was shifted towards the
negative, so as to have a maximum value equal to 0, yielding (due to a negative coefficient in our model) the minimal probability of attrition when this recoded
variable was equal to 0 (i.e., when neighborhood education was the highest) and an increase in the odds of attrition with more negative values of this variable.
The model to define the probability of attrition for each participant was a logistic model with an intercept equal to —4.



TABLE 2. Empirical associations? between individual education (high vs. low) and change in BMI
(adjusted for age and sex), either from the complete case analysis or corrected from the observed
attrition bias through IPW or M|°

B (95% CI)®
CCA (N = 3,693) -0.26 (-0.37 ; -0.15)
IPWY (N = 3,693) -0.25 (-0.36 ; -0.14)
MIY4 (N = 7,172) -0.26 (-0.37 ; -0.14)

& The associations reported here are based on the original RECORD sample, without any
modification through simulations.

b The average of the predicted change in BMI in the low education group was 0.34 in the CCA
model, 0.34 in the IPW model, and 0.25 in the model based on MI.

¢ B, beta coefficient; Cl, confidence interval.

d The covariates used in the weight model of IPW (N = 7,172) and in the imputation model of Ml
were age, sex, individual education, residential neighborhood education, baseline BMI, perceived
stress, and depressive symptoms.
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Appendix 1. The determinants of participation in wave 2

Appendix Table 1. Logistic model for the determinants of participation in wave
2 (N=7172)

Participation in wave 2

B (95% CI)
Low individual education (vs. high) -0.069 (-0.09 ; -0.04)
Obese in wave 1 (vs. normal weight) -0.067 (-0.10;-0.03)
Neighborhood proportion of high educated? 0.098 (0.01;0.18)

& While the two other explanatory variables were coded as categorical variables,
neighborhood education was expressed as a continuous variable comprised
between 0 and 1.



Appendix 2. Simulation code

FHEFHAH A A AR AR AR F A H AR AR
A script to accompagny

Lewin, Brondeel, Benmarhnia, Thomas, Chaix. Attrition bias related to missing
outcome data: a longitudinal simulation study.
Epidemiology.

#
#
#
#
#
#
# This script describes the code used in this simulation study.

# At the end of this document, there is some extra script to make up
# your own dataset, enabling interested readers to test the code.

# For questions, feel free to contact Ruben Brondeel

# e-mail: Ruben.Brondeel@gmail.com

FHAHH A S
ifgsszasasssdgsasdasstdaddsdndd s AR EAREEEAEEEEEEEEEE

# Script created under

# R version 3.3.0

# mi-package version 1.0
ifgsssasasssdsdasddsatdaddsdads s AR EAREAEAEAEEEEEEEE

FHEH A 4

# Step 1: Construction of simulation datasets.

# 500 datasets are constructed for 11 scenarios.

# Each dataset has the analyses variables in common,

# they differ in the missingness indicators (0/1) (named 'filters' in script).

gz ssasdasddsadadaasdisaasiaasdssasiaaadaaantaandttdi

# 1.0 Creation of a file directory

scenario <- c("scenlO", "scenl5", "scen20", "scen25", "scen30", "scen35", "scen4Q",
"scen45", "scenb0", "scenb5", "scen60")

for(i in scenario) {

path <- paste('my data', i,sep="")

dir.create (path, showWarnings = TRUE, recursive = TRUE)

}

# 1.1 Construction of a 'simulated' variables to test variables with a

# stronger link to the outcome than the original independent variables.

# The variable newVar30 is a continuous variable with N(0,1).

# The Pearson correlation with the outcome (bmi change) is set to 0.30.

# We look for a value x for which the squared difference

# of 0.30 and the correlation bmi change and newvar is minimal (i.e. ~= 0).

fr <- function(x, vy) {
set.seed (04072015)
newvar <- x*set$bmi_change + rnorm(nrow(set), 0, 1)
(y - cor(set$bmi change, newvar))"2

}
a <- optimize(f = fr, interval=c(0,1), y=0.30)Sminimum

set.seed (04072015)
setSnewVar30 <- a*setSbmi change + rnorm(nrow(set), 0, 1)



1.2 Creation of the missingness indicators.

We create a function 'miss' that will create 4 missingness indicators,

one for each model (Model MAR 1, ...) given a certain level of association
between the respective variables and the probability of having a missing value.
This process is repeated 500 times. The results is 500 datasets with the
original data and 4 indicators (0/1) of missingness.

+H= = = S S

nsim <- 500 # number of simulations. Lower this number for a test run.

miss <- function(scenario, OR, data) {

setwd (paste (path.main, 'l. data/miss/',scenario, sep=""))

var <- c("ID", "bmi change", "educ indiv", "educ neigh", "bmi t1",
"age", "male", "stress", "depression", "newVar30")

# 1.2.1: we standardize the continuous variables.
# So the associations with the missingness are comparable.
# This is for the creation of missingness indicators only, not for later analyses.
x <- data$educ indiv
yl <- as.numeric(scale(dataSeduc neigh))
y2 <- as.numeric(scale(dataSbmi t1))
y3 <- as.numeric(scale (data$newVar30))
<- as.numeric(scale(data$bmi change))

b
NS

1.2.2: A shift of the variables with a negative association to the missingness
towards negative values; and the variables with a positive association towards
positive wvalues.

This allows for strictly positive additions in the formula of the logodds.
Therefore, higher associations with the missingness,
will always lead to a higher dropout.

This is not necessary from a mathematical point of view,
but it seems reasonable from an epidemiological point of view.

In real cases of dropout, we can assume that higher levels of dropout

are more probable to lead to higher associations and therefore biases, even
though this is not a hard rule.

