
Non- and semi-parametric approaches 
to estimand construction for

composite endpoints

Lu Mao 

Associate Professor of Biostatistics

University of Wisconsin-Madison

Penn Conference on Statistical Issues in Clinical Trials:  
Advances in Time to Event Analyses

4-17-2023



Introduction – Composite Endpoints

• Composite endpoints: those that combine mortality with nonfatal events like 

cardiovascular (CV) hospitalization and tumor progression

• Traditional: time to first event

• Limitations:

• Statistical efficiency

• Death vs nonfatal events

• General pairwise comparisons (GPC): compare every patient in the 

treatment with every one in the control

• Involve more events

• Flexible ranking of event types (e.g., death > hospitalization)



Introduction – GPC

• General framework: for each pair, determine a winner, loser, or tie

• E.g., compare the two at the earlier of their death/censoring times

• ෝ𝑤1: proportion of pairs where treated wins; ෝ𝑤0: proportion of pairs where untreated wins

• GPC statistics

• Win ratio (WR): ෝ𝑤1/ෝ𝑤0 (Pocock et al., 2012)

• Proportion in favor (PIF) of treatment (or net benefit): ෝ𝑤1 − ෝ𝑤0 (Buyse, 2010)

• Win odds (WO): (ෝ𝑤1 + 0.5 ෠𝑂)/(ෝ𝑤0 + 0.5 ෠𝑂) (Dong et al., 2020a), where ෠𝑂 = 1 − ෝ𝑤1 − ෝ𝑤0

(Pocock et al., 2012)

Death > 
hospitalization



Introduction – GPC

• Limitation: the estimands of win/loss proportions depend on censoring distribution

• ෝ𝑤𝑎 mixes comparisons made at different times (Luo et al., 2015; Bebu & Lachin, 2016; Oakes, 2016)

• ෝ𝑤𝑎 → 𝑤𝑎 (𝑎 = 1, 0)

• Heavy censoring → shorter follow-up → less events → 𝑤𝑎 ↓

• In fact (Oakes, 2016)

𝑤𝑎 = න
0

∞

𝑤𝑎 𝑡 d𝐺(𝑡)

• 𝑤𝑎 𝑡 = pr Group 𝑎 wins against group 1 − 𝑎 by time 𝑡

• 𝐺(𝑡): Distribution of the minimum of the two group-specific censoring times



Introduction – Testing or Estimation?

• Hypothesis testing (qualitative): test 

𝐻0: 𝑤1 𝑡 ≡ 𝑤0 𝑡 , ∀ 𝑡 ≥ 0

against 

𝐻𝐴: 𝑤1 𝑡 ≥ 𝑤0 𝑡 , ∀ 𝑡 ≥ 0 with strict inequality for some 𝑡

• GPC statistics generally yield valid tests

• E.g., Reject 𝐻0 if log ෝ𝑤1/ෝ𝑤0 > Ƹ𝑐𝛼 (determined by variance of log-WR and type I error 𝛼)

• As sample size increases, pr log ෝ𝑤1/ෝ𝑤0 > Ƹ𝑐𝛼
𝐻𝐴

1 (consistency)

• Estimation (quantitative): how much is the treatment better than control?

• WR, PIF, and WO are functions of censoring distribution

• Generalization to target population questionable (Luo and Quan, 2020)



Introduction – ICH-E9(R1) Addendum

• ICH-E9 (R1): “Estimands and Sensitivity Analysis in Clinical Trials” (ICH, 2020)

• “A central question for drug development and licensing is to quantify treatment effects.”

• Define effect-size estimands that are meaningful and 

generalizable (Akacha et al., 2017a; Akacha et al., 2017b; 

Akacha et al., 2021; McCaw et al., 2021; Ionan et al., 2022)

• Remove the influence of censoring

• The guidelines have been adopted by European 

Medicines Agency (EMA) and FDA (Lynggaard et al., 

2022)



Estimand Construction

• General strategy 

• Full (uncensored) outcome on a patient from group 𝑎 : ℋ 𝑎 ∞ (𝑎 = 1, 0)

• ℋ 𝑎 𝑡 = 𝑁𝐷
(𝑎)

𝑢 ,𝑁1
(𝑎)

