View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by CorpusUL

Importance of the lipid-related pathways in the association between
statins, mortality and cardiovascular disease risk: The Multi-Ethnic Study
of Atherosclerosis

Denis Talbot™?, Joseph A. (Chris) Delaney?, Veit Sandfort®, David M. Herrington>, Robyn L
McClelland®

! Département de médecine sociale et préventive, Université Laval, Québec, Qc, Canada

2 Unité santé des populations et pratiques optimales en santé, CHU de Québec — Université
Laval research center, Québec, Qc, Canada

3 Department of Epidemiology, University of Washington School of Public Health, Seattle, WA,
USA

* National Institutes of Health, Bethesda, MD, USA

> Heart and Vascular Center of Excellence, Wake Forest University School of Medicine, Winston
Salem, NC, USA

6 Department of Biostatistics, University of Washington School of Public Health, Seattle, WA,
USA

Correspondance to:

Denis Talbot,

Département de médecine sociale et préventive
Faculté de médecine

Université Laval

1050, avenue de la Médecine

Pavillon Ferdinand-Vandry, room 2454

Québec (Québec) G1V 0A6

Tel. 418 656-2131 ext. 5911

Email: denis.talbot@fmed.ulaval.ca

Key words: Hydroxymethylglutaryl-CoA Reductase Inhibitors, Cholesterol, Cardiovascular
diseases, Coronary disease, Mortality, Mediation analysis

This is the accepted version of the following article: Talbot D, Delaney JAC, Sandfort V,
Herrington DM, McClelland RL. Importance of the lipid-related pathways in the association
between statins, mortality, and cardiovascular disease risk: The Multi-Ethnic Study of
Atherosclerosis. Pharmacoepidemiol Drug Saf. 2018;1-8. https://doi.org/10.1002/pds.4393,
which has been published in final form at
http://onlinelibrary.wiley.com/doi/10.1002/pds.4393/full . This article may be used for non-
commercial purposes in accordance with the Wiley Self-Archiving  Policy

[https://authorservices.wiley.com/author-resources/Journal-Authors/licensing-open-
access/open-access/self-archiving.html].


https://core.ac.uk/display/442636603?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:denis.talbot@fmed.ulaval.ca
https://doi.org/10.1002/pds.4393
http://onlinelibrary.wiley.com/doi/10.1002/pds.4393/full

Key points:

1.

Few previous studies have attempted quantifying the relative importance of the lipid
pathways in the effect of statins on coronary heart diseases, cardiovascular diseases and
mortality using appropriate causal mediation approaches.

In this study, the effect of statins on coronary heart disease, cardiovascular disease and
mortality appeared to be independent of their effect on high-density lipoprotein
cholesterol and triglycerides.

The preventive effect of statins on coronary heart diseases could be attributed in large
part to their effect on LDL.

The g-formula estimator we proposed is a promising approach to elucidate intermediate
pathways for other drug classes



Abstract

Purpose: Estimating how much of the impact of statins on coronary heart diseases (CHD),
cardiovascular disease (CVD) and mortality risk is attributable to their effect on low-density

lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL) and triglycerides.

Methods: A semi-parametric g-formula estimator together with data from the Multi-Ethnic
Study of Atherosclerosis (a prospective multi-center cohort study) were utilized to perform a
mediation analysis. A total of 5,280 participants, men and women of various race/ethnicities

from multiple sites across the United States, were considered in the current study.

Results: The adherence adjusted total relative reduction (RRR) estimate (95% confidence
interval) of statins on CHD was 14% (-16%, 37%) and the indirect component through LDL was
23% (-4%, 58%). For CVD, the total RRR was 23% (2%, 40%) and the indirect component through
LDL was 5% (-13%, 25%). The total RRR of mortality was 18% (-1%, 35%) and the indirect
component through LDL was -4% (-17%, 12%). The estimated indirect components through HDL

and triglycerides were close to zero with narrow confidence intervals for all three outcomes.

Conclusions: The estimated effect of statins on mortality, CVD and CHD appeared to be
independent of their estimated effect on HDL and triglycerides. Our study provides evidence
that the preventive effect of statins on CHD could be attributed in large part to their effect on
LDL. Our g-formula estimator is a promising approach to elucidate pathways, even if it is hard to

make firm conclusions for the LDL-pathway on mortality and CVD.



INTRODUCTION

The effects of statins have been widely investigated, revealing their ability to reduce low-density
lipoprotein cholesterol (LDL), triglycerides, the risks of coronary heart diseases (CHD),
cardiovascular disease (CVD), and all-cause mortality, as well as to increase high-density

1,2 3, 4,5, 6

lipoprotein cholesterol (HDL) . Statins have also been shown to have few adverse

effects, relative to the size of their benefits * .

Although statins were initially developed as a lipid-lowering drug class 2, it has become

9, 10, 11, 12, 13, 14, 15, 16, 17 .
. Garnering a better

evident that they also have pleiotropic effects
understanding of the mechanisms relating statin treatment to improved outcomes has been
recognized as important and might “help to elucidate the full therapeutic benefits of these

agents” .

Numerous randomized trials have reported that a larger reduction in cholesterol following
statin treatment correlates with a greater reduction of CHD, CVD and mortality risk & & 1% 2021
2223 thus suggesting a mediation effect. However, typical trials where only the treatment is
randomized are susceptible to yield biased estimates of the importance of intermediate
pathways, unless appropriate control is made for potential confounders and causal mediation

24 P
analyses are conducted “*. We are aware of only one study that used such causal mediation

methods to quantify the importance of the cholesterol-pathway in the effect of statins 2,

The aim of the current study is to provide further evidence concerning the importance of
lipid-related pathways in the effect of statins on CHD, CVD and mortality risks using causal
mediation methods. More specifically, we investigated how much of the total effect of statins
on the five-year risk of CHD is attributable to their effect on 1) LDL, 2) HDL and 3) triglycerides,
and similarly for five-year risk of CVD and all-cause mortality. This five-year period was chosen
for comparability with previous studies whose average follow-up time is often approximately
five years. To perform this mediation analysis, we propose a g-formula estimator that directly

accounts for censored time to events and provides results on scales that are easy to interpret.



METHODS

Data

We used data from the Multi-Ethnic Study of Atherosclerosis (MESA), a population-based
prospective cohort study that enrolled 6,814 men and women aged between 45 and 84 years at
baseline who were initially free of clinical cardiovascular diseases. The cohort was recruited
from six Field Centers across the United-States between July 2000 and August 2002 (Exam 1).
Four follow-up examinations have taken place: Exam 2 (September 2002 — February 2004),
Exam 3 (March 2004 — September 2005), Exam 4 (September 2005 — May 2007) and Exam 5
(April 2010 — January 2012). MESA was approved by the institutional review board at each site,
subjects provided informed consent and ethics approval for the current study has been
obtained from the CHU de Québec — Université Laval research center’s ethics committee. More

details regarding MESA’s design have already been published %°.

Study design

We analyzed the data from our observational cohort as if they arose from a sequence of four
nonrandomized “trials”, where each subject could participate in more than one trial ! This
approach seeks to emulate the randomized trial gold-standard utilizing observational data in the
design of the study and thus offers greater comparability to the results of randomized trials.
Figure 1 depicts the study design. The entry examination for Trial 1 was MESA’s Exam 2.
Participants that had experienced a CVD event prior to the start of Trial 1 and those that were
statin users at their pre-entry examination, at MESA’s Exam 1, were not eligible for inclusion in
Trial 1. The latter exclusion criterion was imposed to avoid the potential confounding due to the
unmeasured untreated pre-entry cholesterol values for participants already taking statins
before Trial 1. Thus, Trial 1 consisted of all the MESA’s participants that didn’t meet the two
aforementioned exclusion criteria. The statin usage exposure and the cholesterol mediators
were measured at the entry examination, whereas the potential confounders were measured at

the pre-entry examination. Although the cholesterol mediator and the statin exposure were
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measured simultaneously, the beginning of the statin exposure precedes the cholesterol
measurement since it corresponds to medications that the subjects were taking prior to their
entry examination. Follow-up for CHD, CVD and death events started at the date of entry into
the trial. Trials 2, 3 and 4 were constructed similarly, respectively having their entry examination
at MESA’s Exams 3, 4 and 5, and having their pre-entry examination at MESA’s Exams 2, 3 and 4.
Note that already being a participant in a previous trial does not automatically preclude a
subject from being eligible in another trial. Thus, for example, a given subject could
simultaneously contribute follow-up information to all four trials if they remained CVD free and

were not statin users throughout all pre-entry examinations.