<-x -1
1 <- yl - 3 # the three in these formulas are used not to depend

MOKGRG X S S S S S S S S S S S

2 <- y2 + 3 # on the randomness of minimum and maximum values.
3 <-vy3 + 3
yvd <- y4 + 3

# 1.2.3 We divide the continuous variables by two: for more interpretable OR's,
# and to compare more easily with the dichotomous individual education variable

# (=x).

vyl <= yl/2
y2 <- y2/2
y3 <- y3/2
v4d <- y4/2

# 1.2.4 We calculate the probabilities of the dropout for a given odds ratio for #
the 4 models.

# prl = Model MAR 1 [individual level education (=x) and neighborhood education
(=y1)]

# pr2 = Model MAR 2 [individual level education (=x) and BMI at time 1 (=y2)]



# pr3 = Model MAR 3 simulated variable [individual level education (=x) and new
variable (=y3)]

# pr4d = Model MNAR [individual level education (=x) and change of BMI between
time 1 and time 2 (=y4) ]

z <= -4 - 1log(OR)*x - log(OR)*yl
prl <- exp(z)/ (l+exp(z))

z <- -4 - 1og(OR)*x + 1log(OR) *y2
pr2 <- exp(z)/ (l+exp(z))

z <- -4 - 1og(OR)*x + log(OR) *y3
pr3 <- exp(z)/ (l+exp(z))

z <- -4 - 1log(OR)*x + log(OR) *vy4
prd <- exp(z)/ (l+exp(z))

# 1.2.5. Probability of participation.
# Probability participation = 1 - probability of dropout.
# This is an arbitrary choice, but has no influence on the results.

prl <- 1 - prl
pr2 <- 1 - pr2
pr3 <- 1 - pr3
pr4d <- 1 - pr4

# 1.2.6 Creation of simulation datasets.
# each time a different random sample of 0's and 1's,
# given the binomial distribution and the above calculated probability.
for(i in 1:500) {
datal <- data

datal$filterMAR]l <- rbinom(nrow(datal), 1, prl)
datal$filterMAR2 <- rbinom(nrow(datal), 1, pr2)
datal$filterMAR3 <- rbinom(nrow(datal), 1, pr3)
datal$filterMNAR <- rbinom(nrow(datal), 1, prié)

setl <- setl[,var]
name.set <- paste("set", i, sep=".")
write.csv(setl, name.set, row.names=FALSE)
}
}

var00 <- c¢("ID", "bmi change", "educ indiv", "educ neigh", "bmi t1", "age", "male",
_ g9 _ _ g _ g

"stress", "depression", "newVar30")

setwd (paste (path.main, 'l. data/miss/',scenario, sep=""))
write.csv(set[,var00], 'set00', row.names=FALSE)

# we apply this function to the 11 selected odd's ratios.
miss ("scenlO", OR=1.0, set)

miss ("scenl5", OR=1.5, set)
miss ("scen20", OR=2.0, set)



miss ("scen25", OR=2.5, set)
miss ("scen30", OR=3.0, set)
miss ("scen35", OR=3.5, set)
miss ("scend40", OR=4.0, set)
miss ("scend45", OR=4.5, set)
miss ("scen50", OR=5.0, set)
miss ("scenb55", OR=5.5, set)
miss ("scen60", OR=6.0, set)

idgdstsadstdzdstdgsstdgdssdadt iR a A RAREAEAEEEEEEEi

Step 2: multiple imputation.

!'111 Note: this step might be very long in computation time.

When testing, you might want to choose a low number of simulations

Only the code for Model MAR 1 is presented below.

However, the code for the other models is basically a copy of this code.
The package mi Version 1.0.
S i i

library (mi)

H= = = = S S

# 2.0 Creation of a file directory

scenario <- c("scenlO", "scenl5", "scen20", "scen25", "scen30", "scen35", "scen4Q",
"scen4b5", "scen50", "scenb55", "sceno6O")

for(i in scenario) {

path <- paste('my data', 1i,sep="")

dir.create (path, showWarnings = TRUE, recursive = TRUE)

}

# 2.1 A function is created to perform multiple imputation over all simulation sets
# per scenario.
final.mil<- function (scenario) {

var <- c("ID", "bmi change", "educ indiv", "age", "male", "educ neigh", "stress",
"depression")

for(i in 1:500) {
flush.console ()

# 2.1.1 A simulation dataset 1is read.

setl <- read.csv(paste(path.main, 'l. simulation datasets/', scenario,
'/set.',1i,sep=""))

# 2.1.2 The dependent variable bmi change is set to NA if the participation
# indicator = 0.
setl$bmi change[which(setl$filterMARl == 0)] <- NA

# 2.1.3 Only the varaibles needed for model MAR 1 are selected

# For the different models, different variables were used instead of

# 'educ neigh'

# (i.e. model MAR 2 : 'bmi tl', model MAR 3 : 'newVAR30' and model MNAR : no
# extra variable).



setl <- setl([,var]
setl <- missing data.frame (setl)
setl <- change(setl, y = c("ID"), what = "type", to = c("irrelevant"))

# 2.1.5 Actual imputation, with 5 impuation datasets.
mi.data <- mi(setl, n.chain=5, max.minutes=10000, n.iter=50)

# 2.1.6 The dataset is saved in an .Rdata workspace image.
image <- paste("my data", , scenario,"\\set.",i,".Rdata",sep="")
save (mi.data, file=image)

}

# 2.2 The function is applied over the 11 chosen odds ratios (e.g. scenlO
# corresponds to OR=1.0).

# This step might take some time. Therefore, the code can be run for 'complete
# case' and 'IPW' only.

scenario = 'scenlO'

i=1

final.mil ('scenlO'

final.mil ('scenl5"'

final.mil ('scen20'

final.mil ('scen25"

final.mil ('scen30'