𝑢 ,… , 𝑁𝐾
(𝑎)

𝑢 : 0 ≤ 𝑢 ≤ 𝑡

• 𝑁𝐷
𝑎

𝑢 = 𝐼 𝐷(𝑎) ≤ 𝑢 ; 𝐷(𝑎) = Overall survival time

• 𝑁𝑘
𝑎

𝑢 = Counting process for 𝑘th type of (possibly recurrent) nonfatal event (𝑘 = 1,… , 𝐾)

• Win/loss process

𝑤𝑎 𝑡 = pr ℋ 𝑎 𝑡 wins against ℋ 1−𝑎 𝑡

• E.g., 𝑤𝑎 𝑡 = pr 𝐷(1−𝑎) < 𝐷 𝑎 ∧ 𝑡 or 𝐷 1 ∧ 𝐷 0 > 𝑡, 𝑇 1−𝑎 < 𝑇 𝑎 ∧ 𝑡 ,  

(𝑏 ∧ 𝑐 = min 𝑏, 𝑐 , 𝑇 𝑎 : time to first nonfatal event)

Win on death Win on first nonfatal event



Estimand Construction – Two Approaches

• Nonparametric: Specify a time horizon 𝜏 (e.g., 5 years) (Oakes, 2016; Finkelstein & 

Schoenfeld, 2019)

• Restricted WR: 𝑤1 𝜏 /𝑤0(𝜏)

• Restricted PIF: 𝑤1 𝜏 − 𝑤0(𝜏)

• Restricted WO: 𝑤1 𝜏 + 0.5𝑂(𝜏) / 𝑤0 𝜏 + 0.5𝑂(𝜏) , where 𝑂 𝜏 = 1 − 𝑤1 𝜏 − 𝑤0(𝜏)

• Semiparametric: Impose a temporal model on relationship between 𝑤1 𝑡 and 𝑤0 𝑡

• Proportional win-fractions model: 
𝑤1 𝑡

𝑤0 𝑡
≡ 𝜃 (time-invariant win ratio) (Mao & Wang, 2021)

• Estimation with censored data: ℋ 𝑎 𝑋(𝑎) , 𝑋(𝑎)

• 𝑋(𝑎) = 𝐷(𝑎) ∧ 𝐶(𝑎), where 𝐶(𝑎) is (independent) censoring time



Estimand Construction – Nonparametric

• Goal: estimating 𝑤𝑎 𝜏 using ℋ𝑖
𝑎

𝑋𝑖
(𝑎)

, 𝑋𝑖
(𝑎)

(𝑖 = 1,… , 𝑛𝑎)

• No censoring before 𝜏:

ෝ𝑤𝑎 𝜏 = (𝑛1𝑛0)
−1෍

𝑖=1

𝑛𝑎

෍

𝑗=1

𝑛1−𝑎

𝐼 ℋ𝑖
𝑎

𝜏 wins against ℋ𝑗
1−𝑎

(𝜏)

• In general, inverse probability censoring weighting (IPCW; Dong et al., 2020b)

• Weight the kernel by, e.g., 
𝐼 𝐶𝑖

(𝑎)
≥𝐷𝑖

𝑎
∧𝜏,𝐶𝑗

(1−𝑎)
≥𝐷𝑗

1−𝑎∧𝜏

𝐺𝑎 𝐷𝑖
𝑎
∧𝜏 𝐺1−𝑎 𝐷

𝑗
(1−𝑎)

∧𝜏
to correct for censoring bias, where 𝐺𝑎 𝑡 =

pr 𝐶(𝑎) ≥ 𝑡 , or pr 𝐶(𝑎) ≥ 𝑡 ∣ 𝑍 if censoring depends on covariates 𝑍 (Dong et al., 2021)

• R-package: WINS (Cui and Huang, 2022; CRAN: https://CRAN.R-project.org/package=WINS) 

https://cran.r-project.org/package=WINS


Estimand Construction – Nonparametric

• A variation: restricted mean time in favor (RMT-IF) (Mao, 2023, Biometrics)

𝜇 𝜏 = 𝑤1 𝜏 − 𝑤0(𝜏)

• 𝑤𝑎 𝜏 = 𝐸 Timeℋ 𝑎 ⋅ is better than ℋ 1−𝑎 ⋅ over [0, 𝜏]