CHD, CVD and All-Cause Mortality

All-cause mortality as well as CHD and CVD events have been monitored for all participants from
cohort entry until the end of 2013 utilizing multiple sources of information. CHD included
myocardial infarction, resuscitated cardiac arrest, definite angina, probable angina followed by
revascularization and CHD death. In addition to any CHD event, CVD also included stroke, stroke
death, other atherosclerotic death, and other CVD death. For more information, see the

Appendix of reference 28,

LDL, HDL and Triglycerides

Blood samples were obtained at all examinations and were assayed for HDL and triglycerides.

LDL was estimated using Friedewald equation %.



Statins

The use of statins was determined by questionnaire. The participants were also asked to bring

containers for all medications used in the two weeks preceding each examination *.

Potential confounders

A rich set of 16 potential confounders was selected a priori (see Table 1). Fasting glucose
was determined from blood samples and diabetes as fasting glucose >6.94 mmol/L. Two
computed tomographies scanning of the chest of each participant were performed, the
Agatston score was computed for each and the results were averaged **. A BMI<25 kg/m” was
categorized as normal, 25<BMI<30 kg/m2 as overweight and BMI230 kg/m2 as obesity 32, Systolic
and diastolic blood pressures were calculated as the average of the last two measures, of a
series of three. Hypertension was defined as either having a systolic blood
pressure 2140 mmHg, a diastolic blood pressure 290 mmHg or taking antihypertensive

medication 3.

Education, gender and race were only assessed at Exam 1. Family history of a premature
cardiovascular event was determined once at Exam 2. Agatston score was assessed for all
participants at Exam 1 and then up to three more times (average=1.5 times). All other

covariates were measured at every examination.

Statistical analyses

We describe in more detail the analyses that were performed to decompose the estimated
effect of statins on five-year CHD risk that is attributable to the effect of statins on LDL. The
method used to decompose the estimated effect of statins on CHD associated with HDL or
triglycerides, or to decompose the estimated effect of statins on CVD and all-cause mortality

attributable to LDL, HDL or triglycerides, are analogous.



Let A;, denote statin use of subject i =1,...,n, at entry in Trial t =1, 2, 3, 4,

(A;+ = 1 if subject i was taking statins, and A;, = 0 otherwise), where n; is the number of
subjects included in Trial t. Let M;; be the LDL of subject i at entry in Trial t, and Y;, = 1 if

subject i had their first CHD in the five years following entry and ¥; . = 0 otherwise.

We consider the potential outcome framework to causal inference to define the
quantities we targeted **. To simplify the presentation, we henceforth drop the subscripts i and
t. We denote by Y,,, the value that Y would have taken if A = a and M = m, by M, the value
that M would have taken if A = a, and by Yom,. the value that Y would have taken if A = a and
M = M,-. For instance, Y;y, represents the counterfactual five-year incidence of CHD for a
given subject if they had taken statins, but their LDL was the same as if they had not taken

statins.

The average total effect of statins on five-year risk of CHD is E[Yy4, | — E[Yom, ], which
can be interpreted as the difference between the proportion of individuals who would have had
their first CHD in the following five years if everyone had received statins and the same
proportion if no one had received statins. This effect can be decomposed into a direct
component, not due to the effect of statins on LDL, and an indirect component, due to the
effect of statins on LDL *. The direct component is E[on] - E[YOMO], that is the difference
between the proportion of subjects that would have had their first CHD in the following five
years if everyone had received statins, but their LDL-level had been unaffected, and the same
proportion if no one had received statins. The indirect component is the difference between the

total effect and the direct effect.

We also considered the previous quantities on a relative risk reduction (RRR) scale,

dividing by the negative of the baseline risk, —E[YOMO].

Intention to treat estimation. We first describe the analyses we conducted to obtain an
observational study equivalent of intention to treat estimates where statins initiators are
compared to non-initiators, regardless of whether they remained adherent to their initial

treatment (taking statins or not taking statins) in follow-up visits.



We propose a semi-parametric g-formula estimator of the total effect and its
components. Our estimator shares similarities with the approach of Imai et al 3. Details of the
development of our estimator are provided in Appendix 1 and simulation studies investigating

its performance are presented in Appendix 2.

Letting C be the potential confounders in Table 1 and c;, be the observed values for

subject i in trial t, we propose the following estimators of E[YaMa*]:

1 5 m
ElVaw,] =5 ) Y Elrla=ac=c,],

t=2 i=1

whena = a* and

5 m
N 1 . .
ElYam,.] = Nz Z fME[Y|A =aM=mC=c,|f(mld=a,C= c,)dm,

t=2 i=1
when a # a*, where N = n, + n3 + n, + ns.

To compute E[Y|A = a,C = ¢;,|, we first fitted a Cox model for the time until a CHD
event that included the statin use at entry and the pre-entry confounders. We have then
computed the predicted 5-year risk employing Equation (5.5) from reference 3 This approach
directly accounts for censored time-to-events due to loss to follow up or competing events
through the use of the Cox model. Age was entered utilizing restricted cubic splines. Agatston
score was introduced as two variables: a dummy variable equal to one if the score is greater
than zero, and equal to zero otherwise, as well as an interaction between this variable and the
log of the Agatston score. Time to death (CVD/CHD) was considered as right censored at the end
of follow-up. Time to CHD (CVD) was further considered as right censored if death from a non-
CHD (non-CVD) cause occurred before the first CHD (CVD) *%. We did not censor follow-up time
after five years of follow-up, since events occurring after this period could be informative in
estimating the parameters of the Cox model. E[Y|A=a,M =m,C=c;;| was estimated
similarly, but also including LDL at entry and an interaction between statin use and LDL at entry

(to simplify the methods, each mediator was investigated in a separate model).



To obtain f(m|A =a',C= ci,t), we have first fitted a linear regression where the
outcome was log(M;). This model included statin use at entry and all pre-entry potential
confounders. The pre-entry values of LDL, HDL and triglycerides were all log-transformed. Age
and Agatston score were included in the same manner as in the Cox model. The model further
included an interaction between statin use at entry and pre-entry log(LDL). We then took
f(m|A =a",C = ¢;;) as a log-normal distribution whose mean on the log-scale was the linear
predictor from the model and whose variance was the residual variance. The integral over the

M values was performed using the trapezoidal approximation.

Assumptions of the models were visually verified and appeared reasonable for most of
the range of the data. Confidence intervals (Cl) were obtained through the percentile method
by performing non-parametric bootstrap with 2000 resamples ¥ The bootstrap samples were
taken from the original dataset to account for the within-subject correlation arising from the

fact that each subject could participate in more than one trial.

Adherence-adjusted estimation. Intention to treat estimates can be problematic because they
depend on the proportion of the subjects who adhere to their initial treatment ?’. We thus
consider an adherence-adjusted analysis as our primary analysis. Our approach for obtaining
adherence-adjusted estimates essentially consisted in discarding information on follow-up visits
once a subject discontinued their initial treatment and using inverse probability weighting to
redistribute the weights of such subjects onto similar subjects that pursued their initial

treatment. More details are provided in Appendix 3.

Sensitivity analyses. We conducted an adherence-adjusted analysis comparing Atorvastatin (the
most commonly used statin in our data) users to non-statin users to investigate if the
decomposition of the effect might vary according to type of statins. We have also performed
two sensitivity analyses where alcohol consumption (yes or no) and self-reported walking pace
(in 5 categories ranging from very slow to brisk), as a measure of physical activity 0 were
considered as additional confounders. These are considered as sensitivity rather than main

analyses because of the amount of missing data on these variables (#10% for alcohol, walking
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pace was not collected at Exam 4). Sensitivity analyses yielded similar results to those presented

below (see Appendix 4).

Missing data. A single Expectation-Maximization imputation of missing Agatston scores was
performed (correlations between 0.86 and 0.99 were observed between measures taken at
Exam 1 and measures taken at other Exams, not presented). Otherwise, only rows without any

missing data were considered. Available data is described in Figure 2.