( )
( )
( )
( )
( )
final.mil ('scen35")
( )
( )
( )
( )
( )

final.mil ('scen40'
final.mil ('scen45'
final.mil ('scen50'
final.mil ('scenb55"'
final.mil ('scen60'

FHAHHHH AR AR A H A EH AR AR AR

# Step 3: 'Complete case' and 'Inverse Probability weighting' methods performed
# simultaneously.

FHAHHHH AR AR A H A H AR AR

# rep.glm is the function that repeats 500 times the general linear models

# with or without weighing, given the level of association with the missingness
# (='scenario').

rep.glm <- function(scenario) {
# 3.2.1 we initiate a results table 'res.tab'.
res.tab <- data.frame(set = seqg(l, nsample, 1), nmiss = rep(NA, nsample))

for(i in l:nsample) {
# 3.2.2 One simulation dataset read
path <- paste(path.main,'l. simulation datasets/', scenario, sep="")
db <- read.csv(paste(path, '/set.', i, sep=""))

# 3.2.3 Missings values in 'bmi change' are set.
idx <- which(db$filterMARl == 0); dbSbmi change[idx] <- NA

# 3.2.4 Complete case regression.
fitc <- summary(glm(bmi change ~ educ_indiv + age + male ,data=db))



# 3.2.5 Inverse probability weighting.

dbSplog <- predict(glm(filterMARl ~ educ indiv, educ neigh,

data=db,

family="binomial'),

type='response')

fiti <- summary(glm(bmi change ~ educ indiv + age + male,

weight=1/plog,data=db))

# 3.2.6 Number of missing values.

idx <- which(db$filterMARLl == 0)

res.tab[i, 'nmiss']

# 3.2.7 The coefficients from the models extracted and save in table res.tab.

res.tab[i, 'cce']
res.tab[i, 'cwe']

res.tab

# the function is applied to all odds ratios.

<- length (idx)

<- fitcScoef['educ indiv', 'Estimate’]
<- fitiScoef['educ indiv', 'Estimate’]

gll0 <- rep.glm('scenlO'

gll5 <- rep.glm('scenlb'
gl20 <- rep.glm('scen20'
gl25 <- rep.glm('scen25'
gl30 <- rep.glm('scen30'
gl35 <- rep.glm

@]
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gl4d0 <- rep.glm('scen40'
(
(
(
(

gld5 <- rep.glm('scen4b'
gl50 <- rep.glm('scen50'
gl55 <- rep.glm('scenb5'
gl60 <- rep.glm('scen60

gz sssadiasddsaasdiaasdisasiaaddasasiaaadaaadtaaR i

# step 4: Multiple imputation methods.

iggsszsasstadazdasstaadasdas s EA AR LRSS RRREEEEEEE
# 4.1 Regression function for Multiple Imputation datasets.
rep.mi <- function(scenario) {

# 4.1.1 We initiate a results table

tabel <- data.frame(set=1:500, coef =
var <- c("ID", "bmi y2 Y1",

for(i in 1:500) {

# 4.1.2 Previously
load(paste('set.',

# 4.1.3 Regression
sum.fit <- summary
= 5, FUN=glm))

# 4.1.4 Extraction
res.tab[i, 'coef']

rep (NA, 500))
"nivetude h",

"homme")

saved Rdata workspace image is loaded.

scenario, i,".Rdata",sep=""))

on 5 datasets and pooling.
(pool (bmi change ~ educ indiv

of the coefficients.

+ age + male,

<- sum.fit$coef['educ indiv', 'Estimate’]

data=mi.data,

m



res.tab

}

# 4.2 The function is applied to all scenarios of different levels
# of association with the missingness.
mil0 <- rep.mi('scenlO'")

mil5 <- rep.mi('scenlb5'
mi20 <- rep.mi('scen20'
mi25 <- rep.mi('scen25'
mi30 <- rep.mi('scen30'

( )
( )
( )
( )
mi35 <- rep.mi('scen35'")
( )
( )
( )
( )
( )

mid40 <- rep.mi('scend0'
mid5 <- rep.mi('scen4d5'
mi50 <- rep.mi('scen50'
mi55 <- rep.mi('scenb5'
mi60 <- rep.mi('scen60'

# When doing the test, it is adviced to save the image at this point,
# especially with a high number of simulations.

# If you wish to do so, uncomment the 3 lines below.

# setwd (path.main)

save.image ("model 1.RData")
load ("model 1.RData")
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# step 5: summary of the coefficients of the simulations.
FHAHfH A A A A 4
# 5.1 some simple summary functions.
# 5.1.1 The means of the coefficients.
mean.coef <- function (coef) {
mcoef <- c( mean(gllO[,coef]), mean(gll5[,coef]), mean(gl20[,coef]),
mean (gl25[,coef]), mean(gl30[,coef]), mean(gl35[,coef]), mean(gl4O[,coef]),
mean (gl45[,coef]), mean(gl50[,coef]), mean(gl55[,coef]), mean(gl60[,coef]))
mcoef

}

mean.coef.mi <- function (coef) {
mcoef <- c¢( mean(milO[,coef]), mean(mil5[,coef]), mean(mi20[, coef]),
mean (mi25[, coef]), mean (mi30[,coef]), mean(mi35[,coef]),mean(mid0[, coef]),
mean (mi45[,coef]), mean (mi50[,coef]), mean (mi55[, coef]),mean (mi60[, coef]))
mcoef

