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Abstract

Objectives: To determine how marginal structural models (MSMs), which are increasingly used to estimate causal effects, are used in
randomized clinical trials (RCTs) and compare their results with those from intention-to-treat (ITT) or other analyses.

Study Design and Setting: We searched PubMed, Scopus, citations of key references, and Clinicaltrials.gov. Eligible RCTs reported
clinical effects based on MSMs and at least one other analysis.

Results: We included 12 RCTs reporting 138 analyses for 24 clinical questions. In 19/24 (79%), MSM-based and other effect estimates
were all in the same direction, 22/22 had overlapping 95% confidence intervals (Cls), and in 19/22 (86%), the MSM effect estimate lay
within all 95% ClIs of all other effects (in two cases no CIs were reported). For the same clinical question, the largest effect estimate from
any analysis was 1.19-fold (median; interquartile range 1.13-1.34) larger than the smallest. All MSM and ITT effect estimates were in the
same direction and had overlapping 95% ClIs. In 71% (12/17), they also agreed on the presence of statistical significance. MSM-based effect
estimates deviated more from the null than those based on ITT (P = 0.18). The effect estimates of both approaches differed 1.12-fold (me-
dian; interquartile range 1.02-1.22).
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Conclusions: MSMs provided largely similar effect estimates as other available analyses. Nevertheless, some of the differences in ef-
fect estimates or statistical significance may become important in clinical decision-making, and the multiple estimates require utmost atten-
tion of possible selective reporting bias. © 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Randomized clinical trials (RCTs) are usually the best
way to estimate causal effects of treatments. RCTs allow
to measure the causal effect of being assigned to a treat-
ment using the intention-to-treat (ITT) approach [1], and
they may allow to estimate the effect of initiating and
continuously being adherent to the treatment using the
“per protocol” (PP) or “as treated” (AT) approach [2].

Trials may be designed to answer clinical questions about
the practical consequences of deciding to initiate a treat-
ment, such as prescribing an antibiotic, beginning a lifestyle
intervention, or a treatment that requires good adherence.
Ideally, the decision to initiate a treatment (the “intention
to treat™) is followed by an actual start of the treatment with
close adherence to the trial protocol. Randomization makes
confounding random, and this hopefully improves the chan-
ces of getting valid estimates of effects of such decisions
[3—5]. Such trials focusing on health care decision-making
are often pragmatic or practical [4]. Explanatory or mecha-
nistic trials aim to better understand the underlying causal
pathways of the decisions, such as biological mechanisms
of treatments. For such research questions, PP analyses
(evaluating only patients who adhere to their assigned treat-
ment and the clinical trial instructions as defined in the study
protocol [2]) or AT analyses (evaluating patients according
to the treatment they received, not the treatment they were
assigned to [2]) may be of specific interest. They are often
used to estimate the PP effect, i.e., “the causal effect of treat-
ment that would have been observed if all individuals had
adhered to their assigned treatment as specified in the proto-
col of the experiment” [6].

The conceptual difference of ITT and PP effects (or esti-
mands) has gained more attention for clinical trial design
recently, e.g., through the ICH E9 (R1) addendum on esti-
mands [7]. With perfect adherence to the assigned treatment
strategy and study protocol, results from ITT, PP, and AT an-
alyses would be identical. Compared to results from PP and
AT analyses, those from ITT analyses can theoretically pro-
vide unbiased estimates of the randomly assigned treatment
regardless of the adherence [2], but they may increasingly
deviate from results from PP and AT analyses with
increasing nonadherence. The reasons for adherence are
frequently not random but associated with prognostic factors
(e.g., sicker patients may have more difficulties to follow the
intended treatment schedule, or they may be more motivated
to adhere to the treatment). When there are confounding

factors that are associated with both adherence and the
outcome of interest, unadjusted PP or AT analyses would
be biased. Such confounding factors may be prognostic fac-
tors available at baseline, such as age, disease stage, or pref-
erences and values of patients. Standard statistical
approaches adjusting for such variables at baseline may, at
least theoretically, address some of this confounding. How-
ever, there are often confounders that change over time,
i.e., time-varying confounders, such as patient characteristics
(e.g., body weight) or even the treatment that the study aims
to explore [2,8]. This can, e.g., be a demanding workout
intervention that some participants adhere to and some do
not, e.g., because they are unsatisfied with its effect on
weight. In such cases, standard approaches for confounder
control could be inappropriate [9]. Marginal structural model
(MSM) analyses are used to adjust for confounding in obser-
vational research [9,10], and they can address time-varying
confounding. If the relevant confounders are known,
measured, and adequately implemented in the modeling
[9], MSMs should theoretically allow to provide valid esti-
mates of PP effects and also ITT effects.

Beyond conceptual considerations and frameworks,
there is to our knowledge no comprehensive empirical eval-
uation of using MSM analyses in clinical trial research. We
conducted a meta-epidemiological analysis aiming to sys-
tematically identify situations where MSM analyses have
been used in RCTs, understand why these analytical ap-
proaches were chosen, how answers to clinical questions
agree between these different clinical trial analysis ap-
proaches, and how this may impact health care decision-
making [11]. We specifically focused on the relationship
of MSM-based results and results from ITT analyses.

2. Methods
2.1. Search

We conducted four separate searches. First, we searched
PubMed using textwords related to MSMs (including
“IPTW” or “inverse probability’’) and the medical subject
heading for MSMs applying the Cochrane sensitivity- and
precision-maximizing RCT filter [12] (Web Appendix 1).
Second, we used the citation search function in Web of Sci-
ence to screen the titles and abstracts of all articles cited by
potentially relevant studies identified through the PubMed
search. Third, we screened all references and citations of
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What is new?

