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Abstract

PURPOSE: In observational research, equipoise concerns whether groups being compared are 

similar enough for valid inference. Empirical equipoise was previously proposed as a tool to assess 

patient similarity based on propensity scores (PS). We extended this work for multi-group 

observational studies.

METHODS: We modified the tool to allow for multinomial exposures such that the proposed 

definition reduces to the original when there are only two groups. We illustrated how the tool can 

be used as a method to assess study design within three-group clinical examples. We then 

conducted three-group simulations to assess how the tool performed in a setting with residual 

confounding after PS weighting.

RESULTS: In a clinical example based on rheumatoid arthritis, 44.5% of the sample fell within 

the region of empirical equipoise when considering first-line biologics, whereas 57.7% did so for 

second-line biologics, consistent with the expectation that a second-line design results in better 

equipoise. In a simulation where the unmeasured confounder had the same magnitude of 

association with the treatment as the measured confounders and a 25% greater association with the 

outcome, the tool crossed the proposed threshold for empirical equipoise at a residual confounding 

of 20% on the ratio scale. When the unmeasured variable had a twice larger association with 
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treatment, the tool became less sensitive and crossed the threshold at a residual confounding of 

30%.

CONCLUSION: Our proposed tool may be useful in guiding cohort identification in multi-group 

observational studies, particularly with similar effects of unmeasured and measured covariates on 

treatment and outcome.
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INTRODUCTION

Pharmacoepidemiologists are often concerned with whether the exposure groups in an 

observational study are similar enough for unbiased causal inference. Lack of similarity can 

imply dangers of positivity violation1 and residual confounding from imperfectly measured 

and unmeasured variables. Statistical analyses alone cannot fully address these issues and 

design stage efforts2, such as the active comparator design3,4, are necessary. However, no 

well-accepted measure exists for deciding whether groups are similar enough, particularly in 

comparisons among three or more treatments.

Walker et al. introduced the concept of empirical equipoise5 in the setting of two-group 

comparative effectiveness research (CER). Empirical equipoise is a manifestation of 

underlying clinical equipoise6: a state of collective uncertainty among medical providers 

regarding the best treatment option for a specific patient population. In this circumstance, 

prescriber opinions, rather than patient characteristics, largely determine treatment choices5. 

A treatment assignment mechanism that is mostly independent of patient characteristics 

results in treatment groups that are similar and overlapping in covariates.

Since clinical equipoise pertains to prescriber opinions, it is not directly measurable in 

typical CER datasets such as administrative claims. Empirical equipoise is a measure of 

similarity of the distributions of potential confounders available in CER datasets and can be 

useful as a study design assessment tool7. To our knowledge, no such tool exists for studies 

with three or more groups even though multi-group CER is increasingly relevant due to the 

development of many treatment options for rheumatoid arthritis (RA)8, diabetes mellitus9, 

and atrial fibrillation10 to name a few. In this paper, we provide a detailed explanation of 

Walker et al.’s empirical equipoise tool, propose an extension to the multi-group CER 

setting, illustrate its face validity in empirical data, and examine its performance in 

simulations.

METHODS

Empirical equipoise assessment tool

Consider a two-group CER study. Let Ai be an indicator of the binary treatment for the i-th 

study participant, Xi a vector of potential confounders, and consider the following logistic 

model for the propensity score (PS), denoted ei:
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log
ei

1 − ei
= logit E[Ai Xi] = α0 + XiTαX

Walker et al. proposed a prevalence-adjusted version of PS, the preference score, denoted πi 

defined by:

log
πi

1 − πi
= log

ei
1 − ei

− log p
1 − p

where p is the marginal prevalence of treatment. The second term has the same form as the 

intercept adjustment for risk prediction from case-control data.11–13 Given this, the model 

for the preference score can re-written as:

log
πi

1 − πi
= α0 − log p

1 − p + XiTαX

Thus, the preference score considers treatment assignment in a hypothetical population with 

a treatment prevalence of 50% but for which the covariate effect on assignment remains the 

same as in the study population (eAppendix 1.2). If the covariates have no effect on the 

treatment assignment (i.e., αX = 0), the right-hand side reduces to zero, giving a preference 

score of 0.5 for every individual5. Solving the defining equation for the preference score 

gives:

πi =  

ei
p

1 − ei
1 − p +

ei
p

for which the numerator can be considered as an inverse prevalence scaled PS and the 

denominator can be seen as a normalizer to constrain πi within [0,1]. This transformation 

eliminates the influence of the treatment prevalence. For example, if the treatment is rare 

(small p), ei is generally small whereas πi is not because of the ei/p operation (small value/

small value).