}

# 5.1.2 The median.
medi.coef <- function (coef) {
mcoef <- c( median(gllO[,coef]), median(gll5[,coef]), median(gl20[,coef]),
median (gl25[,coef]), median(gl30[,coef]), median(gl35[,coef]),



median (gl40[,coef]), median(gl45[,coef]), median(gl50([,coef]),
median (gl55[, coef]), median(gl60[,coef]))
mcoef

}

medi.coef.mi <- function (coef) {
mcoef <- c¢( median(milO[,coef]), median(mil5[,coef]), median(mi20[, coef]),
median (mi25[,coef]), median (mi30[,coef]), median(mi35[,coef]),
median (mi40[,coef]), median (mid45[,coef]), median (mi50[,coef]),
median (mi55[,coef]), median (mi60[,coef]))
mcoef

}

# 5.1.3 The upper limit, i.e 97.5 percentile.
ul.coef <- function (coef) {

mcoef <- c( quantile(gll0[,coef],0.975),
quantile(gll5([,coef],0.975), quantile(gl20[,coef],0.975),
quantile(gl25[,coef],0.975), quantile(gl30[,coef],0.975),
quantile(gl35([,coef],0.975), quantile(gl40[,coef],0.975),
quantile (gl45([,coef],0.975), quantile(gl50[,coef],0.975),
quantile (gl55[,coef],0.975), quantile(gl60[,coef],0.975))

mcoef

}

ul.coef.mi <- function (coef

mcoef <- c( quantile(milO .975

( )

( [ 1,0 )
quantile (mil5[,coef],0.975), quantile (mi20[,coef],0.975),
quantile (mi25([,coef],0.975), quantile (mi30[,coef],0.975),
quantile (mi35([,coef],0.975), quantile (mi40[,coef],0.975),
quantile (mi45([,coef],0.975), quantile (mi50[,coef],0.975),
quantile (mi55[,coef],0.975), quantile (mi60[,coef],0.975))

mcoef

}

# 5.1.4 The lower limit, i.e 2.5 percentile.
1l.coef <- function(coef) {

mcoef <- c( quantile(gllO0[,coef],0.025),
quantile (gll1l5[,coef],0.025), quantile(gl20[,coef],0.025),
quantile (gl25[,coef],0.025), quantile(gl30[,coef],0.025),
quantile (gl35[,coef],0.025), gquantile(gl40[,coef],0.025),
quantile (gl45[,coef],0.025), quantile(gl50[,coef],0.025),
quantile (gl55[,coef],0.025), gquantile(gl60[,coef],0.025))
mcoef
}
l1l.coef.mi <- function (coef) {
mcoef <- c( quantile(milO[,coef],0.025),

quantile (mil5

(

(

( .025), quantile (mi20
quantile (mi25

(

(

(

0 )
0 ) ( [ 1,0 )
0.025), quantile (mi30] 1,0 )
quantile (mi35 ,0.025), quantile(mid0[,coef],0.025),
quantile (mid5 0 ) ( [ 1,0 )
0 ) ( [ 1,0 )

quantile (mi55

.025), quantile (mi50
.025), quantile (mi60

— e
~
Q
(0]
0]
h
[ S
~

mcoef

}

# 5.2 The number of missings for each OR.



nmiss <- mean.coef ('nmiss')

# 5.3 The median, 0.025 and 0.975 percentile of the coefficients, for each OR.
# 5.3.1 Complete case coefficients.

ccm <—- medi.coef('cce')

ccl <= 1ll.coef('cce')

ccu <- ul.coef('cce')

# 5.3.2 Inverse probability weighting coefficients
ipm <- medi.coef ('cwe')

ipl <- 1ll.coef('cwe')

ipu <- ul.coef ('cwe')

# 5.3.3 Multiple imputation coefficients
mim <- medi.coef.mi('coef')

mil <- 1ll.coef.mi('coef')

miu <- ul.coef.mi('coef')
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# 6. Graph.
FHAH A AR

# 6.1 regression in case of no missing data, the coefficient is used as the
# reference.

fit0 <- summary(glm(bmi change ~ educ indiv + age + male, data=set))

coef( <- fitOScoef['educ indiv', 'Estimate’]

# 6.2 A character strings used in the plot below.
ORlevel <- as.factor(paste("OR", seqg(l1.0, 6, 0.5), sep="."))

# 6.3 Uncomment the 2 lines 'jpeg' and the line 'dev.off' at the end to save the
# graph.
# jpeg(filename = paste(path.main, '/plot model MAR 1.]jpg', sep=""),

# 6.4 Actual plot.

# Change the ylim if it's not adapted to your results.
plot.default (ORlevel, cce, lim=c(-0.45,0.2), type="n",xaxt="n",
ylab="'Estimate', xlab='Scenario')

axis(l, at = seqg(l,11,1), labels = ORlevel)

# 6.4.1 The reference regression coefficient.
abline (coef0,0, 1lwd=2.5)

# 6.4.2 The complete case medians, lower and upper levels for each scenario of
# association.

lines (ORlevel, ccm,)

lines (ORlevel, ccl, 1lty=1)

lines (ORlevel, ccu, lty=1)

# 6.4.3 The IPW results.
lines (ORlevel, ipm, 1lty=b5)

# 6.4.4 The Multiple Imputation results.
lines (ORlevel, mim, 1lty=3)
lines (ORlevel, mil, 1lty=3)



lines (ORlevel, miu, 1lty=3)

legend(1,0.1, legend=c('No missing data', 'Complete case', 'IPW', 'MI'),
cex=0.8, lty=c(1,1,5,3), lwd=c(2,1,1,1))

dev.off ()
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# 0. Extra: A part of code to simulate a dataset similar to the dataset used in the
# article.

