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Setup: Time-to-Event Endpoints with Intercurrent Events

Intercurrent Events

® The International Conference on Harmonization (ICH) E9 (R1) addendum on Estimands
and sensitivity analysis in clinical trials to the guideline on Statistical principles for clinical
trials (ICH, 2019).

e Intercurrent events refer to the events “occurring after treatment initiation that affect
either the interpretation of or the existence of the measurements associated with the
clinical question of interest”.

® Two types of intercurrent events:

@ Semi-competing risks — modifying the hazard of primary outcome event.
@® Competing risks — preventing the primary outcome event from happening.
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ICH E9 (R1)

® Five strategies to address intercurrent events: treatment policy strategy, composite
variable strategy, hypothetical strategy, while on treatment strategy, and principal stratum
strategy.

® ICH E9 (R1) was proposed in the context of randomized controlled trials (RCTs), but the
insights can be extended to observational studies.
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Setup: Time-to-Event Endpoints with Intercurrent Events

Notations

Consider a randomized controlled trial (RCT) with n individuals.

W: binary treatment.

T(w): potential time to primary outcome event (if any).

R(w): potential time to intercurent event (if any).

® An upper limit for the monitoring time since treatment initiation is set to be t*.

If primary outcome events are prevented by intercurrent events, denote T(w) = co.

If no intercurrent events happen before the end of follow-up, denote R(w) = oc.
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Setup: Time-to-Event Endpoints with Intercurrent Events

Forms of Estimands

® In general, a treatment effect is defined as the contrast of
Summary{Outcome(Treatment) | Population}.

® We use ;X (t) to denote the cumulative incidence function (CIF) of the primary outcome
event under treatment condition w and strategy k.

® Treatment effect
TH(t) = pf(t) — pg(t).
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Treatment Policy Strategy

® The treatment policy strategy addresses intercurrent events by expanding the initial
treatment conditions to a treatment policy (intention-to-treat).

® Treatment policy: the assignment of test/control drug plus the occurrence of intercurrents
as natural.

e This strategy is valid only if primary outcome events cannot be prevented by intercurrent
events.

()

P (t) — g ()
P(T(1, R(l)) <t)—P(T(0,R(0)) < t)
P(T(1) <t)— P(T(0) < t).
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Composite Variable Strategy

® The composite variable strategy addresses intercurrent events by expanding the outcome
variables. It aggregates the intercurrent events and primary outcome variable as one
composite outcome variable.

® The idea is not new in the notion of progression-free survival.

® One widely used composite outcome variable is the first occurrence
R(w) A T(w) = min{T(w), R(w)}.

(1) = W' (1) - p6'()
= P(R(1)AT(1) < t)— P(R(0)A T(0) < t).

® Other form: quality-adjusted lifetime.
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While On Treatment Strategy

® The while on treatment strategy considers the measure of outcome variables taken only up
to the occurrence of intercurrent events.

® The failures of primary outcome events should not be counted in the cumulative incidence
if intercurrent events occurred.

() = () — (1)
= P(T(1) < t,R(1) > t) — P(T(0) < t, R(0) > t).

® The uW°(t) is also known as cause-specific cumulative incidence or subdistribution
function in the competing risks model.
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Estimands under the Five Strategies of ICH E9 (R1)
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The Above Three Strategies under Multi-State Models

State 0
Initial state

State 1

Intercurrent event

State 2
Direct outcome

State 0
Initial state

State 2

Semi-competing risks

Treatment policy strategy
Composite variable strategy
While on treatment strategy
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Hypothetical Strategy

® The hypothetical strategy envisions a hypothetical clinical trial condition where the
occurrence of intercurrent events is restricted in certain ways.

e We use T'(w) to denote the time to the primary outcome event in the hypothetical
scenario.

TP (t) =y () = g (2)
= P(T'(1) < t)— P(T'(0) < ¢t).

® How to envision the hypothetical scenario?
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Hypothetical Strategy

® To manipulate the hazard specific to intercurrent events
dM\a(t;w) = P(t < R(w) < t+dt| T(w) > t,R(w) > t),
while assuming the hazard specific to primary outcome events
dM\(t;r,w) =Pt < T(w)<t+dt| T(w) >t I{R(w) <t} =r)

is unchanged.

e Let dA,(t; w) and dN/(t; r, w) be the hazards specific to intercurrent events and primary

outcome events in the hypothetical scenario respectively, with dA}(t; r,w) = dAi(t; r, w),
w=1,0.
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Hypothetical Strategy: Scenario |

® The intercurrent events when individuals were assigned to test drugs were only permitted if
such intercurrent events would have occurred if these individuals were assigned to placebo,

dNy(t;0) = dNS(t; 1) = dAy(t;0).

e This strategy is related to the natural effects.