Key findings
e MSMs typically provided largely similar results as
ITT and other available analyses.

e Some of the differences in effect estimates or nom-
inal significance may nevertheless become impor-
tant in clinical decision-making but also require
utmost attention of possible selective reporting
bias.

What this adds to what was known?

e Despite conceptual differences, results from mar-
ginal structural modeling and intention-to-treat an-
alyses often came to similar conclusions in clinical
trials.

e The spread among numerous reported effect esti-
mates for the same outcome, even within conven-
tional analyses, can sometimes be substantial,
and incremental benefits of complex analyses such
as marginal structural models may be neutralized
without maximal transparency and safeguards to
avoid selective reporting bias

What is the implication and what should change

now?

e Marginal structural modeling may provide helpful
insights and different perspectives on treatment ef-
fects in the analysis of randomized controlled tri-
als. Introduction of such complex methods
require more detailed and strict measures as safe-
guards to avoid research-associated biases such
as selective reporting. Otherwise, possible theoret-
ical advantages may be entirely neutralized.

12 key references (selected by expert opinion of the authors
group) in the field of MSMs [13—24]. Fourth, we also used
and updated the search strategy from a related ongoing
project in which we compared the effect estimates from
nonrandomized studies using MSMs with those from sys-
tematically identified RCTs not using MSMs. On
title—abstract level, we considered any study reporting on
MSMs or using any form of inverse probability weighting
as potentially relevant. All full-text publications were as-
sessed by two independent reviewers (H.E., and either
A.L. or B.S.), and disagreements were resolved by discus-
sion or with a third reviewer (L.G.H.).

2.2. Selection of studies

We included any RCT (including reanalyses of RCTs)
that reported the effect estimates of any health care

intervention analyzed using MSMs and at least one effect
estimate from an ITT, AT, or PP analysis. We relied on au-
thors’ definitions of analysis approaches (including specifi-
cation of ITT, e.g., modified ITT or ITT for sensitivity
analysis). When we were unsure whether a reported effect
estimate was analyzed using MSM analysis, ITT, or another
approach, we asked authors by email for clarification. We
contacted authors of 54 trials, in which the use of MSM
analysis was not clearly stated but alluded to, to clarify
whether or not MSM analysis was used at all and also if
it was used to analyze the randomized treatment compari-
son (response rate 52%). For 23 effect estimates from 8
RCTs [25—32] where we could not clearly determine the
ITT effect estimate, we contacted the trial authors for clar-
ification (response rate 88%). We did not verify the meth-
odology of these approaches but relied on the reported
description of the methods in the articles or responses to re-
quests, i.e., when the authors described their approach us-
ing the words ‘““marginal structural models,” “intention to
treat,” “‘as treated,” “‘per protocol,” or semantic variations
thereof. No other eligibility criteria were applied.

For each eligible RCT, we searched the first publication
reporting the results of the primary endpoint (typically the
“main” publication). We also searched trial protocols and
asked the main study authors to confirm or send us the pro-
tocol or information on its retrieval. The protocols were
used to understand why MSM approaches were chosen,
to obtain supplemental information on prespecification of
analyses and to clearly determine the primary outcomes
(e.g., by evaluating details of the sample size calculation).
To identify these publications, two reviewers (H.E. and
B.S.) independently screened the reference lists of the
MSM publications, trial homepages, PubMed, and
Clinicaltrials.gov.

2.3. Data extraction

From each eligible RCT, we selected all clearly MSM-
based effect estimates on any outcome using any metric
(in one case [33], both risk difference and hazard ratio were
reported and we extracted only the hazard ratio). For each
reported MSM-based effect estimate, we identified any cor-
responding non-MSM-based effect estimate in the same pub-
lication and the main trial publication (where applicable)
that was based on the same clinical question (i.e., popula-
tion, intervention, control, and outcome) and follow-up time-
point (allowing for up to 12 months deviance). We
specifically identified any effect estimate from ITT and other
analyses such as analyses reported as ““per protocol” or “‘as
treated.” We extracted the MSM-based and corresponding
non-MSM-based effect estimates (with 95% confidence in-
tervals [CIs]), and details on the analysis approaches. For
two clinical questions of one trial with continuous outcomes,
there was no between-group difference and we calculated it
using the reported changes from baseline [34,35]. We ex-
tracted the effect estimates for the overall trial population
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where possible. In one case, we extracted the results for two
mutually exclusive subpopulations (aspirin users and nonus-
ers) as no MSM effect estimate was reported for the overall
population [28]. In three other cases, the MSM-based effect
estimate was only reported for a subpopulation of the main
trial [27,36,37], and we only used non-MSM analyses for
the same subpopulation.

We extracted general trial characteristics and determined
the primary endpoint and whether an MSM analysis was
prespecified according to the protocol or clear statements
in the study publications. To determine why MSM analyses
are used in RCTs, we extracted any statements on the au-
thors’ motivations for using MSMs.

2.4. Data analysis

For each eligible trial and outcome, we specifically
juxtaposed MSM-based with ITT-based results and MSM-
based with any other results.