# The results will be different from any of the presented models.

# This is because the construction of this dataset only includes

# the correlations between the variables,

# but not the mean values nor the variances of the variables.

# Also, the dichotomous variables are replaced by continuous variables.

# However, it does enable the reader to test the code,

# and it will give similar results on

# the comparison of the 3 methods (i.e. complete case, IPW and MI).

#

G R

# 0.1. Set and create a directory where you want to save the simulation datasets.
# Change the directory name in the line below to your personal preference.
path.main <- "C:/your file/"

dir.create (path.main, showWarnings = FALSE, recursive = TRUE)

# 0.2. Create subdirectory needed for the data storage.
models <- c('modelMAR1l', 'modelMAR2', 'modelMAR3', 'modelMNAR')

scenarios <- c¢("scenlO", "scenlb", "scen20", "scen25", "scen30", "scen3bh",
"scen40", "scen45", "scenb50", "scen55", "scen60")

for (i in models) {

for(j in scenarios) {
path <- paste(path.main, 'l. simulation datasets/', Jj, sep="")
dir.create (path, showWarnings = FALSE, recursive = TRUE)

path <- paste(path.main, '2. multiple imputed datasets/', i, '/', Jj, sep="")
dir.create (path, showWarnings = FALSE, recursive = TRUE)

}

}

# 0.3. Construction of the dataset.

# 0.3.1 We define a correlation matrix.

cor.matrix <-

matrix (cbind ( 1.000, -0.071, -0.066, -0.097, -0.087, -0.039, 0.300,
-0.071, 1.000, 0.308, -0.128, -0.100, 0.081, 0.009,
-0.0606, 0.308, 1.000, -0.150, 0.150, 0.020, -0.025,
-0.097, -0.128, -0.150, 1.000, 0.094, 0.116, -0.023,
-0.087, -0.100, 0.150, 0.094, 1.000, -0.105, -0.023,
-0.039, o0.081, 0.020, O.116, -0.105, 1.000, -0.011,

0.300, 0.009, -0.025, -0.023, -0.023, -0.011, 1.000),
nrow=7)

# 0.3.2 Cholensky decomposition of the correlation matrix
chol.matrix <- t(chol (cor.matrix))

# 0.3.3 Creation of a dataset with 7 variables and 500 participants.

# The number of variables is fixed but the number of participants can be augmented,
# if you wish the results to be less depend of the random sample simulated by the
# cholesky decomposition.

# In this dataset, all variables are uncorrelated.



number.var <- 7

number.obs <- 500

uncorr.set = matrix (rnorm(number.var * number.obs,0,1), nrow=number.var,
ncol=number.obs) ;

# 0.3.4 The uncorrelated dataset is multiplied with the result of the Cholensky
# decomposition.
# The result is a 'mock' dataset with similar characteristics to the dataset used
# in the article. This set can be used to test the code above.
set <- as.data.frame(t (chol.matrix %$*% uncorr.set))
names (set) <- c("bmi change", "educ indiv", "educ neigh", "bmi t1" ,
"age", "male", "newVar30")
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Appendix 3. Descriptive characteristics of the RECORD participants.

Appendix Table 2. Descriptive characteristics for the RECORD participants with BMI measured at baseline (N = 7,172); for the participants
with BMI also assessed in the second wave (N=3,693); and for participants with BMI at baseline but who dropped out in the second wave
(N =3,479)

Participants with baseline Participants with BMI also  Participants who dropped

BMI (N =7,172) in the second wave out in the second wave

Variables (N =3,693) (N=3,479)
BMI (kg/m?); mean (SD) 25.4 (4.2) 25.4 (3.9) 25.5 (4.4)
Age; mean (SD) 50.3 (11.7) 51.5(11.3) 48.9 (11.9)
Male (%) 65.6 68.6 62.4
Individual education

Low (%) 32.2 29.2 35.4

High (%) 67.8 70.8 64.6
Proportion of residents with >2 University years; mean  0.41 (0.14) 0.42 (0.14) 0.40 (0.15)
(SD)*
Perceived stress; mean (SD)® 4.10 (3.0) 3.9(2.9) 4.30 (3.1)
Depressive symptoms; mean (SD)¢ 1.64 (2.7) 1.52 (2.5) 1.78 (2.8)

2 This variable was computed using data from the 2006 population census geocoded at the building address, within a street network buffer with a radius of 12000m centered on
the participants’ residences.

® Assessed with the Perceived Stress Scale of Cohen.

¢ Evaluated with the QD2A scale of Pichot.



Appendix 4. Numerical findings corresponding to Figures 2 — 4 in the main text.

Appendix Table 3. Median beta coefficients® over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with the
first attrition mechanism (MAR, individual education, neighborhood education) from complete
case analysis, inverse probability weighting and multiple imputation

Attrition CCA M IPW

level
B (95% credible interval)®> B (95% credible interval)®> B (95% credible interval)?

OR=10 -0258 (-0.274;-0.241) -0.260 (-0.279;-0.241)  -0.258  (-0.274; -0.241)
OR=15 -0.257 (-0.282;-0.233) -0.250 (-0.288;-0.230)  -0.257 (-0.281; -0.233)
OR=20 -0.258 (-0.298;-0.220) -0.247 (-0.326;-0.202)  -0.257  (-0.297; -0.218)
OR=25 -0.262 (-0.306;-0.206) -0.266 (-0.344;-0.143)  -0.259 (-0.307; -0.199)
OR=3.0 -0.264 (-0.320;-0.205) -0.270 (-0.316;-0.187)  -0.262  (-0.321;-0.197)
OR=35 -0.264 (-0.333;-0.182) -0.269 (-0.431;-0.141)  -0.258 (-0.343: -0.166)
OR=4.0 -0.264 (-0.353;-0.179) -0.255 (-0.347;-0.063)  -0.257 (-0.372;-0.145)
OR=45 -0.267 (-0.360;-0.168) -0.210 (-0.384;-0.071)  -0.259 (-0.391: -0.126)
OR=50 -0.266 (-0.372;-0.156) -0.205 (-0.401;-0.069)  -0.256 (-0.413; -0.106)
OR=55 -0.268 (-0.396;-0.137) -0.212 (-0.388;-0.073)  -0.260  (-0.439; -0.065)
OR=6.0 -0274 (-0402;-0.148) -0.201 (-0.401;-0.077) -0.267 (-0.474;-0.073)

! The true coefficient was considered to be p = -0.26.
2 was estimated as the median over the simulated datasets. The uncertainty in the estimate was
assessed with the 2.5™ and 97.5™ percentiles over the simulated datasets.