RESULTS

Pre-entry characteristics of the participants in the trials are reported in Table 1 (characteristics
by trial are reported in Appendix 5). A total of 5,280 subjects participated in at least one of our
trials, of which 336 experienced a CHD event, 509 a CVD event and 638 died before the end of
follow-up. A total of 4402 subjects participated in multiple trials; the average number of trials to
which subjects participated was 2.9. The average follow-up times for trials 1, 2, 3 and 4 were
respectively 8.3, 7.5, 6.8 and 2.9 years, after censoring observations that discontinued their
initial treatment. The adherence proportion after 1, 2 and 3 follow-up visits were respectively of

86%, 85% and 81%.

Below, we summarize the adherence-adjusted estimates for the decomposition of the
effect of statins on all-cause mortality, CVD and CHD. The complete results are presented in

Table 2. The intention to treat estimates are reported in Appendix 6.

The total adherence-adjusted association between statin use and CHD was -0.4%
(95% Cl =-1.1%, 0.4%) on the risk difference (RD) scale and 14% (-16%, 37%) on the RRR scale. A
large portion, if not all, of this association might be due to the LDL-lowering properties of statins
(RD= -0.7%, 95% Cl =-1.7%, 0.1%; RRR = 23%, 95% Cl = -4%, 58%). The total association
between statins and CVD was -1.0% (-1.8%, -0.1%) on the RD scale and 23% (2%, 40%) on the
RRR scale. A small portion of this association was estimated to be attributable to the LDL

pathway, but wide confidence intervals were obtained (RD = -0.2%, 95% Cl = -1.1%, 0.5%;
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RRR=5%, 95% Cl= -13%, 25%). The total association between statin use and mortality
was -0.9% (95% Cl = -1.8%, 0.0%) on a RD scale and 18% (-1%, 35%) on the RRR scale. Results
were inconclusive regarding the importance of the LDL-pathway (RD =0.2%, 95% Cl = -0.6%,
0.8%; RRR = -4%, 95% Cl = -17%, 12%). For all three outcomes, the portion attributable to the

HDL or triglycerides pathways was estimated to be negligible.

DISCUSSION

Our results provide evidence of the importance of the LDL-lowering properties of statins on
reducing the risk of CHD. In fact, our indirect effect estimate is larger than the total effect
estimate. This suggests that statins decrease the risk of CHD because of their LDL-lowering
properties, but slightly increase the risk through other pathways; the net effect remaining
beneficial. Our study also provides evidence that the HDL- and triglycerides-pathways play a
minor role in the effect of statins on CHD, CVD and mortality. Regarding the importance of the
LDL-pathway on CVD or mortality, our study is somewhat inconclusive: small indirect
associations were observed, but wide confidence intervals were obtained. An expanded

discussion of the substantive results is provided in Appendix 7.

It is important to take into account a number of potential limitations when interpreting
our results. First, because we considered observational data, any causal inference made rests
upon the assumptions of no unmeasured confounding. Since we considered a rich set of
potential confounders, which was built based on substantive knowledge, it appears reasonable
to assume that the most important confounding factors were accounted for. Moreover, our
total effect estimates are consistent with those produced by large meta-analyses of randomized

controlled trials %>,

The validity of our results also relies on the assumptions of the models that were used to
construct our g-formula estimator, such as the proportional hazard assumption of the Cox

model. These assumptions were visually verified and appeared to be reasonable.
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Some bias could have been introduced by our treatment of missing data. A better
alternative might have been to perform multiple imputations . However, this option was
thought to be impractical to implement, due to the computational burden of combining

bootstrapping with multiple imputations.

Although we know that the initiation of our statin exposure precedes the measure of the
cholesterol mediators, we do not know the precise time when initiation occurred. Some bias
could arise if the delay between initiation and measurement of the cholesterol mediator is too
short in some cases for the full impact of statin treatment on cholesterol to be realized.
However, the mean LDL-reduction associated with statin treatment we observed was very close
to the one reported in a large meta-analysis of randomized trials (0.93 mmol/L vs 1.00 mmol/L -

analysis not presented) ®, which suggests that this bias might be small.

Our adherence-adjusted analysis attempted to correct for the misclassification that
occurs when a user becomes a non-user or vice-versa. However, the exact time where switching
occurs is unknown. Therefore, some individuals have contributed follow-up time for outcome
events in the wrong exposure group before being censored, which is likely to have biased our
effect estimates towards the null. Because the adherence proportion after one visit is high
(84%) and because our total effect point estimates are consistent with previous findings, we
hypothesize that this misclassification bias may be small. Moreover, our analysis only
investigated the contribution of statins through short-term changes in cholesterol, not
accounting for how cholesterol varies over time. This is similar to the approach used in many
clinical trials where the reduction in cardiovascular events is correlated with the reduction in

20, 2
cholesterol after one or two years & %% 2

. It is nonetheless possible that the indirect effect of
statins on cardiovascular outcomes through cholesterol depends both on short- and long-term
effects on cholesterol. Recently, a parametric and a semi-parametric g-formula approach have
been proposed to perform mediation analysis with time-varying exposures and mediators and
could be considered to provide further insights on the mechanism relating statin to better

cardiovascular outcomes >

. However, accounting for the time-varying nature of the variables
comes at the cost of adding further complexities to the analysis. For instance, the parametric g-
formula approach of Lin et al 2 depends on more stringent assumptions than ours, such as the
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correct parametric specification of the joint distribution of the exposure and confounders at
each time-point whereas our method uses a non-parametric estimator for the joint distribution
of the confounders. While the semi-parametric method of VanderWeele and Tchetgen Tchetgen

3 avoids making such assumptions, it is potentially unstable in certain circumstances 2

Our study also has a number of noteworthy strengths. The generalizability of the results
to the American population is improved by the fact that we used data from a multi-ethnic
population-based cohort with participants from multiple centers across the United States. The
large number of participants, the length of the follow-up period and the relatively small number
of losses-to-follow-up for a study of that length should also be noted. From a methodological
perspective, we believe that our semi-parametric g-formula estimator is a promising approach
to help elucidate intermediate pathways, since it has the ability of directly accounting for
censored time to events through the use of the Cox model and avoids relying on stringent
parametric assumptions. It also provides estimates on risk difference or relative risk reduction
scales that are easy to interpret. Our approach is of particular interest for investigating exposure
effects attributable to intermediate pathways in a relatively specific time-frame, such as short-

term effects on the mediator.
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Table 1. Pre-entry Characteristics of Participants in the Trials According to Statin Usage at

the Entry Examination

Non-Users Users

(n=13,702) (n=1,651)
Age, mean (SD) 62.5(10.1) 64.8(9.3)
Education (highest level reached)
- Less than high school 15.3 18.1
- High school 16.6 19.1
- More than high school 67.8 62.8
Gender female 53.8 54.7
Health insurance 92.2 95.1
Race/ethnicity
- White, Caucasian 38.4 38.2
- Chinese American 12.4 10.1
- Black, African-American 27.2 28.1
- Hispanic 219 23.6
Site
- WFU 15.3 16.6
- COL 17.2 16.5
-JHU 13.6 15.4
- UMN 15.9 16.1
- NWU 19.3 15.5
- UCLA 19.3 155
LDL in mmol/L, mean (SD) 3.0(0.8) 3.5(0.9)
HDL in mmol/L, mean (SD) 1.4 (0.4) 1.3(0.4)
Triglycerides in mmolL/L, mean (SD) 1.3(0.7) 1.6 (0.8)
Agatston score >0 41.3 535
Ln of Agatston score when >0, mean (SD) 4.1(1.8) 4.4(1.8)
BMI
- Normal 32.0 24.5
- Overweight 38.0 38.2
- Obesity 30.0 373
Cigarette smoking
- Never 48.3 48.0
- Former 40.0 42.9
- Current 11.7 9.2
Diabetes 9.0 22.4
Family history of CVD 25.9 28.9
Hypertension 39.9 57.1
Number of medications, mean (SD) 4.0 (3.6) 4.9 (3.6)

Results are expressed as percentage unless otherwise indicated
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Table 2. Decomposition of the Adherence-adjusted Effect Estimate of Statins on Coronary
Heart Disease, Cardiovascular Disease and Mortality (95% confidence intervals in

parenthesis)

Indirect effect of statins

Measure Total effect of statins Direct effect of statins

(via the mediator)