Walker and colleagues proposed an assessment tool based on the proportion of each 

exposure group that falls within the central region of the preference score distribution [0.3, 

0.7] (i.e., 0.5 ± 0.2). Specifically, they proposed that having 50% or more of the subjects in 

this region indicates that the two drugs are in empirical equipoise.5 That is, the measured 

prognostic factors do not distinguish the users of one drug from the other, suggesting less 

danger of confounding by indication.

Extension to the multi-group setting

Here we propose an extension of the tool to settings where interest lies in comparing more 

than two treatments. Specifically, suppose there are J + 1 treatment groups so that Ai is a 

categorical variable taking on a value in {0, 1, …, J}. The generalized PS14 is defined as eji 

Yoshida et al. Page 3

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= P[Ai = j | Xi] for j ∈{0, 1, …, J} where ∑j eji = 1 for all i. One option for modeling the 

generalized PS is to adopt a baseline-category logit PS model15, defined by the following J 
linear predictors:

log
eji
e0i

= log
P[Ai = j Xi]
P[Ai = 0 Xi]

= α0j + XiTαXj for   j ∈ 1, …, J

Let pj (j = 0, …, J) describe the marginal prevalence of j-th treatment (∑j pj = 1) and πji 

denote the multinomial preference score defined for the treatment group j for the i-th 

subject. We propose the generalized preference score, defined by the following J equations:

log
πji
π0i

= log
eji
e0i

− log
pj
p0

  for   j ∈ 1, …, J

Solving these equations for πji using a constraint ∑jπji = 1 (eAppendix 2.1) gives:

πji =  

eji
pj

∑k = 0
J eki

pk

for j ∈ 0, 1, …, J

which can be interpreted as the generalized PS scaled by the corresponding group’s marginal 

prevalence.

In extending the definition of the region of empirical equipoise, the threshold value needs to 

account for the number of groups. Thus, we propose the generalized threshold as:

πji ≥   3
5

1
J + 1   for all j ∈ 0, 1, …, J

The threshold is 0.3 in the two-group setting and becomes more lenient with the number of 

groups, for example, 0.2 in the three-group setting. This is necessary because once there are 

four groups, no individual can have πji ≥ 0.3 for all four treatments (eAppendix 2.2). We 

note that an appealing feature of the proposed region is that it reduces to [0.3, 0.7] in the 

two-group case (eAppendix 2.3).

Data examples in the three-group setting

We use two observational datasets to demonstrate the face validity of the tool. We used 

ternary plots (eAppendix 3.1).16 The Partners Healthcare Institutional Review Board 

approved these analyses.

Non-steroidal anti-inflammatory drugs example—This example was an 

observational study of non-steroidal anti-inflammatory drugs (NSAIDs) taken from an 

original study of cardiovascular and gastrointestinal safety of analgesics among Medicare 

beneficiaries with osteoarthritis or rheumatoid arthritis (eAppendix 3.2).17 The dataset 

included 23,532 naproxen, 21,880 ibuprofen, and 5,261 diclofenac users. As they belong to 
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the same pharmacological class, we expected clinical equipoise. In Figure 1 (left panel), 

closeness to each corner indicates a high propensity for the corresponding group. The 

prevalence imbalance drove the center of the distribution away from the smallest diclofenac 

corner (right lower). Preference scores (Figure 1, right panel) re-centered the distribution. Of 

the entire cohort, 86.6 percent fell within the proposed region of empirical equipoise, 

suggesting feasibility of the three-way comparison. The individual covariates mostly gave 

absolute standardized mean distance (SMD) less than 0.1 (eFigure 1).18,19 Table 1 shows the 

myocardial infarction outcome analyses. The generalized PS approach, which we advocate 

in this paper, resulted in transitive results, whereas the pairwise PS approach, which is more 

commonly done, resulted in non-transitive results.