First, using the results from all available analyses, we as-
sessed how frequently treatment effect estimates reported
from MSM and other analyses were in the same or in oppo-
site directions, how often there was no overlap between the
95% Cls of the results, and how often the MSM-based ef-
fect estimate lay within the 95% CI of the other effect es-
timates. We also determined the overall vibration of
treatment effect estimates per clinical question, i.e., the
spread between the largest and smallest effect sizes (on a
relative risk [odds ratio or hazard ratio] scale) derived from
different analytical methods on the same clinical question
[38,39]. The vibration was determined excluding two trials
that only had effect estimates for continuous outcomes.

Second, to specifically focus on MSM- vs. ITT-based re-
sults across all clinical questions, we selected the main
MSM- and main ITT-based effect estimates for each clin-
ical question. When multiple variations of such effect esti-
mates were reported, we selected the one described as
“main” or “primary” (in the MSM publication for the
MSM-based effect estimate and in the main publication
for the ITT effect estimate). When this was unclear, we
selected the one first mentioned in the abstract (or in the re-
sults section, if none were mentioned in the abstract).

Third, to specifically compare the MSM- and ITT-based
results on a trial level, we selected one main clinical question
of each trial. When there were multiple clinical questions on
different outcomes in the same trial, we selected the primary
outcome or, if unclear, the one first mentioned. For two tri-
als, we selected two clinical questions (one trial compared
two interventions with one control [40] and another used
MSMs for two mutually exclusive subpopulations [28]).

We determined if MSM-based relative risk estimates for
binary outcomes deviated more or less from the null, i.e.,
were more or less extreme than ITT-based effect estimates.
We tested if one approach more frequently provided more
extreme effect estimates than the other with the test for
one proportion [41]. We then determined the ratio of these

deviations from the null with MSM versus ITT analysis (by
calculating the difference between the deviations on the log
scale and then back transforming to a relative risk scale).
For example, when the relative risk estimates are 0.5 and
2.0 with the two approaches, the differences from the null
are identical and the ratio of the deviations is onefold. A ra-
tio of >1 indicates more extreme effect estimates for
MSM-based results.

Finally, we determined how similar the estimates of
MSM vs. ITT analyses are using the ratio of the estimated
relative risks (by calculating the absolute difference be-
tween MSM- and ITT-based effect sizes on the log-scale).
For example, if the relative risk estimates are 0.5 and 2.0
with the two approaches, the ratio of the estimated relative
risks is fourfold. This ratio is > 1 by definition as it reflects
the absolute difference between both estimates.

We also determined if MSM-based relative risk esti-
mates were more or less precise than ITT-based effect esti-
mates by calculating the ratio of standard errors of both
approaches.

We considered hazard ratios or risk ratios equivalent to
odds ratios, when odds ratios were not available. The
approximation is sufficiently accurate for modest event
rates as those observed in the eligible trials. We used Stata
14.2, R 3.3.2, and Excel 14.0 for all analyses.

2.5. Patient and public involvement

No patients/public were involved in this research.

3. Results

The search yielded 4372 records (last searched 19 May
2017), 176 were assessed in full text. We included 14

12 key articles, their
references, and citations
(Web of knowledge 19
May 2017) (n=3976)

Search on PubMed
(last search 19 May
2017) (n=396)

Records screened in
duplicate (n=4372)

Records excluded on title/abstract
level (n=4196)

Full-text publications
assessed in duplicate
for eligibility (n=176)

Excluded (n=162)

- Database duplicates (n=36)

- No RCT (n=35)

- No or not clearly MSM (n=49)

- MSM-analysis not based on
randomized comparison (n=40)

- No non-MSM-based effect (n=2)

14 publications with MSM-
based results (12 RCTs)

Fig. 1. Study flow. Abbreviations: MSM, marginal structural models;
RCT, randomized controlled trial.
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Table 1. Characteristics of included studies
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Outcomes with MSM-
based results analytic

Total number of
pertinent clinical

RCT No. randomized Patients’ condition Intervention and control approach (n) questions
ACTG 320° 1156 HIV positive, HAART (Zidovudine and  AIDS or death 11
[29,42] immunosuppressed, Lamivudine plus (primary)
ART-experienced Indinavir) vs. CART MSM (8)
patients (Zidovudine and ITT (3)
Lamivudine)
ARISTOTLE 18,201 (using Atrial fibrillation (in Apixaban vs. Warfarin Stroke or systemic 6
[28,43,44] aspirin at BL: aspirin users and embolism (primary,
5632) nonusers) subgroups only)
MSM (1)
ITT (2)
Major bleeding
MSM (1)
As treated (2)
18,201 (not using Stroke or systemic 6
aspirin at BL: embolism (primary,
12,569) subgroups only)
MSM (1)
ITT (2)
Major bleeding
MSM (1)
As treated (2)
CALERIE 220 Healthy, young- and Calorie restriction RMR (primary) 6
[34,35] middle-aged (behavioral approach MSM (1)
nonobese men and with dietary ITT (2)
women modifications) vs. no Core temperature
calorie goal (no (primary)
dietary or behavioral MSM (1)
counseling) ITT (2)
Kisumu?® 2784 Uncircumcised, HIV- Immediate vs. delayed HIV incidence 6°
[25,26,45] negative young men circumcision (primary)
MSM (1)
As treated (2)
Herpes simplex virus 2
incidence
MSM (1)
As treated (2)
Negoro/ 398 (MSM analysis Stage I1IB lung cancer Irinotecan hydrochloride ~ Overall survival 4
Yamaguchi only for 2 of 3 (NSCLC) vs. cisplatin (primary)
[36,46]° groups with 266 MSM (1)
patients) ITT (3)
PHS?[30,32,47]1 22,071 Male physicians Aspirin vs. placebo Cardiovascular 10
mortality (primary)
MSM (3)
ITT (4)
As treated (3)
PointBreak 939 Stage “Pemetrexed/ Overall survival 6
[48—50] I1IB or IV lung cancer Carboplatin/ (primary)
(NSCLC) Bevacizumab MSM (3)
followed by ITT (3)
maintenance
Pemetrexed/
Bevacizumab’ vs.
“Paclitaxel/