Appendix Table 4. Median beta coefficients® over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with the
second attrition mechanism (MAR, individual education, baseline BMI) from complete case
analysis, inverse probability weighting and multiple imputation

Attrition

level CCA M IPW
B (95% credible interval)> B (95% credible interval)®> B (95% credible interval)?
OR=10 -0.258 (-0.272;-0.243)  -0258 (-0.276;-0.239) -0.258 (-0.272; -0.243)
OR=15 -0.257 (-0.285;-0.232) -0.257  (-0.294; -0.223) -0.258 (-0.286; -0.232)
OR=20 -0256 (-0.296;-0.214)  -0253 (-0.316:-0.191) -0.258 (-0.301;-0.211)
OR=25 -0.253 (-0.306; -0.202) -0.247  (-0.333;-0.159) -0.256 (-0.322;-0.191)
OR=3.0 -0.252 (-0.305;-0.191) -0.241  (-0.349; -0.128) -0.260 (-0.335;-0.173)
OR=35 -0.250 (-0.326;-0.182) -0.230  (-0.373;-0.096) -0.263 (-0.375; -0.134)
OR=40 -0245 (-0.317:-0.164)  -0223 (-0.368;-0.082) -0.264 (-0.383:-0.096)
OR=45 -0.239 (-0.322;-0.155) -0.211  (-0.369; -0.063) -0.266 (-0.409; -0.056)
OR=50 -0232 (-0.327:-0.137)  -0203 (-0.360; -0.052) -0.259 (-0.454: 0.055)
OR =55 -0.227 (-0.323;-0.119) -0.206  (-0.349; -0.051) -0.257 (-0.477;0.083)
OR=60 -0225 (-0.350;-0.110)  -0.203 (-0.379;-0.041) -0.269 (-0.531:-0.010)

! The true coefficient was considered to be p = -0.26.
23 was estimated as the median over the simulated datasets. The uncertainty in the estimate was
assessed with the 2.5™ and 97.5™ percentiles over the simulated datasets.



Appendix Table 5. Median beta coefficients® over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with the
attrition mechanisms with simulated correlation (MAR, individual education, simulated variable:
r = 0.3) from complete case analysis, inverse probability weighting and multiple imputation

Attrition CCA MI IPW
level

B (95% credible interval)®> B (95% credible interval)> B (95% credible interval)?
OR=10 -0257 (-0.272;-0241) -0257 (-0.276;-0.240)  -0.258  (-0.272; -0.241)
OR=15 -0.255 (-0.277;-0.228) -0.255 (-0.286; -0.217) -0.258 (-0.282; -0.232)
OR=20 -0245 (-0.278;-0.206) -0.246 (-0.293;-0.189)  -0.258  (-0.292; -0.223)
OR=25 -0.228 (-0.270;-0.182) -0.228 (-0.299; -0.142) -0.258 (-0.307; -0.212)
OR=3.0 -0.205 (-0.262;-0.147) -0.203 (-0.302; -0.096) -0.259 (-0.312; -0.197)
OR=35 -0.180 (-0.242;-0.117) -0.176 (-0.291; -0.049) -0.257 (-0.339; -0.185)
OR=40 -0.156 (-0.230:-0.078) -0.149 (-0.287:-0.026)  -0.260  (-0.347; -0.166)
OR=45 -0.129 (-0.218;-0.046) -0.121 (-0.265; 0.019) -0.261 (-0.366; -0.145)
OR=5.0 -0.110 (-0.199;-0.014) -0.110 (-0.253; 0.049) -0.259 (-0.390; -0.134)
OR=55 -0.089 (-0.187;0.014) -0.086 (-0.240; 0.075) -0.249 (-0.416; -0.112)
OR=6.0 -0.072 (-0.170; 0.026) -0.075 (-0.220; 0.069) -0.251 (-0.432; -0.102)

! The true coefficient was considered to be p = -0.26.
2 was estimated as the median over the simulated datasets. The uncertainty in the estimate was
assessed with the 2.5™ and 97.5™ percentiles over the simulated datasets.