Biological disease-modifying anti-rheumatic drugs example—This example was 

an observational dataset of new users of biological disease-modifying anti-rheumatic drugs 

(bDMARDs) taken from original studies of cardiovascular safety among rheumatoid arthritis 

patients (eAppendix 3.3)20,21. We constructed a first-line bDMARDs cohort and a second-

line (switch) bDMARDs cohort after prior use of one of the five tumor necrosis factor 

inhibitors (TNFi). The most up-to-date recommendations list all bDMARDs as equally 

indicated,8,22 however, abatacept and tocilizumab were more typically employed after TNFi 

failure. Thus, we reasoned that first-line abatacept and tocilizumab users would be 

somewhat atypical patients.23 Thus, we expected better equipoise in the second-line design 

(eAppendix 3.3). We used this example to assess if the tool correctly identified the second-

line design as superior. In the first-line cohort, there were 2,260 abatacept, 645 tocilizumab, 

and 27,939 TNFi users. The second-line cohort had 475 abatacept, 187 tocilizumab, and 

1,277 second TNFi users (switch within TNFi). Only 44.5% of the first-line cohort fell in the 

proposed region of empirical equipoise (Figure 2, right upper panel), indicating a need to 

revise eligibility, for example, regarding comorbidities and prior drug use. Using the second-

line design (Figure 2, right lower panel) resulted in improvement with a higher proportion of 

the cohort (57.7%) falling in the proposed region of empirical equipoise although the 

second-line design did modify the clinical question. Absolute SMDs generally decreased, 

particularly for relevant risk factors such as oral glucocorticoids (eFigure 2). We could not 

pursue outcome analyses due to insufficient numbers of cardiovascular outcome events.

Simulation setup

We conducted a simulation study to examine the settings under which the proposed tool 

reflected the risk of residual confounding (R code at [to be posted at the time of 
publication]).

Data generating mechanism.—Details regarding the data generating models are 

provided in the eAppendix 4.1. Briefly, we generated covariates X1 through X7 of various 

types and used them to assign treatment Ai via a three-group multinomial logistic regression 

model. The coefficient for X7 took on values zero, half, same, or twice as large as the 

coefficients for X1- X6. The coefficients were then simultaneously increased (less equipoise) 

or decreased (more equipoise). The outcome Yi was generated as a count outcome using a 

log-linear model. The rate ratio (RR) for X7 was 1.2 (same as other covariates), 1.5, or 2.0. 

We handled X7 as an unmeasured continuous variable in the subsequent analysis.
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Methods to be evaluated.—The region of empirical equipoise was defined at the 

threshold of 0.2 as stated above. We examined two assessment rules of three-group empirical 

equipoise: (1) whether the proportion of those who were in the region of empirical equipoise 

in the entire sample was greater than 50% (overall proportion); (2) whether the minimum of 

three group-specific proportions was greater than 50% (group-specific proportion).

Estimands of interest.—The estimands were the RRs for groups 1 vs. 0, groups 2 vs. 0, 

and groups 2 vs. 1. We conducted unadjusted analysis as well as three PS-weighted analyses 

with inverse probability of treatment weights (IPTW)24, matching weights (MW)25,26, and 

overlap weights (OW)27–29. See eAppendix 4.2 for weight definitions.

Performance measures.—We examined the relationship between the residual 

confounding after PS weighting and the proportions in the region of empirical equipoise. 

The desired result was a decreasing trend in the proportions in the region with increasing 

residual confounding.

RESULTS

Figures 3 and eAppendix 5.1 summarize the results from scenarios with no correlation 

among covariates (ρ = 0) and approximately equal group sizes (33:33:33). The columns of 

panels correspond to PS weighting methods. The rows of panels correspond to the RR for 

the unmeasured X7. Focusing on the panel in the MW column and RR 1.5 row (third 

column, second row) in Figure 3, the X-axis represents the multiplicative bias in RR 

estimates, whereas the Y-axis represents the average proportion of the simulated cohorts 

within the region of empirical equipoise (overall proportion).

The relationship between the residual confounding after PS weighting and the overall 

proportion varied with the relative strength of association of X7 with the treatment (denoted 

by line types). Given an unmeasured confounder with a similar association with treatment 

(Same line type), having an overall proportion of 50% in the region of empirical equipoise 

(crossing of the horizontal 50% line) corresponded to residual confounding of roughly 1.2 

(20% upward bias in RR estimates). This indicates in a setting where the unmeasured 

factor’s treatment association is similar to those of measured factors and the outcome 

association is only modestly stronger (+25%), the empirical equipoise tool would give an 

alert (overall proportion would drop below 50%) once the residual confounding is greater 

than 20%. A proportion above 50% means less bias.