Carboplatin/
Bevacizumab
followed by
Maintenance
Bevacizumab”

(Continued)
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Table 1. Continued
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Outcomes with MSM-
bhased results analytic

Total number of
pertinent clinical

RCT No. randomized Patients’ condition Intervention and control approach (n) questions
PREDIMED? 7447 (non-diabetic Risk factors for CVD Mediterranean diet Type 2 diabetes 12
[27,40] subgroup: 3833) supplemented with mellitus incidence
extra-virgin olive oil MSM (1)
vs. advice on a low-fat ~ ITT (11)
diet
Mediterranean diet Type 2 diabetes 12
supplemented with mellitus incidence
nuts vs. advice on a MSM (1)
low-fat diet ITT (11)
Ranapurwala 1660 (70 Recreational scuba Checklist vs. no Any diving mishap 18
[51] randomized units) divers checklist (primary)
MSM (2)
ITT (2)
Per protocol (2)
Major diving mishaps
MSM (2)
ITT (2)
Per protocol (2)
Minor diving mishaps
MSM (2)
ITT (2)
Per protocol (2)
Tunis/Faries 664 (MSM analysis Patients with Olanzapine vs. “fail- Change in brief 9
[37,52] only for 2 of 3 schizophrenia or first’" algorithm on psychiatric rating
groups with 443 schizoaffective conventional scale (primary)
patients) disorder MSM (1)
ITT (2)
On drug (4)
Epoch (2)
WHI?[33,53,54] 16,608 Postmenopausal women  Estrogen-plus-progestin Coronary Heart 7
with intact uterus vs. placebo Disease (primary)
MSM (1)
ITT (2)
Invasive breast cancer
incidence
MSM (1)
ITT (3)
WHS? 39,876 Female health Aspirin vs. placebo Major cardiovascular 25
[31,55,56] professionals events (including

myocardial
infarction, stroke,
cardiovascular
disease mortality)
(primary)

MSM (1)

ITT (4)

As treated (2)

On drug (1)

Myocardial infarction

MSM (1)

ITT (3)

As treated (1)

On drug (1)

Stroke

MSM (1)

ITT (3)

As treated (1)

On drug (1)

(Continued)
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Table 1. Continued

Total number of
pertinent clinical
questions

Outcomes with MSM-
based results analytic

RCT No. randomized Patients’ condition Intervention and control approach (n)

Cardiovascular
disease mortality

MSM (1)

ITT (3)

As treated (1)

Abbreviations: ACTG 320, AIDS Clinical Trial Group; AIDS, acquired immune deficiency syndrome; ARISTOTLE, Apixaban for Reduction in
Stroke and Other Thromboembolic Events in Atrial Fibrillation trial; AS, as treated; CALERIE, Comprehensive Assessment of the Long-term Effects
of Reducing Intake of Energy; CVD, cardiovascular disease; HIV, human immunodeficiency virus; EVOO, extra-virgin olive oil; ITT, intention to treat;
MSM, marginal structural models; PHS, Physicians’ Health Study; PP, per protocol; PREDIMED, Primary Prevention of Cardiovascular Disease with

a Mediterranean Diet; Sens., sensitivity analysis; WHI, Women’s Health Initiative; WHS, Women'’s Health Study.

@ Trial stopped early.

® The main publication is based on 2-year follow-up (effect estimates not considered).

¢ The original study population were patients with untreated NSCLC stage I11B and IV; however, MSM-based results are only available for stage
|11 patients. Also, the study compared 3 treatment arms of which 2 were different doses of Irinotecan. As MSM-based results were only available for
the clinical question with the lower-dose Irinotecan (60 mg m~2), we do not present the third arm (100 mg m~32).

publications reporting results of 12 RCTs with a median of
1972 included patients (interquartile range [IQR] 870 to
17,006) (Fig. 1; Table 1). They were published between
2002 and 2016 (median 2013). Six of the 12 RCTs stopped
early, 4 for benefit [32,40,42,45] and 2 for harm [31,53].
The studies evaluated treatment effect estimates of aspirin,
anticoagulation, hormone therapy, anticancer drugs, timing
of circumcision, antiretrovirals, dietary interventions, anti-
psychotics, or prevention of mishaps. In 6 of 12 RCTs,
the control was inactive, i.e., placebo [31,32,53], no inter-
vention [34,51], or delayed intervention [45]. They reported
outcomes related to cardiology [31,32,43,53], oncology
[46,48,53], infectious diseases [29,42,45], diabetes [27],
psychiatry [52], gerontology [34], and physical education
[51] (Table 1). Double blinding was reported in 6 of 12
RCTs [31,32,42,43,45,53].