CHD
RD -0.4% (-1.1%, 0.4%) 0.3% (-0.9%, 1.7%) -0.7% (-1.7%, 0.1%)
o RRR 14% (-16%, 37%) -9% (-59%, 29%) 23% (-4%, 58%)
RD -0.4% (-1.1%, 0.4%)  -0.4% (-1.1%, 0.4%) 0.0% (-0.1%, 0.0%)
ot RRR 14% (-16%, 37%) 13% (-16%, 36%) 1% (-1%, 3%)

_ RD -0.4% (-1.1%, 0.4%)  -0.4% (-1.2%, 0.4%) 0.0% (-0.1%, 0.1%)
Trie RRR 14% (-16%, 37%) 14% (-15%, 37%) 0% (-4%, 3%)
cvD
LDL RD -1.0% (-1.8%, -0.1%)  -0.7% (-1.9%, 0.6%) -0.2% (-1.1%, 0.5%)

RRR 23% (2%, 40%) 17% (-14%, 42%) 5% (-13%, 25%)
HDL RD -1.0% (-1.8%, -0.1%)  -0.9% (-1.8%, 0.0%) 0.0% (-0.1%, 0.0%)
RRR 23% (2%, 40%) 22% (0%, 40%) 1% (0%, 3%)
Trig. RD -1.0% (-1.8%, -0.1%)  -1.0% (-1.8%, 0.0%) 0.0% (-0.1%, 0.1%)
RRR 23% (2%, 40%) 22% (1%, 40%) 0% (-2%, 2%)
Mortality
LDL RD -0.9% (-1.8%, 0.0%)  -1.1% (-2.1%, 0.0%) 0.2% (-0.6%, 0.8%)
RRR 18% (1%, 35%) 23% (0%, 44%) -4% (-17%, 12%)
HDL RD -0.9% (-1.8%, 0.0%)  -0.8% (-1.7%, 0.1%) -0.1% (-0.2%, 0.0%)
RRR 18% (1%, 35%) 17% (-3%, 34%) 2% (0%, 4%)
Trig. RD -0.9% (-1.8%, 0.0%)  -0.9% (-1.8%, 0.0%) 0.0% (-0.1%, 0.1%)
RRR 18% (-1%, 35%) 19% (0%, 35%) -1% (-3%, 1%)

The total estimated effect is decomposed in an indirect effect, due to the effect of statins on a given mediator, and
a direct component, not due to the effect of statins on that given mediator. LDL = low-density lipoprotein, HDL =
high-density lipoprotein, Trig. = triglycerides, RD = risk difference, RRR = relative risk reduction, CHD = coronary
heart diseases, CVD = cardiovascular diseases.

Estimates are adjusted for age, education, gender, health insurance, race/ethnicity, Field Center, previous LDL,
previous HDL, previous triglycerides, Agatston score, BMI, cigarette smoking, diabetes, family history of CVD,
hypertension and total number of medication.
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Appendices

Appendix 1: Development of the estimators of E[Yama*]

We explain how the counterfactuals E[YaMa*] can be estimated from the observed data in order

to estimate the total effect and its direct and indirect components. The development of the
estimators presented in our paper is based on the 6 following assumptions (where 1L denotes

statistical independence):

1) Ccontains all confounders of the effect of statins on CHD (Y,,, I A|C);

2) Statins and C contains all confounders of the effect of LDL on CHD (Y,,,, 1 M|A4, C);

3) C contains all confounders of the effect of statins on LDL (M, 1L A|C);

4) None of the LDL-CHD confounders are affected by statins (Y,,, 1L M;|C);

5) When statin exposure takes the value a and the LDL level is m, the observed five-year
survival Y corresponds to the counterfactual five-year survival Y, (Yym =Y if A=a
and M = m);

6) When statin exposure is a, the observed LDL level M corresponds to the counterfactual

LDL level M, (M, = M if A = a)

*

Using these 6 assumptions, ifa = a™:

E[Yam,| = f E[Yam,|C]f (©)dF,
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Using the previous assumptions we get:
E[Y|A=a,C] =E[Yy,|A = aC] (assumption 5)
= E[YaMa|C] (assumption 1)

Thus, E Yoy, | = [ E[Y|A = a,CIf (c)dF,

Ifa + a*:

E[Yam ] = [ E[Yam .|C]f (c)dF,, where

E[Yam,.|C] = f E[Yam,.|C Mo = m] fy_.;c(m|C)dFy_.

M

a*

= | ElamlC Mer = ] fr 1 OmIC)
M

a*

=j E[Y,C] fMa*w(mlC)dFMa*. (assumption 4)
M

a*

Using the previous assumptions we get:

E[Y|IA=a,M =m,C] = E[Yy,|A=a M =m,C] (assumption 5)
=E[Y;n|A =a,(C] (assumption 2)
= E[Yn|C], (assumption 1)
and
fujacml|d =a*,C) = fMa*|A,C(m|A =a*C) (assumption 6)
= fMa*|C(m| 0. (assumption 3)
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Thus, we have
E[Yam,.] = [ [, EIYIA = a,M = m,C] fy4c(m|A = a*,C) f(c)dFydF,.

To complete the development of the estimators, we plug in estimators of E[Y|A = a,C] and
f(c) in fCE[YlA =a,C|f(c)dF,, as well as estimators of E[Y|A=a M =m,C],
fujacm|A =a*,€) and f(c) in fch E[Y|A =a M =m,C] fyjac(mlA = a",C) f(c)dFydF..
The estimators of E[Y|A = a,C], E[Y|A = a,M = m,C] and fy4c(m|A = a*, C) are presented
in our paper. To estimate f(c) we utilized a non-parametric estimator that consists in
calculating the proportion of subjects for which € = c¢. Computing the integral over C is then
mathematically equivalent to computing the mean of the quantity inside the integral over all
participants in all trials, that is, the integral over € can be replaced by a sum over subjects

divided by the number of subjects.
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Appendix 2: Empirical investigation of the performance of our estimator

Simulation studies were performed to investigate the empirical performance of our semi-
parametric g-formula estimator. Four different simulation scenarios were devised to investigate
the performance under different circumstances. We first present the general framework of our
simulation study, then provide specific details and finally present the results of our simulation
study. Scenarios 1-3 feature a single time-point, whereas Scenario 4 features two time-points.
The latter scenario thus allows for investigating the performance of the approach we have used

for producing adherence-adjusted inferences (see Appendix 3).

General framework:

Scenarios 1-3: In each of these scenarios, we have first simulated a population of
n = 1,000,000 individuals. For each subject in this population, we simulated a continuous
confounder C and a binary exposure A. We then simulated two counterfactual mediators M,
and M,, that correspond to the value that the mediator would have taken had A taken the value

1 or 0, respectively. Next, we simulated four counterfactual time to event TaMa* variables, from

which we constructed four binary counterfactual outcome variables indicating whether the

event would have happened inside a five-year window (YaMa* =1if TaMa* < 5and YaMa* =0if
TaMa* > 5). Since, by design, we had access to all four counterfactual outcome variables for

each subject, the total effect, its direct component and its indirect component were directly

computed, both on the risk difference scale and the RRR scale.
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We then simulated a sample of size n = 500 using the same equations as for the
population simulation. However, we additionally simulated a random censoring time (e.g., due
to lost to follow-up or competing events). We then estimated the total effect and its
components using the observed version (not the counterfactual) of the mediator and the time
to event variables with the estimator presented in our paper.