Still focusing on the same panel in Figure 3, the level of residual confounding at which the 

empirical equipoise tool gave an alert depended on the associations of X7 with the treatment 

and outcome. On the other hand, the type of PS weights (IPTW, MW, and OW) made little 

difference. When the relative treatment association of X7 was decreased to the lower 

extreme end (no unmeasured confounding; solid line), the tool became overly sensitive. That 

is, the 50% threshold was crossed without a corresponding increase in residual confounding. 

On the other hand, as we increased the association of the unmeasured variable X7 and the 

treatment to twice as large as the measured ones, the slopes became shallower. This means 

the tool became less sensitive to residual confounding, only crossing the 50% overall 
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proportion threshold at a residual confounding level of about 1.37. That is, the unmeasured 

variable increasingly had a stronger effect on treatment not represented by the association 

between measured variables and treatment.

We also varied the level of unmeasured confounding by changing the RR between the 

unmeasured variable X7 and the outcome (rows of panels; RR 1.2, 1.5, and 2.0). For 

example, decreasing the unmeasured variable-outcome association to the same level as the 

other variables (third column, top row in Figure 3) resulted in the tool giving an alert at a 

residual confounding of roughly 1.1 (more sensitive) when X7 had the same treatment 

association. When increasing the RR between the unmeasured variable X7 and the outcome 

to 2.0 (67% increase over measured variables), the tool gave an alert at a residual 

confounding of around 1.3 (less sensitive). When both associations were strong for the 

unmeasured variable X7, the 50% overall proportion threshold was crossed at a residual 

confounding of around 1.6. This means having barely 50% of the cohort in this region does 

not assure a small level of unmeasured confounding in this setting.

DISCUSSION

We extended Walker et al.’s tool5 for assessing simultaneous empirical equipoise among 

multiple treatment groups in CER. We demonstrated its face validity in empirical data and 

examined its performance in simulations with three groups. Our simulations showed that 

having at least 50% of the overall cohort in the region of empirical equipoise can give a 

reasonable assurance of relatively small magnitude of residual bias. However, in settings 

with a strong unmeasured variable (outcome association RR of 2.0) and a strong influence of 

the unmeasured variable on treatment choice (twice more on the logit scale), a relatively 

large residual bias went undetected by the 50% threshold. As a result, the tool was most 

useful when we could assume the unmeasured confounder had covariate-treatment 

associations similar in magnitude to the measured confounders.

There are several ways this empirical equipoise assessment tool could be useful in the 

implementation of multi-group CER. First, when several datasets are available for a specific 

multi-group CER question, the tool could indicate which dataset may suffer less from 

residual confounding as well as positivity issue. Second, when dealing with one dataset, the 

tool may help in choosing eligibility criteria although sample size issues may need to be 

taken into consideration. Thirdly, another potential change in the study design is to refrain 

from conducting all comparison if the groups do not achieve reasonable simultaneous 

empirical equipoise (e.g., if key covariates are highly imbalanced in one group but not in the 

others). In this case, dropping one or more groups from the comparison may identify a 

subset of groups in better equipoise.

Our tool is designed to assess feasibility7 of simultaneous multi-group comparison in a 

single outcome analysis dataset, which attempts to emulate30 one multi-arm RCT. However, 

when there are three or more groups, pairwise PS-matched or PS-weighted cohort 

construction is common. A drawback of the pairwise approach is that it produces multiple 

outcome analysis datasets, one for each pairwise comparison, attempting to emulate separate 

pairwise RCTs. The pairwise approach can suffer from non-transitivity.31 This loosely used 

Yoshida et al. Page 7

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



term can be understood by considering actual RCTs. Network meta-analysis (NMA)32,33 is 

another CER approach given multiple treatments of interest, which combines information 

from several, typically pairwise, RCTs to form indirect comparisons of drugs that have not 

been compared in head-to-head RCTs. When such a pairwise RCT does exist (direct 
comparison), non-transitivity can manifest.33 Assume drugs A, B, and C and respective 

pairwise RCTs, we can derive indirect comparison of A-B based on RCT A-C and RCT B-C 