For 8 RCTs, we identified a protocol [31,32,34,40,43,53]
or design paper [42], and only in one of them, we found a
clear prespecification of MSMs [34] (Web Appendix 2).
The first or last author of the publication presenting
MSM-based results also co-authored the main and, where
available, the protocol publication for 9 of 12 trials
[42,48,53]. The MSM publication was published a median
of 3 years after the main trial publication. The stated moti-
vations for applying MSMs were diverse: MSMs were used
to adjust for “time-dependent” or ‘‘time-varying” con-
founding [26,28—30,33,35—37,49,55,57], ‘“‘noncompli-
ance” or ‘“‘nonadherence” [28,29,33,35,51,55,57], ‘“loss
to follow-up™ [26], treatment switching [37], second-line
treatment [36], and ‘“‘to analyze the data as if it were from
an observational study rather than a randomized, controlled
trial” [27] (Web Appendix 2). All RCTs reported fitting a
form of Cox or logistic model, 4 reported the use of several
models; 11 of the 12 RCTs reported inverse probability
weighting, the other RCT [28] reported only “weighting”
in relation to MSMs (further details in Web Appendix 3).

Across the 12 RCTs, we identified 24 clinical questions
(median 6; IQR 3 to 7 per question). Overall, 138 analyses
were reported for these 24 questions of which 38 were
MSM based (including sensitivity analyses, “‘crude’ and
adjusted analyses, different censoring, and different forms
of MSMs). For 20 of the 24 clinical questions, there were
ITT analyses reported (in 11 RCTs), AT analyses for 9 (4
RCTs), PP analyses for 3 (1 RCT), and other analyses for
5 (2 RCTs) (Fig. 2). Twenty-one clinical questions had bi-
nary outcomes, and 3 clinical questions (2 RCTs) had
continuous outcomes.

Two analyses using MSMs were clearly prespecified (1
trial), and 4 analyses using MSMs were explicitly described
as ‘“‘sensitivity analysis” (2 trials). MSMs were used to
evaluate the primary endpoint in 11 of the 12 RCTs.

3.1. Overall relationship of treatment effect estimates

Across all 24 clinical questions, the MSM-based results
and those from any other reported analyses were all in the
same direction in 19 of 24 cases (79%), overlapped with all
of the 22 available 95% CIs (100%), and the MSM-effect
estimate lay within the 95% ClIs of all other effect estimates
in 19 of 22 cases (86%).

Among the 123 analyses reported for 21 clinical ques-
tions with binary outcomes, the median spread between
the largest and smallest effect estimates was 1.19 on a rela-
tive risk scale, i.e., the largest effect estimate was 1.19-fold
(median; IQR 1.13 to 1.34; Table 2) larger than the
smallest.

3.2. Relationship of MSM- and ITT-based results

MSM- and ITT-based results were all in the same direction
across all 20 available clinical questions (100%; Table 2).
Their CIs overlapped in all 18 cases with available CI
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Fig. 2. Overview of results from different analyses for the same clinical question (population, intervention, control, outcome) for all 24 clinical
questions reported in the main publication and the publication with MSM results. Circles indicate effect estimates, and lines 95% confidence in-
tervals (in some cases not reported). Abbreviations: ACTG 320, AIDS Clinical Trial Group; AIDS, acquired immune deficiency syndrome; ARISTO-
TLE, Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation trial; AS, as treated; CALERIE, Comprehensive
Assessment of the Long-term Effects of Reducing Intake of Energy; CVD, cardiovascular disease; HIV, human immunodeficiency virus; EVOO,
extra-virgin olive oil; ITT, intention to treat; MSM, marginal structural models; PHS, Physicians’ Health Study; PP, per protocol; PREDIMED, Pri-
mary Prevention of Cardiovascular Disease with a Mediterranean Diet; Sens., sensitivity analysis; WHI, Women’s Health Initiative; WHS, Women'’s

Health Study; * unadjusted analyses.
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Table 2. Relationship of effect estimates per outcome
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Vibration of treatment effect

estimates: Spread of lowest vs.
highest relative risk estimate
across all reported

Ratio of the relative risks
with MSM and ITT?
(x-fold difference

Ratio of deviations from the
null with MSM and ITT (x-fold more
extreme effect

Clinical question analyses” estimates with MSM)** between effect estimates)
ACTG 320: AIDS or death 1.13 1.11 1.11
ARISTOTLE (Aspirin nonusers): Major Bleeding 1.05 NA NA
ARISTOTLE (Aspirin users): Major Bleeding 1.04 NA NA
ARISTOTLE (Aspirin nonusers): Stroke or 1.02 0.98 1.02
systemic embolism
ARISTOTLE (Aspirin users): Stroke or systemic 1.24 1.22 1.22
embolism
Kisumu: HIV incidence 1.18 NA NA
Kisumu: HSV-2 incidence 1.14 NA NA
Negoro/Yamaguchi: Survival 1.03 0.97 1.03
PREDIMED (EVOOQ): Incidence type 2 diabetes 2.09 0.99 1.01
mellitus
PREDIMED (Nuts): Incidence type 2 diabetes 1.86 0.99 1.01
mellitus
PHS: CVD mortality 1.42 1.3 1.3
PointBreak: Overall survival 2.06 1.12 1.12
Ranapurwala: All mishaps 1.18 1.18 1.18
Ranapurwala: Major mishaps 1.19 1.16 1.16
Ranapurwala: Minor mishaps 1.19 1.19 1.19
WHI: Coronary heart disease 1.37 1.31 1.31
WHI: Invasive breast cancer 1.34 1.33 1.33
WHS: CVD mortality 1.24 1.24 1.24
WHS: Major CVD events 1.15 0.98 1.02
WHS: Myocardial infarction 1.09 1.09 1.09
WHS: Stroke 1.19 0.98 1.02
Tunis/Faries: change in BPRS NA NA NA
CALERIE: Resting metabolic rate NA NA NA
CALERIE: Core Temperature NA NA NA