Scenario 4: The general framework for Scenario 4 is similar to the one for Scenarios 1-3,
but features a second time-point that is set exactly three years after the first time-point. As
such, the design of this simulation is more complicated. As in Scenarios 1-3, we have first
simulated a population of n = 1,000,000 individuals. At the first time-point, we simulated C,
A, My, M, for each subject, similarly to Scenarios 1-3. We then simulated four provisional

counterfactual time to event Tam . variables. These provisional times to event represent the

time between the first time-point and either the second time-point or the event of interest,
whichever came first, and thus took a maximum value of three years for subjects who did not
experience the event before the second time-point. To distinguish variables at the second time-
point from variables at the first time-point, we add an apostrophe to the former. At the second
time-point, we considered four counterfactual confounder covariates C’aMa* and four
counterfactual exposure level A;Mé corresponding to what would have happened if the subject
had experienced exposure level a and had their mediator taken the value M- at the first time-
point. We also simulated a new observed exposure level, A’, at the second time-point. Finally,
we simulated eight counterfactual mediator variables, M’aMa*a, and eight counterfactual

residual time to event, T'aMa corresponding to what would have happened if the subject had

*al’?

experienced exposure level a at the first time-point, their mediator taken the value M - at the
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first time-point, and experienced the exposure level a’ at the second time-point. The total
counterfactual time to event was equal to the sum of the provisional and the residual time to
event when the counterfactual provisional time to event allowed participating at the second
time-point, and was equal to the counterfactual provisional survival time otherwise. As in
Scenarios 1-3, we then constructed eight binary counterfactual outcome variables indicating

whether the event would have happened inside a five-year window (YaMa*a’)' The total effect,

its direct component and its indirect component were directly computed, both on the risk
difference scale and the RRR scale utilizing the simulated counterfactuals. Note that in this
scenario, the effects of interest compared counterfactual situations where the subjects
remained adherent to their initial treatment (where a = a’).

We then simulated a sample of size n = 500 using the same equations as for the
population simulation. However, we additionally simulated provisional and residual random
censoring times (e.g., due to lost to follow-up or competing events). We then estimated the
total effect and its components using the adherence-adjusted approach we have proposed in
this paper.

Summarizing the results: Confidence intervals were obtained through the percentile
method by performing non-parametric bootstrap with 500 resamples. A total of 1,000
replications of the sample simulation were performed. Finally, we computed the bias
(comparing the mean sample estimated values the true population values) and coverage
probability of the 95% confidence intervals (percentage of the time the sample confidence

intervals contained the true population values).
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Scenarios’ details

Scenario 1 aimed to investigate the performance of our approach under ideal
circumstances, where the models used to decompose the total effect are correctly specified.
The population data generating equations are:
C= ¢
P(A =1) = expit(1+ 0.5C)
My =0.4%0—0.6C + ¢y,
M; =04 Xx1—-0.6C+ &y,
log(Tom,) = log(6 + 0.4C + 0.3M; + 0.5 X 0 + 0.1M, X 0) + log(1.5) ETom,
log(T1pm,) = log(6 + 0.4C + 0.3M, + 0.5 x 1 + 0.1M; X 1) + log(1.5) €T1m,
log(Topm,) = log(6 + 0.4C + 0.3M; + 0.5 X 0 + 0.1M; X 0) + log(1.5) €Tom,
log(Tiy,) = log(6 + 0.4C + 0.3M; + 0.5 X 1+ 0.1M; X 1) +log(1.5) &7,

where &, &y, Ep, ) ETomy ET1my’ ETom, 2 EToy, TE all independent N(0,1) and expit(x) =

exp(x)
1+exp(x)’

The sample data-generating equations are the same, but include the additional equations:
M= My(1—-A)+ M;A
T = Tom,(1 —A) + Ty, A
T¢ = min(er,, 6)
where T, is a random censoring time and log(eTC) ~ N(log(5),log(1.5)). Observations for

which T, < T have their follow-up time censored at T¢.
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To compute ]:Z[Y|A =q,C= cl-,t], we fitted a Cox proportional hazard model that
included A and C. Similarly, to compute E[Y|A =aqM=m,C= ci‘t], we fitted a Cox model
that included A,M,C and an interaction term between A and M. We computed
f(m|A = a*,€ = ¢;;) using the output of a linear regression of M according to A and C. We
then took f(m|A = a*,€ = ¢;,) as a normal distribution whose mean was the linear predictor

from the model and whose variance was the residual variance.

Scenario 2 aimed at investigating the property of our approach under the null
hypothesis of no indirect effect. This scenario uses the same data generating equations as
Scenario 1, except for the equations generating the survival times that are modified as follows:

log(Tom,) = log(6 + 0.4C + 0M, + 0.5 X 0 + OM, X 0) + log(1.5) €Tom,

log(Tyy,) = log(6 + 0.4C + 0M, + 0.5 X 1+ 0M, X 1) + log(1.5) €T1u,

log(Topm,) = log(6 + 0.4C + 0M; + 0.5 X 0 + 0M; X 0) + log(1.5) €Tom,

log(Tim,) = log(6 + 0.4C + OM; + 0.5 X 1+ 0M; x 1) +1log(1.5) er,,,.
The models used to decompose the effect are also the same as in scenario 1.

Scenario 3 was devised to investigate the sensitivity of our approach to mild
misspecifications of the models used to decompose the total effect. The following data-
generating equations are modified as compared with Scenario 1:

My =0.4x0—0.6C+0.2C* + &y,
M; =04 x1—0.6C+0.2C? + gy,
log(Top,) = log(6 + 0.4C + 0.3M; + 0.5 X 0 + 0.1M, X 0 — 0.2C X M) + log(1.5) ETom,

log(Typm,) = log(6 + 0.4C + 0.3M, + 0.5 X 1+ 0.1My X 1 — 0.2C X M,) + log(1.5) €T3,
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log(Toy,) = log(6 + 0.4C + 0.3M; +0.5x 0+ 0.1M; x 0 — 0.2C X M,) + log(1.5) ETom,

log(Tyy,) = log(6 + 0.4C + 0.3M; + 0.5 X 1+ 0.1M; X 1 — 0.2C X M;) + log(1.5) €T,
The models used to decompose the effect are the same as in Scenario 1, thus resulting in
misspecifications (the Cox model does not include an interaction term between C and M, and
the linear regression does not include a quadratic term for C).

Scenario 4 specifically investigated the performance of our adherence-adjusted

weighting approach. The population data generating equations for the first time-point are:

C= ¢

P(A =1) = expit(1+0.50C)

M, = —04a+ C+ gy,

log(Tam,.) = min(log(6 — 0.3C — 0.4M,- + 0.5a + 0.1M,+ X a) + log(2) €T, 108(3))

For the second time-point, the data generating equations are as follows:
C(’)M0 = C{Mo = My; CéMl = C{Ml =M,
P(Agy . = 1) = expit(—=2 + 0.5C;y . + 4a)

1 _ r ’
aMa*al — O.4a + CaMa* + gMéMa*a’

10g(T aprear) = 108 (6 = 0.3Cay. — 04Mpyy . q +0.50" +0.1M}y, 1 X a)

+ IOg(Z) ET/

al
aMa*

where all errors terms are independent N(0,1).
The sample data generating equations at the first time-point are the same as the
population data generating equations, but include the additional equations:
M= M,(1—-A)+ MA
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T =Toy,(1—A) + Ty, A

log(T¢) = min(log(4 — 0.3C + 0.54 + 0.1M) + log(1.5)er,log(3))
where T is a provisional random censoring time and &7, ~ N(0,1). Observations for which
T < T have their follow-up time censored at T;. Observations that either experienced the
event or have been censored before the second time-point (T < 3 or T, < 3) have missing data
for their variables at the second time-point. Otherwise, the sample data generating equations at
the second time point are also the same as the population data generating equations, but

further include the following equations:

¢' = C(,)Mo(l —A) + C{Ml

A = A6M0(1 —A)+ A,1M1

M’ = Mopm,0(1 —A)(1 — A") + My oAl — A') + Moy, 1 (1 — A)A" + Miy AN’
T = T(;Moo(l -A1-A)+ T1’M10A(1 -A)+ T(SMol(l —A)A + T1’M11AA,

log(T’¢) = min(log(3 — 0.3C" + 0.54" + 0.1M") + log(1.5)er,,.,10g(3))

where T¢ is a random censoring time and Eqt ~ N(0,1). The total time to event for subjects

participating at the second time-point is T + T’ and their total censoring time is T, + T¢.

Observations for which Tz + T, < T + T’ have their follow-up time censored at Ty + T.

To estimate the total effect and its component, we have computed weights for each
observation as described in Appendix 3. More precisely, the numerator of the weight
corresponded to P(A' = A|C) and the denominator was P(A' = A|C, M), both of which were
estimated utilizing logistic regression models that were fitted separately for exposed subjects

and unexposed subjects. Weights were then truncated at their 99t percentile. Afterward, an
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augmented data set was constructed that contained one row for each observation at the first
time-point and an additional row for each subject that participated at the second time-point
and remained adherent to their initial exposure level. The weights for the rows at the first time-
point were all set to 1, whereas the rows for the second time-point were those we previously

described.