(for example, A>B), which may qualitatively contradict direct comparison in RCT A-B (for 

example, A<B). Even though each pairwise RCT should have near-perfect covariate balance, 

differential distributions of treatment effect modifiers across pairwise RCT (different target 

populations) can cause non-transitivity.34 The fundamental issue is the lack of an A-B-C 

multi-group trial in a single target population, which necessitated NMA. The generalized PS 

approach attempts to emulate this type of trial. In our NSAIDs example (Table 1 last row), 

we had a pairwise hazard ratio (HR) of 0.894 for the diclofenac-naproxen comparison, 0.946 

for the ibuprofen-naproxen comparison. The indirect comparison for the third contrast 

(diclofenac-ibuprofen) is 0.894 / 0.946 = 0.945, a protective HR estimate. However, the 

direct pairwise analysis gave an HR of 1.006, a result on the opposite side of 1.0 (more 

formally the margin of error needs consideration35). Simultaneous empirical equipoise 

assessment followed by construction of a single PS weighted cohort avoided this issue as 

seen in Table 1.

There are differences between the context in which Walker et al. developed the original 

empirical equipoise tool5 and the context for our proposed tool. We considered the drugs of 

interest that we want to compare in the proposed multi-group CER as given. Walker et al. 
proposed the tool as a prioritization tool given a source dataset that contains information on 

the use of many drugs. They developed their tool to assess the empirical equipoise of all 

possible pairwise contrasts of groups for prioritization. On the other hand, we framed our 

problem in a setting where we already had several drugs of interest a priori, with several 

alternative data sources or alternative designs to choose from.

One further point to consider in implementation is what variables we should include in the 

PS model for preference score construction. The tool’s usefulness rests on the assumption 

that the presence of strong measured clinical determinants of treatments (e.g., past 

medications) can inform the presence of strong unmeasured clinical determinants of 

treatments (e.g., physical frailty). If prescribers are sensitive to measured clinical factors in 

treatment choice, it is not unreasonable to assume they are also sensitive to an important 

unmeasured clinical factor. On the other hand, we can reason that how prescribers are 

influenced by administrative factors (e.g., formulary restrictions) is less representable of how 

they take into account clinical factors in choosing treatment. As a result, it is more prudent 

to include clinical factors into the PS model and to exclude purely administrative factors.

In conclusion, to examine the roles that equipoise assessment may play in the setting of 

multi-group CER, we extended Walker et al.’s empirical equipoise tool. Our tool gave 

reasonable guidance for unmeasured confounding when the associations of the unmeasured 

variables to the treatment and outcome were similar to associations of measured covariates. 

With this assumption, when the proportion in the region of empirical equipoise is very high, 

for example, > 75%, we can reasonably assume that the level of residual confounding is 
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small. A lower value, particularly < 50%, should prompt reconsideration of the study design 

or data source.
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Refer to Web version on PubMed Central for supplementary material.

FUNDING INFORMATION:

KY received financial support for his doctoral study from the Pharmacoepidemiology Program at the Harvard T.H. 
Chan School of Public Health (partially supported by training grants from Takeda, Pfizer, Bayer and ASISA) and 
Honjo International Scholarship Foundation.

EP is supported by a career development grant K08AG055670 from the National Institute on Aging.

DHS receives salary support from NIH-K24AR055989 and NIH-P30AR072577.

DISCLOSURES:

DHS receives salary support from institutional research grants from Amgen, Abbvie, Pfizer, Genentech, Bristol 
Myers Squibb, and Corrona. He also receives royalties from UpToDate.

SCK has received research grants to the Brigham and Women’s Hospital from Pfizer, Roche and Bristol-Myers 
Squibb for unrelated studies.

EP is investigator of investigator-initiated grants to the Brigham and Women’s Hospital from GSK and Boehringer 
Ingelheim, not directly related to the topic of the submitted work.

SHD received research support in the form of grants to her institution for pregnancy safety studies from Eli Lilly 
and GSK. She also consulted for Roche.

RJG received research support in the form of grants to his institution for clinical trial design, monitoring, and 
analysis from AstraZeneca, Kowa, Novartis, and Pfizer.

References

1. Petersen ML, Porter KE, Gruber S, Wang Y, van der Laan MJ. Diagnosing and responding to 
violations in the positivity assumption. Stat Methods Med Res 2012; 21: 31–54. 
doi:10.1177/0962280210386207. [PubMed: 21030422] 

2. Rubin DB. For objective causal inference, design trumps analysis. Ann Appl Stat 2008; 2: 808–840. 
doi:10.1214/08-AOAS187.