Median (IQR) or total (%)

Median (IQR) or total (%) (main outcomes only)

1.19 (1.13 to 1.34)¢

1.21 (1.15to 1.53)

1.12 (0.99 to 1.22) 1.12 (1.02 to 1.22)

1.11 (0.98 to 1.20) 1.11 (1.02 to 1.20)

Abbreviations: ACTG 320, AIDS Clinical Trial Group; AIDS, acquired immune deficiency syndrome; ARISTOTLE, Apixaban for Reduction in
Stroke and Other Thromboembolic Events in Atrial Fibrillation trial; CALERIE, Comprehensive Assessment of the Long-term Effects of Reducing
Intake of Energy; Cl, confidence interval; HIV, human immunodeficiency virus; CVD, cardiovascular disease; EVOO, extra-virgin olive oil; 1QR,
interquartile range; ITT, intention to treat; MSM, marginal structural models; NA, not applicable; PHS, Physicians’ Health Study; PREDIMED,
Primary Prevention of Cardiovascular Disease with a Mediterranean Diet; WHI, Women’s Health Initiative; WHS, Women’s Health Study.

@ Dichotomous outcomes only.
® No 95% CI for the MSM-based result reported.
No 95% CI for the MSM-based nor the ITT-based result reported.

c
4 The median (IQR) excluding sensitivity analyses is 1.17 (1.08 to 1.24).
e

>1 indicates more extreme effect estimates for MSM-based results.

information (100%), and the MSM effect estimate lay within
the 95% CI of ITT effect estimates in 16 cases (89%). Twelve
of 17 (71%, 3 cases with at least 1 CI missing) had both the
same direction of effect estimate and were both nominally sig-
nificant or both nominally nonsignificant (i.e., both 95% ClIs
included the null or not; Table 2).

MSM-based effect estimates were more extreme in 13 of
20 clinical questions (65%) and in 7 of 20 (35%), and ITT-
based effect estimates were more extreme (P = 0.18). The me-
dian deviation from the null of the MSM-based effect esti-
mates was 1.35 (IQR 1.19 to 1.59) and of ITT effect
estimates 1.24 (IQR 1.10 to 1.29) on a relative risk scale. On
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MSM and ITT effect
estimates in
same direction

MSM and ITT
effect estimates with
same stat. significance

MSM and ITT
effect estimate
Cl overlapping

MSM effect
estimate within
Cl of ITT
effect estimate

Yes
NA (no ITT effect estimate)
NA (no ITT effect estimate)

Yes

Yes

NA (no ITT effect estimate)
NA (no ITT effect estimate)
Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes: 20/20 (100%)
No: 0/24 (0%)

Yes: 13/13 (100%)
No: 0/13 (0%)

Yes
NA (no ITT effect estimate)
NA (no ITT effect estimate)

Yes

Yes

NA (no ITT effect estimate)
NA (no ITT effect estimate)
Yes
Yes

Yes

Yes
N Ab
No
No
Yes
No
Yes
Yes
Yes
Yes
No
No
NA®
NA®

Yes: 12/17 (71%)
No: 5/17 (29%)

Yes: 8/11 (73%)
No: 3/11 (27%)

Yes
NA (no ITT effectestimate)
NA (no ITT effect estimate)

Yes

Yes

NA (no ITT effect estimate)
NA (no ITT effect estimate)
Yes
Yes

Yes

Yes
NA®
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
NA®
NA®

Yes: 17/17 (100%)
No: 0/17 (0%)

Yes: 11/11 (100%)
No: 0/11 (0%)

Yes
NA (no ITT effect estimate)
NA (no ITT effect estimate)

Yes

Yes

NA (no ITT effect estimate)
NA (no ITT effect estimate)
Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
No

No

Yes
Yes
Yes
Yes
Yes
NA®
NA®

Yes: 16/18 (89%)
No: 2/18 (11%)

Yes: 11/12 (92%)
No: 1/12 (8%)

average (median), the ratio of these deviations indicated 1.12-

ITT-based effect estimates

were more extreme

fold more extreme MSM-based effect estimates than the cor-
responding ITT effect estimates (IQR 0.99 to 1.22; Table 2).

When analyzing only the 13 main clinical questions,
MSM-based effect estimates were more extreme than
ITT-based effect estimates in 7 questions (54%). In 46%,

(P = 0.78). The median deviation from the null of the
MSM-based effect estimates was 1.39 (IQR 1.19 to 1.69)
and of ITT effect estimates 1.24 (IQR 1.15 to 1.34). Here,
MSM-based effect estimates were 1.11-fold more extreme
(IQR 0.98 to 1.20; Table 2).
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The absolute ratio of the estimated relative risks from
MSM and ITT was 1.12-fold (IQR 1.02 to 1.22; Table 2),
i.e., half of the MSM-based effect estimates deviated at
least 1.12-fold from ITT effect estimates. Among the 11
main clinical questions, this was 1.11-fold (IQR 1.02 to
1.20; Table 2). Details of original study effect estimates
from main MSM- and ITT-based analyses of the 12 trials
are in Web Appendix 4.

The precision of effect estimates from MSM and ITT
was very similar (median ratio of standard errors 1.01-
fold; IQR 1.00 to 1.04).