Appendix Table 6. Median beta coefficients® over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with the
attrition mechanisms with simulated correlation (MAR, individual education, simulated variable:
r = 0.4) from complete case analysis, inverse probability weighting and multiple imputation

Attrition CCA MI IPW
level

B (95% credible interval)> B (95% credible interval)> B (95% credible interval)?
OR=10 -0.258 (-0.273;-0.241) -0.258 (-0.274; -0.241) -0.257  (-0.272; -0.242)
OR=15 -0254 (-0.278;-0.231) -0.254 (-0.282;-0.223)  -0.258  (-0.283; -0.234)
OR=20 -0.241 (-0.274;-0.206) -0.239 (-0.298; -0.187) -0.256  (-0.291; -0.221)
OR=25 -0221 (-0.272;-0.176) -0.220 (-0.285;-0.147)  -0.257  (-0.308; -0.211)
OR=3.0 -0.196 (-0.247;-0.139) -0.194 (-0.276; -0.102) -0.257  (-0.315; -0.193)
OR=35 -0.167 (-0.232;-0.100) -0.165 (-0.266; -0.054) -0.256  (-0.341; -0.176)
OR=4.0 -0.132 (-0.208; -0.056) -0.125 (-0.248; 0.008) -0.249  (-0.352; -0.162)
OR=45 -0108 (-0.187;-0.021) -0.097 (-0.234;0.033)  -0.258  (-0.368: -0.142)
OR=5.0 -0.084 (-0.176;0.009) -0.075 (-0.206; 0.064) -0.252  (-0.387; -0.123)
OR=55 -0.057 (-0.152;0.047)  -0.055 (-0.204;0.109)  -0.253  (-0.420: -0.095)
OR=6.0 -0.040 (-0.151;0.073) -0.034 (-0.187; 0.109) -0.255 (-0.474; -0.078)

! The true coefficient was considered to be f = -0.26.
2B was estimated as the median over the simulated datasets. The uncertainty in the estimate was
assessed with the 2.5™ and 97.5™ percentiles over the simulated datasets.



Appendix Table 7. Median beta coefficients® over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with the
attrition mechanisms with simulated correlation (MAR, individual education, simulated variable:
r = 0.5) from complete case analysis, inverse probability weighting and multiple imputation

Attrition CCA MI IPW
level

B (95% credible interval)> B (95% credible interval)> B (95% credible interval)?
OR =10 0257  (-0.273;-0.243) -0258  (-0.273;-0.243) -0.257 (-0.273; -0.243)
OR=15 -0.253 (-0.278; -0.226) -0.252 (-0.281; -0.220) -0.258  (-0.284; -0.232)
OR =2.0 0237 (-0.274:-0.197) -0.238  (-0.285;-0.182) -0.260  (-0.294; -0.223)
OR=25 -0.205 (-0.253; -0.159) -0.205 (-0.271; -0.126) -0.256  (-0.313; -0.208)
OR=3.0 -0.168  (-0.230:-0.110) -0.167  (-0.257;-0.075) -0.258 (-0.321;-0.188)
OR =35 -0.130 (-0.192; -0.058) -0.125 (-0.230; -0.015) -0.256  (-0.336; -0.171)
OR =40 0.092  (-0.162;-0.014) -0.084  (-0.197:0.042) -0.262 (-0.355: -0.161)
OR =45 -0.050 (-0.128; 0.038 -0.053 (-0.174;0.095) -0.255 (-0.397;-0.137)
OR =5.0 0019  (-0.112:0.073) -0.017 (-0.153;0.123) -0.254 (-0.424;-0.113)

OR=55 0016  (-0.071;0.104) 0016  (-0.138:0.144) -0.243 (-0.426; -0.090)
OR = 6.0 0.046  (-0.066:0.135) 0.040  (-0.104;0.190) -0.247  (-0.493; -0.064)

! The true coefficient was considered to be p = -0.26.
2 was estimated as the median over the simulated datasets. The uncertainty in the estimate was
assessed with the 2.5™ and 97.5™ percentiles over the simulated datasets.

Appendix Table 8. Median beta coefficients® over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with the
attrition mechanisms with simulated correlation (MAR, individual education, simulated variable:
r = 0.6) from complete case analysis, inverse probability weighting and multiple imputation

Attrition CCA MI IPW

level
B (95% credible interval)> B (95% credible interval)> B (95% credible interval)?

OR=10  -0257 (-0272;-0241) -0.257 (-0.272;-0243) -0.257 (-0.272; -0.242)
OR=15  -0254 (-0.281;-0.228)  -0.254 (-0.279;-0.222)  -0.259  (-0.285; -0.232)
OR=20  -0235 (-0.272;-0202) -0.237 (-0.281;-0.191) -0.256  (-0.293: -0.222)
OR=25  -0207 (-0.253;-0.160) -0.212 (-0.280;-0.145) -0.256  (-0.307; -0.208)
OR=30  -0170 (-0.229;-0.110) -0.170  (-0.246;-0.084) -0.259  (-0.327; -0.186)
OR=35  -0.129 (-0.196;-0.065) -0.132 (-0.124;-0.029) -0.253  (-0.345; -0.162)
OR=40  -0089 (-0.161;-0017) -0.096 (-0.197;0.036)  -0.254 (-0.373: -0.154)
OR=45  -0059 (-0.139;0.032)  -0.057 (-0.177;0.075)  -0.254  (-0.396; -0.131)
OR=50  -0019 (-0.113;0.066)  -0.025 (-0.154:0.118)  -0.247  (-0.425: -0.112)
OR=55 0012 (-0.088;0.118)  0.002  (-0.1450.127)  -0.237 (-0.529; -0.086)
OR=60 0051 (-0.063;0.151) 0032 (-0.111;0.156) -0.229  (-0.503: -0.069)

! The true coefficient was considered to be = -0.26.
2B was estimated as the median over the simulated datasets. The uncertainty in the estimate was
assessed with the 2.5™ and 97.5™ percentiles over the simulated datasets.