3. Yoshida K, Solomon DH, Kim SC. Active-comparator design and new-user design in observational 
studies. Nat Rev Rheumatol 2015; 11: 437–441. doi:10.1038/nrrheum.2015.30. [PubMed: 
25800216] 

4. Lund JL, Richardson DB, Stürmer T. The active comparator, new user study design in 
pharmacoepidemiology: historical foundations and contemporary application. Curr Epidemiol Rep 
2015; 2: 221–228. doi:10.1007/s40471-015-0053-5. [PubMed: 26954351] 

5. Walker AM, Patrick AR, Lauer MS, et al. A tool for assessing the feasibility of comparative 
effectiveness research. Comp Eff Res 2013; 2013: 11–20. doi:10.2147/CER.S40357.

6. Freedman B. Equipoise and the ethics of clinical research. N Engl J Med 1987; 317: 141–145. 
doi:10.1056/NEJM198707163170304. [PubMed: 3600702] 

7. Girman CJ, Faries D, Ryan P, et al. Pre-study feasibility and identifying sensitivity analyses for 
protocol pre-specification in comparative effectiveness research. J Comp Eff Res 2014; 3: 259–270. 
doi:10.2217/cer.14.16. [PubMed: 24969153] 

8. Singh JA, Saag KG, Bridges SL, et al. 2015 American College of Rheumatology Guideline for the 
Treatment of Rheumatoid Arthritis. Arthritis Care Res (Hoboken) 2016; 68: 1–25. doi:10.1002/
acr.22783. [PubMed: 26545825] 

Yoshida et al. Page 9

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. American Diabetes Association. 8. Pharmacologic Approaches to Glycemic Treatment: Standards of 
Medical Care in Diabetes-2018. Diabetes Care 2018; 41: S73–S85. doi:10.2337/dc18-S008. 
[PubMed: 29222379] 

10. January CT, Wann LS, Alpert JS, et al. 2014 AHA/ACC/HRS guideline for the management of 
patients with atrial fibrillation: a report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines and the Heart Rhythm Society. J Am Coll Cardiol 
2014; 64: e1–76. doi:10.1016/j.jacc.2014.03.022. [PubMed: 24685669] 

11. Hosmer DW, Lemeshow S, Sturdivant RX. Applied logistic regression. Third edition Hoboken, 
New Jersey: Wiley, 2013.

12. Scott AJ, Wild CJ. Fitting Logistic Models Under Case-Control or Choice Based Sampling. J 
Royal Stat Soc 1986; 48: 170–182.

13. Prentice RL, Pyke R. Logistic Disease Incidence Models and Case-Control Studies. Biometrika 
1979; 66: 403–411. doi:10.2307/2335158.

14. Imbens GW. The role of the propensity score in estimating dose-response functions. Biometrika 
2000; 87: 706–710. doi:10.1093/biomet/87.3.706.

15. Agresti A. Categorical Data Analysis. 3 edition Hoboken, NJ: Wiley, 2012.

16. Hamilton N. ggtern: An Extension to “ggplot2”, for the Creation of Ternary Diagrams. 2018 
Available at: https://CRAN.R-project.org/package=ggtern. Accessed November 15, 2018.

17. Solomon DH, Rassen JA, Glynn RJ, Lee J, Levin R, Schneeweiss S. The comparative safety of 
analgesics in older adults with arthritis. Arch Intern Med 2010; 170: 1968–1976. doi:10.1001/
archinternmed.2010.391. [PubMed: 21149752] 

18. Austin PC. An Introduction to Propensity Score Methods for Reducing the Effects of Confounding 
in Observational Studies. Multivariate Behav Res 2011; 46: 399–424. 
doi:10.1080/00273171.2011.568786. [PubMed: 21818162] 

19. Austin PC. Using the Standardized Difference to Compare the Prevalence of a Binary Variable 
Between Two Groups in Observational Research. Communications in Statistics - Simulation and 
Computation 2009; 38: 1228–1234. doi:10.1080/03610910902859574.

20. Kim SC, Solomon DH, Rogers JR, et al. Cardiovascular Safety of Tocilizumab Versus Tumor 
Necrosis Factor Inhibitors in Patients With Rheumatoid Arthritis: A Multi-Database Cohort Study. 
Arthritis & Rheumatology (Hoboken, NJ) 2017; 69: 1154–1164. doi:10.1002/art.40084.