• Re-expressed in terms of survival functions of component events

• Plug-in Kaplan—Meier estimator, avoid IPCW

• R-package: https://CRAN.R-project.org/package=rmt

• Example: levamisole+fluorouracil versus control in a colon caner trial (Moertel, et al., 1990)

https://cran.r-project.org/package=rmt


Estimand Construction – Semiparametric

• Proportional win-fractions (PW) model 
(Mao & Wang, 2021, Biometrics)

•
𝑤1 𝑡

𝑤0 𝑡
≡ 𝜃 (time-invariant WR) for all 𝑡 ≥ 0 (can 

include covariates 𝑍)

• For Pocock’s rule of pairwise comparison, 

satisfied under a Lehmann model (Oakes, 2016)

• Treatment 𝜃 times as likely to win as compared 

to control (regardless of the restricting time)

• No IPCW is needed as WR is constant under 

proportionality

• R-package: https://CRAN.R-project.org/package=WR

Example:  PW regression analysis of HF-ACTION Trial.

https://cran.r-project.org/package=WR


Estimand Construction – Semiparametric

• Checking proportionality

• Plot residuals (observed vs model-based win-fractions) over time

• Should see no systematic trend if proportionality is satisfied

• Nonproportionality → Estimand becomes a censoring mix of time-dependent WRs

• Example: ACCORD trial

• Stratify on nonproportional covariates (Wang & Mao, 2022, Statistics in Medicine)

More wins at early times than accounted for by PW model



Estimand Construction – Semiparametric

• Similar global models for PIF and WO?

• Because 𝑤𝑎 0 = 0, difficult/impossible for 

• 𝑤1 𝑡 − 𝑤0(𝑡) or 

• 𝑤1 𝑡 + 0.5𝑂(𝑡) / 𝑤0 𝑡 + 0.5𝑂(𝑡)

to be constant over 𝑡 (unless under the null)

• How to realistically constrain PIF/WO over time?

• Alternative: local models for a restricting time 𝜏

• E.g., 𝑤1 𝜏 ∣ 𝑍 − 𝑤0 𝜏 𝑍 = 𝑔 𝜃T𝑍

• IPCW (Dong et al., 2020b; 2021)? Pseudo-observation (Andersen & Pohar Perme, 2010)? 



Informative Censoring

• Both approaches assume independent censoring

• Random loss of follow-up

• Study termination with (unselective) staggered entry

• Two types of dependent (informative) censoring

• Dropout influenced by factors (e.g., baseline covariate) unaccounted for in the model

• Target: a population where such dropout did not occur

• Solution: covariate-adjusted IPCW (Dong et al., 2021)

• “Intercurrent events” (ICH, 2020): treatment discontinuation, death from related causes

• Target: a population where such events do occur

• Solution: “Composite strategy” (e.g., death > treatment-discont. > minor symptoms); “While-on-

treatment strategy” (adjusting for the time patient is on treatment)



Open Problems

• Efficiency of IPCW

• Utilize as many “complete cases” as possible

• Complete case ← win/loss determinate at 𝜏

• Depends on outcome types and rule of comparison (Dong et al., 2020b)

• Augmentation using baseline and interim data (Tsiatis et al., 2008)?

• Regression of (local) win/loss estimands

• A general formulation

ℎ 𝑤1 𝜏 𝑍 , 𝑤0(𝜏 ∣ 𝑍) = 𝜃T𝑍

• ℎ(⋅,⋅) is some link function

• IPCW? Pseudo-observations?



Summary

• GPC is useful in full utilization and ranking of outcomes

• ICH-E9 (R1) Addendum → clearly specify the estimand

• Time-dependent win/loss fractions: 𝑤𝑎(𝑡) (𝑎 = 1, 0)

• Comparing an uncensored observation from treatment to one from control

• Two approaches

• Nonparametric: e.g., 𝑤1(𝜏)/𝑤0(𝜏) (IPCW)

• Semiparametric: e.g., 𝑤1(𝑡)/𝑤0(𝑡) ≡ 𝜃 for all 𝑡 (model checking)

• Future work

• Improve the efficiency of IPCW

• More flexible regression methods
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