To compute E[Y|4 = a,C = ¢;,], we first fitted a Cox proportional hazard model that
included A and C on the weighted augmented dataset. The predicted 5-year risk was then
computed for the original dataset that included only one row per observation. Similarly,
E[Y|A = a M =m,C = c;;] was estimated utilizing a Cox model that included 4, M, C and an
interaction term between A and M. We computed f(m|4 = a*, € = ¢;,) using the output of a
linear regression of M according to A and C fitted on the weighted augmented dataset;
predicted values were however computed for the original dataset. We then took
f(m|A =a"C= ci,t) as a normal distribution whose mean was the linear predictor from the

model and whose variance was the residual variance.
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Simulation results

Table Al. Results of the simulation study investigating the performance of our semi-

parametric g-formula estimator of the total effect and its components

Scenario Effect True value Estimated value Bias Coverage probability

Total RD -8.6% -8.6% 0.0% 94.9%

Direct RD -6.6% -6.8% -0.2% 95.0%

Indirect RD -2.0% -1.8% 0.2% 93.5%

Total RRR 26% 25% 1% 95.0%

Direct RRR 20% 19% -1% 94.7%
Indirect RRR 6% 6% 0% 93.4%

Total RD -6.8% -6.8% 0.0% 95.4%

Direct RD -6.8% -6.8% 0.0% 95.3%

Indirect RD 0.0% 0.0% 0.0% 94.6%

2 Total RRR 21% 19% 1% 95.6%
Direct RRR 21% 19% 1% 95.1%
Indirect RRR 0% 0% 0% 94.5%

Total RD -8.3% -8.1% 0.2% 94.6%

Direct RD -6.4% -6.3% 0.1% 94.7%

Indirect RD -1.9% -1.8% 0.1% 93.7%

3 Total RRR 27% 25% -2% 94.0%
Direct RRR 21% 19% -2% 94.7%
Indirect RRR 6% 6% 0% 94.2%

Total RD -5.4% -5.0% 0.4% 95.5%

Direct RD -4.3% -4.2% 0.2% 95.6%

Indirect RD -1.1% -0.9% 0.2% 91.6%

4 Total RRR 25% 21% -3% 95.4%
Direct RRR 20% 17% 3% 95.5%
Indirect RRR 5% 4% 1% 93.3%
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These simulation results suggest that our proposed approach is able to unbiasedly estimate the
total effect and its component when the models used are correctly specified, even with a small
sample size. Moreover, no substantial bias was observed and coverage rates remained
appropriate under mild misspecifications, suggesting that our approach is robust to some

degree of misspecification of the models.
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Appendix 3: Details concerning the adherence-adjusted analysis

In this appendix, we describe in more details how adherence-adjusted estimates were
obtained. To do this, we have closely followed the approach proposed by Hernan et al. (2008)%.
First, we created an augmented dataset for each trial that included one row for each participant
at entry into the trial as well as one row for each subsequent follow-up visit to which the
participant took part. The complete augmented dataset was obtained by concatenating all the
trial-specific augmented datasets. We then computed the following visit-specific inverse

probability weights for each participant in each trial:

Kt
W = P(Adhy, = 1|Z;0)
1 Lp(adhy = 11Zi)

(3)

where k is the follow-up visit, K; is the total number of follow-up visits for Trial t and Adhjy is an
indicator of whether or not the participant i of Trial t was still adhering to their initial treatment
at follow-up visit k, Z and Z-tk are sets of covariates according to which observations are
weighted. Note that both the numerator and the denominator of Equation (3) equal 1 when
k = 1, at entry into the trial. To estimate the numerator and the denominator for rows where
k # 1, we have fitted pooled logistic regression models on the complete augmented dataset,
excluding entry rows. The covariates to include in the weights calculations should be chosen
such that discontinuing the initial treatment (i.e., taking statins or not taking statins) is
independent of unmeasured risk factors of the incidence of the outcome (CHD, CVD or

mortality) conditional on the weighting variables?’. The explanatory variables for the
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denominator models (Z;.) included all pre-entry potential confounders, the most recent values
of the same variables (when they were time-varying) and indicator variables for the follow-up
examinations. Age and Agatston score were included as in the previous models. The explanatory
variables for the numerator (Z;o) only included the pre-entry potential confounder variables.
Because the factors that explain why statin users remain users might differ from those that
explain why non-users remain non-users, separate logistic regression models were fitted. To
reduce the potential influence of observations with large weights, the weights were truncated
at their 99™ percentile. The estimated inverse probability weights had mean 1.00 (standard-
deviation = 0.13), the 99" percentile of the weights was 1.39 and the maximum was 7.79. After

truncation, the mean was 0.99 (standard deviation = 0.09).

The estimation procedure then carried forward similarly to what was described in the
“Intention to treat estimation” section. The only differences are that the parameters of the
linear and the Cox regression models were estimated on the complete augmented dataset we
have just described, censoring subjects once they discontinued their initial treatment and
weighting other rows according to the inverse probability weights (3). Predicted values of
Elv[A=aC=cy] E[v[A=aM=mcC=c,| and f(mlA=a",C= c;;) were then

computed for the original dataset that included only one row per participant in each trial.
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Appendix 4: Results of the sensitivity analyses

Atorvastatin vs non-statin users

The results of the comparison between Atorvastatin users and non-statin users are presented in
Table A2. Since these analyses were conducted on a reduced sample, statistical power was
reduced, leading to generally wider confidence intervals. The total association with mortality is
similar, but the association with CVD and CHD is larger than in the main analysis. Moreover, a
larger portion of all three associations investigated seem to be attributable to the LDL pathway.
These analyses also suggest that a small, but statistically significant part of the association
between Atorvastatin and both mortality and CVD might be attributable to their effect on HDL,
in opposition to the main findings. This may suggest that the importance of the cholesterol
pathways would vary according to statin type. Given that this analysis is underpowered, these

results would need to be confirmed by future studies.
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Table A2. Decomposition of the adherence-adjusted effect estimate of Atorvastatin on

Coronary Heart Disease, Cardiovascular Disease and Mortality (95% confidence intervals in

Total effect of

Atorvastatin

Direct effect of

Atorvastatin

Indirect effect of
Atorvastatin

(via the mediator)

-0.7% (-1.7%, 0.3%)
27% (-10%, 57%)
-0.7% (-1.7%, 0.3%)
27% (-10%, 57%)
-0.7% (-1.7%, 0.3%)
27% (-10%, 57%)

0.5% (-1.4%, 3.8%)
-19% (-135%, 49%)
-0.7% (-1.6%, 0.3%)
25% (-13%, 56%)
-0.7% (-1.7%, 0.3%)
27% (-11%, 56%)

-1.3% (-4.0%, 0.2%)
46% (-6%, 146%)
-0.1% (-0.2%, 0.1%)
2% (-2%, 8%)
0.0% (-0.2%, 0.1%)
0% (-5%, 6%)

-1.3% (-2.4%, 0.0%)
30% (0%, 55%)
-1.3% (-2.4%, 0.0%)
30% (0%, 55%)
-1.3% (-2.4%, 0.0%)
30% (0%, 55%)

-0.3% (-2.3%, 2.9%)
6% (-71%, 55%)
-1.1% (-2.3%, 0.1%)
27% (-3%, 53%)
-1.2% (-2.3%, 0.0%)
30% (0%, 54%)

-1.0% (-3.8%, 0.7%)
24% (-15%, 91%)
-0.2% (-0.5%, 0.0%)
4% (0%, 11%)
0.0% (-0.2%, 0.1%)
1% (-3%, 5%)

parenthesis)
Measure
CHD
RD
LDL
RRR
RD
HDL
RRR
RD
Trig.
RRR
CvD
LDL RD
RRR
HDL RD
RRR
Trig. RD
RRR
Mortality
LDL RD
RRR
HDL RD
RRR
Trig. RD
RRR

-0.8% (-2.1%, 0.5%)
17% (-11%, 43%)
-0.8% (-2.1%, 0.5%)
17% (-11%, 43%)
-0.8% (-2.1%, 0.5%)
17% (-11%, 43%)

-0.3% (-2.2%, 2.3%)
7% (-51%, 45%)
-0.5% (-1.9%, 0.8%)
11% (-18%, 39%)
-0.8% (-2.0%, 0.5%)
16% (-11%, 42%)

-0.5% (-2.7%, 0.8%)
11% (-18%, 57%)
-0.3% (-0.7%, 0.0%)
6% (1%, 15%)
0.0% (-0.3%, 0.1%)
1% (-3%, 6%)

hypertension and total number of medication.