21. Kang EH, Jin Y, Brill G, et al. Comparative Cardiovascular Risk of Abatacept and Tumor Necrosis 
Factor Inhibitors in Patients With Rheumatoid Arthritis With and Without Diabetes Mellitus: A 
Multidatabase Cohort Study. J Am Heart Assoc 2018; 7. doi:10.1161/JAHA.117.007393.

22. Smolen JS, Landewé R, Bijlsma J, et al. EULAR recommendations for the management of 
rheumatoid arthritis with synthetic and biological disease-modifying antirheumatic drugs: 2016 
update. Ann Rheum Dis 2017; 76: 960–977. doi:10.1136/annrheumdis-2016-210715. [PubMed: 
28264816] 

23. Frisell T, Baecklund E, Bengtsson K, et al. Patient characteristics influence the choice of biological 
drug in RA, and will make non-TNFi biologics appear more harmful than TNFi biologics. Ann 
Rheum Dis 2017. doi:10.1136/annrheumdis-2017-212395.

24. Robins JM, Hernán MA, Brumback B. Marginal structural models and causal inference in 
epidemiology. Epidemiology 2000; 11: 550–560. [PubMed: 10955408] 

25. Li L, Greene T. A weighting analogue to pair matching in propensity score analysis. Int J Biostat 
2013; 9: 215–234. doi:10.1515/ijb-2012-0030. [PubMed: 23902694] 

26. Yoshida K, Hernandez-Diaz S, Solomon DH, et al. Matching Weights to Simultaneously Compare 
Three Treatment Groups: Comparison to Three-way Matching. Epidemiology 2017; 28: 387–395. 
doi:10.1097/EDE.0000000000000627. [PubMed: 28151746] 

27. Li F, Morgan KL, Zaslavsky AM. Balancing Covariates via Propensity Score Weighting. Journal of 
the American Statistical Association 2016; 0: 1–11. doi:10.1080/01621459.2016.1260466.

28. Li F, Thomas LE, Li F. Addressing Extreme Propensity Scores via the Overlap Weights [available 
online ahead of print September 5, 2018]. Am J Epidemiol 2018; doi: 10.1093/aje/kwy201. 
doi:10.1093/aje/kwy201.

Yoshida et al. Page 10

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://CRAN.R-project.org/package=ggtern


29. Li F, Li F. Propensity Score Weighting for Causal Inference with Multi-valued Treatments. 
arXiv:180805339 [stat] 2018 Available at: http://arxiv.org/abs/1808.05339. Accessed August 23, 
2018.

30. Hernán MA, Robins JM. Using Big Data to Emulate a Target Trial When a Randomized Trial Is 
Not Available. Am J Epidemiol 2016; 183: 758–764. doi:10.1093/aje/kwv254. [PubMed: 
26994063] 

31. Lopez MJ, Gutman R. Estimation of Causal Effects with Multiple Treatments: A Review and New 
Ideas. Statist Sci 2017; 32: 432–454. doi:10.1214/17-STS612.

32. Cipriani A, Higgins JPT, Geddes JR, Salanti G. Conceptual and technical challenges in network 
meta-analysis. Ann Intern Med 2013; 159: 130–137. 
doi:10.7326/0003-4819-159-2-201307160-00008. [PubMed: 23856683] 

33. Tonin FS, Rotta I, Mendes AM, Pontarolo R. Network meta-analysis: a technique to gather 
evidence from direct and indirect comparisons. Pharm Pract (Granada) 2017; 15: 943. 
doi:10.18549/PharmPract.2017.01.943. [PubMed: 28503228] 

34. Baker SG, Kramer BS. The transitive fallacy for randomized trials: if A bests B and B bests C in 
separate trials, is A better than C? BMC Med Res Methodol 2002; 2: 13. [PubMed: 12429069] 

35. Lumley T Network meta-analysis for indirect treatment comparisons. Stat Med 2002; 21: 2313–
2324. doi:10.1002/sim.1201. [PubMed: 12210616] 

Yoshida et al. Page 11

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://arxiv.org/abs/1808.05339


KEY POINTS:

• We extended Walker et al.’s empirical equipoise tool (Comp Eff Res 
2013;3:11) into the general multi-group settings.

• We verified a known improvement in the study design with three groups 

resulted in a corresponding improvement in multi-group empirical equipoise.

• Three-group simulations indicated that the tool was useful in signaling 

potential for residual confounding when the unmeasured variable had 

coefficients similar to measured variables.