4. Discussion
4.1. Principal findings

In this empirical analysis, we found 12 trials with 138
effect estimates for 24 clinical questions that reported re-
sults from MSM-based and conventional analyses
(Fig. 2). The main motivations for using MSMs were
related to time-varying confounding including nonadher-
ence. The differences between MSM-based and other effect
estimates, including ITT effect estimates, were typically
within chance, and the effect estimates were in the same di-
rection. However, the quantitative differences across re-
ported effect estimates even within the same trial for the
same outcome and the same author groups using different
methods can be substantial sometimes. The MSM used in
the context of these trials does not consistently yield more
extreme effect estimates than ITT. Overall, MSM and ITT
effect estimates were similar, and the absolute difference
was less than 1.12-fold in half of the clinical questions.
However, although a difference of 1.12-fold may be modest
for some outcomes, it may be clinically very meaningful
for others (e.g., death).

The substantial vibration between effect sizes from
different analytic methods may be of less relevance for clin-
ical decision-making in the context of these trials as all ef-
fect estimates had the same direction. However, when
quantifying effect estimates and their ClIs across several
studies (e.g., in meta-analyses, health technology assess-
ments, or indirect clinical questions of treatment effect es-
timates), it may make a substantial difference on which
analysis method is chosen. When it comes to weighing ben-
efits and harms of treatments or informing shared decisions,
e.g., when relative risks are translated to numbers needed to
treat or harm, variations of effect sizes could matter.

There were on average 6 estimates of the very same
outcome (we explicitly searched for trials with at least 2 an-
alyses of the same outcome and many analyses were
explorative to demonstrate the analytic approaches). How-
ever, when publications offer several effect estimates for
one and the same outcome, it may be difficult for health
care decision-makers to know which to base their decisions
on. In one study, e.g., there were 11 ITT effect estimates,

and many studies had two or more ITT effect estimates.
The analyses for these estimates followed different ap-
proaches and had different degrees of statistical adjust-
ments (e.g., crude and adjusted for various covariates).
For the outcomes used here, we found for only 1 study
(CALERIE) a clear prespecification of the use of MSMs.
The authors clearly report their motivation to use MSMs
and state that they aimed to address the mechanistic ques-
tion ‘“What is the direct physiological effect of calorie re-
striction?”” [58]. Answering this kind of mechanistic
question (and clearly labeling it as such) is a very insightful
addition and may help to explore the theoretical impact of
the treatment under perfect conditions and to generate new
research hypotheses. This illustrates the potential value of
using MSMs for trials in different situations, as an MSM-
based PP effect estimate would be unbiased, albeit under
the strong assumptions that all confounders are known,
measured, and implemented correctly in the model.

For only 5 studies, we found a clear statement on the use
of ITT in their protocol or design publications. This could
add uncertainty to the interpretation of trial results [59,60].
In such a setting, the substantial vibration of effect estimates
can offer opportunities for sizable selective reporting biases.
Post hoc calculations of effect estimates may impact the
overall assessment of treatments substantially and further in-
creases the risk for misguided care or policy making. It is
also unknown how many additional analyses, with different
models and adjustments might also have been performed, yet
were not reported at all. Our findings highlight that mere
prespecification of the outcomes (and not specifically the an-
alyses thereof) in clinical trials may not be sufficient to pre-
vent selective reporting bias. Even when the results for an
outcome are reported for the same timepoint as prespecified
in protocols and trial registries, the results from various sta-
tistical approaches may provide different effect sizes and can
be selectively reported.

For one study, PREDIMED [40], we recently learned
that there may have been problems with the randomization
and that the main publication was retracted and corrected
[61]. The outcome we used from this study was, however,
not reported in this publication or its correction. Hence,
we do not know how our results would have been influ-
enced by this. We conducted a sensitivity analysis in which
we excluded PREDIMED and found no relevant changes
on our main results (data not shown).

Overall, the spread between the effect estimates from the
statistical analyses on the very same outcome was substan-
tial (1.19-fold). In the present sample of trials, the use of
MSMs was often an explorative approach. However, con-
ducting several analytical methods in addition to the pre-
specified analyses, especially methods as complex as
MSMs that give plenty of options for specification, could
increase the risk for selective reporting of only some of
the statistical analyses. Even when the approach itself
would be prespecified, statistical details of applying such
a complex approach may still affect the results. Various
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quality control procedure measures have been proposed to
prevent such selective outcome reporting [60].

4.2. Comparison with other studies

This is, as far as we know, the first meta-epidemiological
analysis comparing the results from causal modeling ana-
lyses with conventional analyses within trials across all med-
ical fields. Several empirical studies compared ITT and PP
analyses within one medical field or a specific time range
[62—64]. A reanalysis of an RCT evaluating interventions
for symptom management compared the conclusions from
ITT (without imputing missing data) with those from PP
analysis [62]. While the conclusions did not differ, the PP
analysis also indicated which intervention and dose strate-
gies affected symptoms [62]. A systematic review of RCTs
reporting both ITT and PP analyses on a primary binary
endpoint found effect estimates from PP analyses to be more
extreme and the ratio to ITT analyses varied greatly (0.39 to
2.53) [63]. In line with our findings, they concluded that pro-
tocol deviations can lead to systematic and unpredictable
bias and that a trial’s conclusion should not be based on
the effect estimate of either ITT or PP alone [63]. A meta-
epidemiological study compared the results from conven-
tional ITT analyses with those from modified ITT analyses
or non-ITT analyses. Similar to our results, they found that
the ITT results had less extreme effect estimates [65]. An
analysis of 200 randomized trials published in the high-
impact-factor journals in 2009 showed that primary
outcomes are often analyzed in different ways and that the
nominal statistical significance would change in about one
of five studies (18%), depending on the adjustment for strat-
ification variables and baseline characteristics [59].