CHD = coronary heart diseases, CVD = cardiovascular diseases.

The total estimated effect is decomposed in an indirect effect, due to the effect of Atorvastatin on a given
mediator, and a direct component, not due to the effect of Atorvastatin on that given mediator. LDL = low-density
lipoprotein, HDL = high-density lipoprotein, Trig. = triglycerides, RD = risk difference, RRR = relative risk reduction,

Estimates are adjusted for age, education, gender, health insurance, race/ethnicity, Field Center, previous LDL,
previous HDL, previous triglycerides, Agatston score, BMI, cigarette smoking, diabetes, family history of CVD,



Adjusting for further potential confounders

Table A3 reports the results of the adherence-adjusted sensitivity further adjusting for alcohol
consumption, whereas Table A4 reports the results further adjusting for walking pace. In both
cases, the strength of the associations is generally marginally larger, but otherwise the results

are similar to those of the main analysis.
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Table A3. Results of the adherence-adjusted sensitivity analysis when further adjusting for

alcohol consumption

Indirect effect of statins

Measure Total effect of statins Direct effect of statins

(via the mediator)

CHD
RD -0.5% (-1.3%, 0.2%) 0.3% (-1.0%, 1.8%) -0.8% (-1.9%, 0.1%)
o RRR 17% (-8%, 39%) -9% (-61%, 30%) 26% (-2%, 64%)
RD -0.5% (-1.3%, 0.2%)  -0.5% (-1.2%, 0.3%) 0.0% (-0.1%, 0.0%)
ot RRR 17% (-8%, 39%) 17% (-9%, 39%) 1% (-1%, 3%)

_ RD -0.5% (-1.3%, 0.2%)  -0.6% (-1.3%, 0.2%) 0.0% (-0.1%, 0.1%)
e RRR 17% (-8%, 39%) 18% (-7%, 40%) -1% (-5%, 2%)
cvD
LDL RD -1.1% (-2.0%, -0.2%)  -0.7% (-2.0%, 0.7%) -0.4% (-1.4%, 0.4%)

RRR 25% (5%, 42%) 16% (-16%, 42%) 8% (-10%, 32%)
HDL RD -1.1% (-2.0%, -0.2%)  -1.1% (-1.9%, -0.1%) -0.1% (-0.1%, 0.0%)
RRR 25% (5%, 42%) 24% (3%, 42%) 1% (0%, 3%)
Trig. RD -1.1% (-2.0%, -0.2%)  -1.1% (-2.0%, -0.2%) 0.0% (-0.1%, 0.1%)
RRR 25% (5%, 42%) 25% (4%, 42%) 0% (-3%, 2%)
Mortality
LDL RD -0.9% (-1.8%, 0.1%)  -0.9% (-2.1%, 0.3%) 0.0% (-0.8%, 0.8%)
RRR 18% (-1%, 34%) 19% (-7%, 40%) -1% (-15%, 16%)
HDL RD -0.9% (-1.8%, 0.1%)  -0.8% (-1.7%, 0.1%) -0.1% (-0.2%, 0.0%)
RRR 18% (1%, 34%) 16% (-3%, 33%) 1% (0%, 4%)
Trig. RD -0.9% (-1.8%, 0.1%)  -0.9% (-1.8%, 0.0%) 0.0% (-0.1%, 0.2%)
RRR 18% (-1%, 34%) 19% (0%, 35%) -1% (-3%, 1%)

The total estimated effect is decomposed in an indirect effect, due to the effect of Atorvastatin on a given
mediator, and a direct component, not due to the effect of Atorvastatin on that given mediator. LDL = low-density
lipoprotein, HDL = high-density lipoprotein, Trig. = triglycerides, RD = risk difference, RRR = relative risk reduction,
CHD = coronary heart diseases, CVD = cardiovascular diseases.

Estimates are adjusted for age, education, gender, health insurance, race/ethnicity, Field Center, previous LDL,
previous HDL, previous triglycerides, Agatston score, BMI, cigarette smoking, diabetes, family history of CVD,
hypertension, total number of medication and alcohol consumption.
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Table A4. Results of the adherence-adjusted sensitivity analysis when further adjusting for

walking pace

Indirect effect of statins

Measure Total effect of statins Direct effect of statins

(via the mediator)

CHD
RD -0.5% (-1.3%, 0.4%) 0.2% (-1.1%, 1.7%) -0.7% (-1.8%, 0.1%)
o RRR 17% (-12%, 41%) 7% (-59%, 36%) 24% (-4%, 61%)
RD -0.5% (-1.3%, 0.4%)  -0.5% (-1.3%, 0.4%) 0.0% (-0.1%, 0.0%)
ot RRR 17% (-12%, 41%) 16% (-13%, 41%) 1% (-1%, 3%)

_ RD -0.5% (-1.3%, 0.4%)  -0.5% (-1.3%, 0.4%) 0.0% (-0.1%, 0.1%)
e RRR 17% (-12%, 41%) 17% (-13%, 41%) 0% (-3%, 3%)
cvD
LDL RD -1.1% (-2.0%, -0.2%)  -0.7% (-1.9%, 0.8%) -0.4% (-1.5%, 0.4%)

RRR 26% (4%, 45%) 16% (-19%, 44%) 10% (-9%, 35%)
HDL RD -1.1% (-2.0%, -0.2%)  -1.0% (-1.9%, -0.1%) 0.0% (-0.1%, 0.0%)
RRR 26% (4%, 45%) 25% (3%, 44%) 1% (0%, 3%)
Trig. RD -1.1% (-2.0%, -0.2%)  -1.1% (-1.9%, -0.1%) 0.0% (-0.1%, 0.1%)
RRR 26% (4%, 45%) 25% (3%, 44%) 0% (-2%, 3%)
Mortality
LDL RD -1.1% (-2.0%, -0.2%)  -1.2% (-2.3%, -0.1%) 0.2% (-0.6%, 0.8%)
RRR 23% (5%, 39%) 26% (2%, 46%) -4% (-17%, 12%)
HDL RD -1.1% (-2.0%, -0.2%)  -1.0% (-1.9%, -0.1%) 0.0% (-0.1%, 0.0%)
RRR 23% (5%, 39%) 22% (3%, 39%) 1% (0%, 3%)
Trig. RD -1.1% (-2.0%, -0.2%)  -1.1% (-2.0%, -0.2%) 0.0% (-0.1%, 0.1%)
RRR 23% (5%, 39%) 23% (5%, 40%) 0% (-3%, 2%)

The total estimated effect is decomposed in an indirect effect, due to the effect of Atorvastatin on a given
mediator, and a direct component, not due to the effect of Atorvastatin on that given mediator. LDL = low-density
lipoprotein, HDL = high-density lipoprotein, Trig. = triglycerides, RD = risk difference, RRR = relative risk reduction,
CHD = coronary heart diseases, CVD = cardiovascular diseases.