• In practice, a high (e.g., > 75%) proportion of the multi-group cohort in the 

region of empirical equipoise likely indicates less risk of residual 

confounding in simultaneous comparison.

• A lower proportion, particularly < 50%, should prompt a reassessment and 

revision of the multi-group study design, including eligibility criteria, data 

source, and whether to drop one or more groups.
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Figure 1. 
Propensity score (left) and preference score (right) distributions in the naproxen (0 red; n = 

23,532), ibuprofen (green 1; n = 21,880), and diclofenac (2 blue; n = 5,261) example.

The inner triangular area in the right panel indicates the region of empirical equipoise 

proposed in the text. Overall 86.6% of the cohort fell into this region (88.3% of naproxen 

users, 83.7% of ibuprofen users, and 91.2% of diclofenac users).

Abbreviations: nsNSAIDs: non-selective non-steroidal anti-inflammatory drugs.

Yoshida et al. Page 13

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Propensity score (left) and preference score (right) distributions in the abatacept (0 red), 

tocilizumab (1 green), and TNFi (2 blue) examples.

The inner triangular area in the right panel indicates the region of empirical equipoise 

proposed in the text. Among the first-line bDMARD users, 44.5% of the cohort fell into this 

region (40.2% of abatacept users, 40.5% of tocilizumab users, and 45.0% of TNFi users). 

Among the second-line bDMARD users, 57.7% of the cohort fell into this region (57.3% of 

abatacept users, 53.5% of tocilizumab users, and 58.5% of TNFi users).

Abbreviations: TNFi (tumor necrosis factor inhibitor); bDMARD: biological disease-

modifying antirheumatic drug.
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Figure 3. 
Simulation results from scenarios with equal group sizes (1 vs 0 contrast).

The columns of panels denote different confounding adjustment methods. The rows of 

panels denote different levels of associations between X7 (unmeasured covariate) and 

outcome. A rate ratio of 1.2 was the same strength of association as the measured covariates, 

whereas only X7 had a stronger outcome association at a rate ratio of 1.5 and 2.0. In each 

panel, the X-axis represents the multiplicative bias in RR estimates, whereas the Y-axis 

represents the average proportion of the simulated cohorts within the region of empirical 

equipoise (overall proportion). The line types denote different levels of associations between 

X7 and treatment relative to the associations between measured variables and treatment.

Abbreviations: Unadj.: unadjusted; IPTW: inverse probability of treatment weights; MW: 

matching weights; OW: overlap weights.
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Table 1.

Hazard ratios and 95% confidence intervals for myocardial infarctions for the non-steroidal anti-inflammatory 

drugs example.

PS Adjustment Diclofenac vs Naproxen Ibuprofen vs Naproxen Diclofenac vs Ibuprofen† Expected for third contrast‡

- Unadjusted 0.899 [0.635, 1.274] 1.022 [0.833, 1.253] 0.880 [0.620, 1.248] 0.880

Multi IPTW 0.901 [0.626, 1.295] 0.940 [0.765, 1.155] 0.958 [0.665, 1.380] 0.958

Multi MW 0.886 [0.623, 1.260] 0.877 [0.700, 1.099] 1.010 [0.705, 1.447] 1.010

Multi OW 0.904 [0.636, 1.286] 0.899 [0.724, 1.115] 1.006 [0.704, 1.439] 1.006

Pair IPTW 0.906 [0.634, 1.294] 0.947 [0.771, 1.164] 0.943 [0.652, 1.363] 0.957

Pair MW 0.883 [0.621, 1.256] 0.944 [0.767, 1.160] 1.010 [0.705, 1.446] 0.936§

Pair OW 0.894 [0.629, 1.271] 0.946 [0.770, 1.163] 1.006 [0.704, 1.438] 0.945§

Abbreviations: PS: propensity score; Multi: multinomial generalized propensity score; IPTW: inverse probability of treatment weights; MW: 
matching weights; OW: overlap weights; Pair: pairwise propensity score.

†
Direct comparison results for diclofenac vs ibuprofen.

‡
Indirect comparison results for diclofenac vs ibuprofen based on the first two contrast. That is, (hazard ratio for diclofenac vs naproxen) / (hazard 

ratio for ibuprofen vs naproxen).

§
Non-transitive results for the third contrast. The direct comparison estimates and the indirect comparison estimates are on the opposite side of 1.0 

although the difference is small.
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