Appendix Table 9. Median beta coefficients® over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with the
attrition mechanisms with simulated correlation (MAR, individual education, simulated variable:
r = 0.7) from complete case analysis, inverse probability weighting and multiple imputation

Attrition CCA MI IPW
level

B (95% credible interval)®> B (95% credible interval)> B (95% credible interval)?
OR=10 -0257 (-0.273;-0242) -0.257 (-0.271;-0.244)  -0.258 (-0.273; -0.243)
OR=15 -0.249 (-0.274;-0.223) -0.251 (-0.275; -0.225) -0.257  (-0.281; -0.231)
OR=20 -0.227 (-0.264;-0.188) -0.232 (-0.274:-0.190)  -0.257  (-0.294; -0.223)
OR=25 -0.188 (-0.234;-0.141) -0.198 (-0.255;-0.124) -0.258  (-0.308; -0.209)
OR=3.0 -0.136 (-0.198;-0.080) -0.150 (-0.225; -0.065) -0.258  (-0.332; -0.195)
OR=35 -0.084 (-0.146;-0.025) -0.097 (-0.188;-0.011) -0.254  (-0.350; -0.173)
OR=40 -0.031 (0.105;0.035) -0.049 (-0.147:0.045)  -0251 (-0.388;-0.151)
OR =45 0.018 (-0.066; 0.098)  -0.013 (-0.136; 0.085) -0.251  (-0.465; -0.129)
OR=50 0.063 (-0.026; 0.149) 0.018 (-0.089; 0.144) -0.241  (-0.469; -0.100)
OR =55 0.098 (0.000; 0.199) 0.046 (-0.068; 0.163) -0.243  (-0.518; -0.087)
OR=6.0 0135 (0.021:0240) 0077 (-0.051;0.219)  -0238 (-0.546: -0.062)

! The true coefficient was considered to be p = -0.26.
2 was estimated as the median over the simulated datasets. The uncertainty in the estimate was
assessed with the 2.5™ and 97.5™ percentiles over the simulated datasets.



Appendix 5. Exploration of a Missing Not At Random pattern of attrition for the association
between individual education and change in BMI

Individual education level > P = Change in BMI

Appendix Figure 1. This Figure reports a signed Directed Acyclic Graph of the attrition bias
following a Missing Not At Random (MNAR) mechanism, for the effect of individual
education on change of BMI. Invidual education and change in BMI are causes of non-
participation in the second wave (P = 0). Participants with a high individual education level
and a lower increase in BMI are more likely to participate. The MNAR attrition bias in the
estimate of interest is introduced by conditioning on participation (P = 1), which is caused by
both the explanatory variable of interest and the outcome. Signed graphs were established
based on the assumption of so-called weak monotonic effects.

Appendix Table 10. Number of observations with a missing outcome at the follow-up (and
corresponding percentage) for the MNAR mechanism of attrition under each attrition level
(the initial database in which attrition is simulated comprises 3,693 participants)

Attrition level MNAR attrition mechanism?
OR=1.0° 66 (1.8)
OR=15 140 (3.8)
OR=20 243 (6.6)
OR =25 370 (10)
OR=3.0 510 (13.8)
OR =35 655 (17.8)
OR=4.0 785 (21.2)
OR =45 930 (25.2)
OR=5.0 1054 (28.5)
OR =55 1171 (31.7)
OR=6.0 1277 (34.5)

2MNAR mechanism: individual education and change in BMI influence dropout.

® The OR refers to a multiplicative coefficient for the odds of having a missing outcome in wave 2 for having a
low rather than a high individual education level (binary variable) and for a 2-standard deviation increase in the
change in BMI (a 2-standard deviation was chosen to mimic the effect of a binary variable with approximately
half of the population in each group). The distribution of the standardized change in BMI was shifted towards
the positive, so as to have a minimum value equal to 0, yielding the minimal probability of attrition when this
recoded variable was equal to 0. The model to define the probability of attrition for each participant was a
logistic model with an intercept equal to —4.



Appendix Table 11. Median beta coefficients! over the 500 simulated databases and 95%
credible intervals for the association between individual education and change in BMI with a
MNAR attrition mechanism (based on influences of individual education and change in BMI
on participation) from complete case analysis, inverse probability weighting and multiple

imputation
A}t”t'on CCA Ml IPW
evel

B (95% credible interval)> B (95% credible interval)> B (95% credible interval)?
OR=10 -0257 (-0.272;-0.243) -0.257 (-0.275--0.240) -0.257 (-0.272;-0.243)
OR=15 -0.249 (-0.273;-0.222) -0.250 (-0.277--0.213) -0.249 (-0.273;-0.222)
OR=20 -0217 (-0.249;-0.176) -0.215 (-0.275--0.153) -0.217 (-0.249 ; -0.176)
OR=25 -0.165 (-0.214;-0.116) -0.160 (-0.237--0.072) -0.165 (-0.214;-0.116)
OR=30 -0.101 (-0.157;-0.040) -0.097 (-0.202-0.007) -0.100 (-0.156 ; -0.039)
OR=35 -0.036 (-0.100;0.030) -0.037 (-0.146-0.085) -0.035 (-0.099; 0.031)
OR=40 0032 (-0.041-0.100) 0029 (-0.094-0.163) 0033 (-0.039:0.101)
OR=45 0.090 (0.013-0.164) 0.082 (-0.052 —0.224) 0.091 (0.013; 0.166)
OR=50 0.145 (0.067-0.225) 0.124 (-0.028 —0.278) 0.147 (0.068 ; 0.226)
OR=55 0.195 (0.107-0.280) 0.173  (0.006 —0.322) 0.198 (0.111; 0.282)
OR=6.0 0246 (0.150-0.342) 0218 (0.043-0.394) 0249  (0.153;0.346)

! The true coefficient was considered to be p = -0.26.
2 B was estimated as the median over the simulated datasets. The uncertainty in the estimate
was assessed with the 2.5™ and 97.5" percentiles over the simulated datasets.
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Appendix Figure 2. Associations between individual education and change in BMI in
simulated datasets with a MNAR attrition mechanism (based on influences of individual
education and change in BMI on participation) under eleven scenarios of attrition level