4.3. Limitations

Our study has several limitations. First, we only identified
12 trials for which we had MSM-based and non-MSM-based
effect estimates and that focused on clinical decision-making.
Many of the excluded RCTs did not use MSMs to analyze the
randomized treatment comparison but merely used the trial
database to evaluate associations of nonrandomized exposures
or patient characteristics with outcomes.

Second, we encountered various different forms and de-
scriptions of MSMs, e.g., standard MSM [20], augmented
MSM, adaptively truncated MSM [49], MSM for binary
and continuous outcomes [37], using IPTW, IPCW, IPW,
G-estimation, adjusted or ‘“‘unadjusted** [51], censored at
different time points [29], and adjusted for different covari-
ates with or without two-way interactions between random-
ization status and each covariate [29]. Some of our included
studies even reported the results of multiple different forms
of MSMs within their study [29,30,49,51]. We also aimed
to obtain some details on the weighting, but overall we
were not able to explore the agreement between effect sizes
in relation to all these factors.

Third, we did not verify the analytic approaches and
relied on the authors’ descriptions of them. We also did
not try to assess the validity or quality of the methods
applied. There is to our knowledge no tool to allow an
assessment of the validity of the analyses. Also, the re-
porting is widely inconsistent, which makes proper classi-
fication from our side very difficult (see below). Although
we believe that the authors are probably the best experts
for their data and analyses and have correctly applied
the methods, classified, and described them, details of
the definitions may be inconsistent between different re-
ports [66].

Fourth, the trials that applied MSMs to analyze the ran-
domized treatment comparison were mainly very large and
highly cited (median citation count of main publications
1388 [IQR 142 to 2121; SCOPUS, 7 January 2018]). All
but 3 studies [34,46,51] were among the top 1% of the
related medical trial literature (“SCOPUS Citation Bench-
marking Compared to Medicine articles of same age and
document type”’; 1 study not found on SCOPUS and not
counted [52]). Many (5/12) trials were also discontinued
early, more frequently than in the typical clinical trial liter-
ature [67]. Hence, our sample appears not to be representa-
tive of all RCTs.

Fifth, we encountered problems with vague reporting of
the analysis methods used. For example, an analysis was
merely described as “conventional Cox model” and it was
unclear who was analyzed or how missing patient data were
imputed. Several terms are not globally defined, e.g., “pa-
tients evaluable for efficacy,” “intent-to-treat subset,” or
“population with observed cases.” This may confuse readers
as they have different meanings to different people [66].

Sixth, the reporting of adherence, protocol violations,
treatment switches, and missing data was typically not suf-
ficiently clear to allow us to consider this in further ana-
lyses. Frequent inconsistent reporting of ITT approaches
is well described and may also vary across medical fields
[66,68,69]. There is also no consensus on issues of missing
data related to ITT analyses—however, none of the study
authors reported “modified ITT” [65] analyses in our sam-
ple. As MSM-IPTW methodology becomes more widely
used and users may not be as experienced, the quality of
the methods used and choices such as the mean and range
of weight estimates and handling of extreme weights may
become important in shaping the exact results. We were
not able to explore the agreement between effect sizes in
relation to these factors.

Seventh, the application of MSMs in many studies was
for very different reasons. MSMs were sometimes applied
by highly experienced teams of biostatisticians who devel-
oped the approach and who conducted the analyses post
hoc for methodological demonstration purposes and not
with the direct intention to inform health care decision-
making. This further adds to the very limited generaliz-
ability of this small but, nevertheless, systematically
derived sample of trials.
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Eighth, there were only four trials reporting (non-MSM-
based) results from AT analyses, and only one trial report-
ing (non-MSM-based) results from PP analyses. We would
need more data to explore specific differences between
MSM-based estimates and the results from AT and PP
analyses.

Finally, for each outcome, we intended to extract infor-
mation indicating potential problems that may motivate au-
thors to use MSMs or other specific models. Although we
found statements that clearly indicated such issues, the re-
porting quality was very heterogeneous.

MSM analyses require more sophisticated modeling
than ITT analyses. It is difficult to prespecify and collect
the detailed high-quality data that are required for
analyzing all possible postrandomization confounders, such
as nonadherence [70]. Because patients’ preferences and
values leading to nonadherence are almost never included
in data collection, important confounders very likely
remain unmeasured and hence cannot be included in the
modeling. Therefore, probably, there is always some resid-
ual confounding bias even in MSM-adjusted effect esti-
mates. Furthermore, caution is required to prespecify
analyses where possible and apply strict safeguards to avoid
selective reporting or biases introduced by unblinded ana-
lyses. These limitations are less relevant in ITT analyses,
which do not require such adjustments and are more
straightforward to prespecify. Selective reporting bias
may have more impact on results used for decision-
making than using conceptually different statistical ap-
proaches per se. Without very detailed and strict measures
as safeguards to avoid research-associated biases such as
selective reporting, the theoretical value of this promising
approach may be entirely neutralized under current “‘real-
world” research conditions.

Overall, we conclude that MSM-based results in ran-
domized trials typically agreed with ITT and other conven-
tional analyses of RCTs. They may theoretically provide
very helpful insights and different perspectives on treat-
ment effects, especially when there are high rates of attri-
tion and nonadherence. However, there is a wide spread
across all reported effect estimates for the same outcome
that requires utmost attention and complex safeguards to
prevent selective reporting bias and related problems.
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