Estimates are adjusted for age, education, gender, health insurance, race/ethnicity, Field Center, previous LDL,
previous HDL, previous triglycerides, Agatston score, BMI, cigarette smoking, diabetes, family history of CVD,
hypertension, total number of medication and walking pace.
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Appendix 5 (Table A5): Pre-entry Characteristics of Participants According to Statin Usage at

the Entry Examination and Trial

Trial 1 Trial 2 Trial 3 Trial 4
Non-Users Users Non-Users Users Non-Users Users Non-Users Users
(n=4,405) (n=417) | (n=3,739) (n=361) | (n=3,291) (n=341) | (n=2,267) (n=532)
Age, mean (SD) 61.1(10.3) 64.3(9.5) | 62.5(10.1) 63.9(9.5) | 63.5(10.0) 66.1(9.1) | 63.6(9.6) 65.1(8.9)
Education (highest level reached)
- Less than high school 16.7 18.5 15.6 20.8 14.7 17.6 12.6 16.4
- High school 17.0 19.9 17.2 16.9 17.3 20.2 16.0 19.2
- More than high school 66.2 61.6 67.2 62.3 68.0 62.2 71.5 64.5
Gender female 53.0 50.1 53.5 60.4 54.1 55.4 55.1 53.9
Health insurance 9.1 6.2 7.3 5.0 6.8 3.8 7.4 4.5
Race/ethnicity
- White, Caucasian 37.5 43.6 38.4 34.1 39.3 37.0 36.0 37.4
- Chinese American 12.3 9.1 12.7 10.8 12.0 12.6 12.7 8.8
- Black, African-American 27.8 26.6 27.4 30.7 26.9 26.4 26.5 28.6
- Hispanic 22.4 20.6 21.6 24.4 21.8 24.0 21.8 25.2
Site
- WFU 15.1 18.0 15.4 13.0 15.8 10.9 14.7 21.6
-COoL 17.1 15.1 17.0 18.8 16.8 15.2 18.1 16.9
-JHU 14.4 17.3 14.1 172 12.9 17.3 11.9 115
-UMN 15.8 13.7 15.8 139 16.0 19.6 16.1 17.3
-NWU 18.6 15.3 19.6 15.8 19.0 15.2 20.4 15.6
- UCLA 18.9 20.6 18.1 21.3 19.3 21.7 18.7 17.1
LDL in mmol/L, mean (SD) 3.0(0.8) 3.7(0.8) 3.0(0.8) 3.6 (1.0) 3.0(0.8) 3.4(0.8) 3.0(0.8) 3.4(0.9)
HDL in mmol/L, mean (SD) 1.3(0.4) 1.3(0.3) 1.4 (0.4) 1.3(0.3) 1.4 (0.4) 1.3(0.3) 1.4 (0.4) 1.3(0.4)
Triglycerides in mmoL/L, mean (SD) 1.4 (0.7) 1.6 (0.8) 1.4 (0.7) 1.7 (0.8) 1.3(0.7) 1.6 (0.8) 1.3(0.7) 1.5(0.8)
Agatston score >0 44.5 61.2 42.4 55.4 40.0 56.3 34.8 44.4
Ln of Agatston score when >0, mean (SD) 4.2 (1.8) 4.7 (1.8) 4.1(1.8) 4.3 (1.8) 4.1(1.8) 4.4(1.9) 3.8(1.8) 4.2(1.7)
BMI
- Normal 30.9 22.8 31.8 22.4 32.8 27.0 33.0 25.8
- Overweight 38.5 40.0 38.8 35.2 37.6 38.7 36.5 38.5
- Obesity 30.6 37.2 29.4 42.4 29.6 34.3 30.4 35.7
Cigarette smoking
- Never 50.9 48.7 47.5 47.6 47.2 46.6 46.5 48.5
- Former 36.0 41.7 40.9 40.7 42.0 47.2 43.3 42.5
- Current 13.2 9.6 11.6 11.6 10.8 6.2 10.2 9.0
Diabetes 8.8 22.8 9.9 23.5 8.8 25.2 8.0 19.6
Family history of CVD 26.2 29.3 26.0 30.2 25.9 25.5 25.5 29.9
Hypertension 39.5 56.8 393 57.1 41.0 59.2 39.8 56.0
Number of medications, mean (SD) 2.8 (2.6) 3.4 (2.6) 4.6 (3.6) 5.3(3.4) 4.7 (3.9) 5.6 (3.7) 4.6 (4.0) 5.4 (3.9)

Results are expressed as percentage unless otherwise indicated
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Appendix 6: Results of the ITT analyses

Table A6. Decomposition of the intention to treat effect estimate of statins on Coronary

Heart Disease, Cardiovascular Disease and Mortality (95% confidence intervals in

parenthesis)

Measure Total effect of statins

Indirect effect of statins
Direct effect of statins

(via the mediator)

CHD
RD -0.7% (-1.4%, 0.0%) -0.3% (-1.2%, 0.8%) -0.4% (-1.1%, 0.2%)
o RRR 20% (0%, 38%) 8% (-23%, 34%) 12% (-4%, 33%)
RD -0.7% (-1.4%, 0.0%) -0.7% (-1.4%, 0.0%) 0.0% (-0.1%, 0.0%)
ot RRR 20% (0%, 38%) 19% (-1%, 37%) 1% (0%, 3%)

. RD -0.7% (-1.4%, 0.0%) -0.7% (-1.4%, 0.0%) 0.0% (0.0%, 0.1%)
Trie RRR 20% (0%, 38%) 21% (0%, 39%) -1% (-3%, 1%)
CvD
LDL RD -1.2% (-2.0%, -0.4%) -0.8% (-1.9%, 0.4%) -0.4% (-1.2%, 0.3%)

RRR 23% (7%, 37%) 16% (-7%, 36%) -7% (-23%, 6%)
HDL RD -1.2% (-2.0%, -0.4%) -1.1% (-2.0%, -0.3%) -0.1% (-0.1%, 0.0%)
RRR 23% (7%, 37%) 22% (6%, 37%) -1% (-2%, 0%)
Trig. RD -1.2% (-2.0%, -0.4%) -1.2% (-2.0%, -0.4%) 0.0% (-0.1%, 0.1%)
RRR 23% (7%, 37%) 23% (7%, 37%) 0% (-1%, 2%)
Mortality
LDL RD -0.7% (-1.5%, 0.0%) -0.9% (-1.8%, 0.1%) 0.2% (-0.5%, 0.7%)
RRR 15% (0%, 30%) 19% (-3%, 36%) 3% (-10%, 15%)
HDL RD -0.7% (-1.5%, 0.0%) -0.7% (-1.4%, 0.1%) -0.1% (-0.1%, 0.0%)
RRR 15% (0%, 30%) 14% (-2%, 29%) -1% (-3%, 0%)
Trig. RD -0.7% (-1.5%, 0.0%) -0.8% (-1.5%, 0.0%) 0.0% (-0.1%, 0.1%)
RRR 15% (0%, 30%) 16% (1%, 30%) 0% (-1%, 2%)

The total estimated effect is decomposed in an indirect effect, due to the effect of statins on a given mediator, and
a direct component, not due to the effect of statins on that given mediator. LDL = low-density lipoprotein,
HDL = high-density lipoprotein, Trig. = triglycerides, RD = risk difference, RRR = relative risk reduction, CHD

coronary heart diseases, CVD = cardiovascular diseases.

Estimates are adjusted for age, education, gender, health insurance, race/ethnicity, Field Center, previous LDL,
previous HDL, previous triglycerides, Agatston score, BMI, cigarette smoking, diabetes, family history of CVD,

hypertension and total number of medication.
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Appendix 7: Expanded substantive discussion

In our study, we have obtained a beneficial indirect effect estimate of statins on CHD
through LDL and a detrimental direct effect estimate (through other pathways than LDL). This
type of reversed direct effect is plausible, as CHD is the original target of statins (so we would
expect this association to be present) but all drugs have side effects. For instance, statins might

increase the incidence of type 2 diabetes’.

Our results regarding CHD are in concordance with those of previous studies that found
that greater reduction in LDL cholesterol was associated with greater reduction in CHD
risk®1829212223 Thev thus support the current guidelines that advocate for reducing LDL

cholesterol as a means to reducing the risk of CHD events, where lower LDL targets are

recommended for individuals at higher risk of CHD**.

To our knowledge, only one previous study attempted quantifying the importance of the
cholesterol pathways in the effect of pravastatin on CHD in humans using causal mediation
methods®. This study suggested that most of the effect was LDL-independent, in opposition to
the current study. This discrepancy might be due to the fact that pravastatin is less effective at

reducing cholesterol than most other types of statins®.

More studies investigating the importance of the cholesterol pathways in the effect of
statins on CHD, CVD and mortality utilizing appropriate mediation methods are certainly
needed. Future studies should also investigate other pathways by which statins might affect
those outcomes. In that respect, inflammation appears to be particularly promising as an

additional pathway by which statins may act on clinical endpoints®. Randomized trials
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specifically designed to estimate the importance of these pathways would attenuate the risk

that results are biased by confounding by indication.

There might be very important implications if it were confirmed that an important
portion of the mechanisms relating statin use to reduced mortality and improved cardiovascular
health are cholesterol-independent. Notably, this might suggest that statin medication could be
pursued in patients not achieving any LDL reduction and still yield a reduction in CVD and

mortality risks. New populations that might benefit from statins might also be identified.
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