® Sequential ignorability is required for mediation interpretation — no confounding between
the primary outcome event and intercurrent events.
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Hypothetical Strategy: Scenario Il

The intercurrent events are absent in the hypothetical scenario for all individuals,

dNy(t;0) = dN5(t;1) = 0.

This hypothetical scenario leads to an estimand called the marginal cumulative incidence.

This strategy is related to the controlled effects.

Sequential ignorability is required for mediation interpretation — no confounding between
the primary outcome event and intercurrent events.
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Principal Stratum Strategy

® The principal stratum strategy aims to stratify the population into subpopulations based
on the joint potential occurrences of intercurrent events under the two treatment
assignments (R(1), R(0)).

® We are interested in a principal stratum comprised of individuals who would never
experience intercurrent events regardless of receiving which treatment

{R(1) = R(0) = co}.

OIS OREAC
=P(T(1)<t|R(1)=R(0)=00) - P(T(0) < t]|R(1) = R(0) = 00).

® The target population is impossible to identify. Principal ignorability is required.
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Treatment Policy Strategy: ldentification

* To apply this strategy, we need data (7,A7, W).

® The hazard function of the potential primary outcome event

)

dA\(t;w) =Pt < T(w)<t+dt| T(w)>t
1| T>t,W=w).

=P(t<T<t+dt,AT=1|
e Next, we can identify 7'P(t) from

iy (t) = 1 —exp{—A(t; w)}.
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Estimation and Inference

Composite Variable Strategy: ldentification

e To estimate this quantity, we need data (T A R, AT v AR W),

® The hazard function of the composite outcome variable T(w) A R(w)

dMia(t;w) = P(t < T(w)AR(w) < t+dt| T(w)AR(w)>t)
117 A B

=Pt<TAR<t+dt,AT VAR =

| TAR>t, W =w).
® Next, 7¢V(t) is identified from

iy (t) =1 — exp{—A12(t; w)}.
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Estimation and Inference

While On Treatment Strategy: ldentification

* To estimate these quantities, we need data (T A R, AT, AR, W).
® The hazard functions specific to primary outcome events and intercurrent events

dhi(t;w) =Pt < T <t+dt,AT =1
dha(t;w) =P(t<R<t+dt,AR=1|T>t,R>t, W =w)
® |n fact,
dNi(t; w) 4+ dN\o(t; w) = dA1a(t; w).

® Next, 7°(t) is identified from

el (t) = /Ot exp{—NA1(s; w) — Nao(s; w) }dA1(s; w).
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Hypothetical Strategy I: Identification

® For competing risks data, we need data ('IN'/\ R,AT AR, w).

® The estimand of hypothetical scenario | is identified from

W = [ exp{—Au(si w) — Aa(s: 0)}dlAs (s: w).
0

* For semi-competing risks data, we need data (T, R, AT, AR, W).

® The estimand of hypothetical scenario | is identified from
phsl (1) = 1 — exp{—A1(£;0, w) — Ay(t;0)}

_ /Ot exp{—A1(5:0, w) — Ao(s:0) — A1(£: 1, w) + A (s: 1, w)}dAa(s: 0).
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Hypothetical Strategy Il: Identification

e To estimate this quantity, we need data (T A R, AT (1 — AR), W).

® The estimand of hypothetical scenario Il can be identified from
PN () = 1— exp{—Aa(t: W)},

® Of note, 7"!(t) evaluates the contrast of the marginal distributions of T(1) and T(0)
with intercurrent events viewed as independent censoring.
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Principal Stratum Strategy: ldentification

® To estimate this quantity, we need data ('f' AR, AT, AR, Ww).

® Principal ignorability: T(w) can be correlated with R(w) but should not have cross-world
reliance on R(1 — w).

® The estimand can be identified from

piv (t) = P(T(w) < t| R(1) = o0, R(0) = o)
=P(T(w) < t]|R(w)=00)
=P(T(w)<t|R(w)>t")

_ fot exp{—NA12(s; w) }dA1(s; w)
1- fot* exp{—A12(s; w)}dNo(s; W)‘
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Artificial Example

Suppose that the hazard specific to the potential primary outcome event is
Ai(t;w) = ayt.
Suppose that the hazard specific to the intercurrent event is A\a(t; w) = cy.

Suppose the intercurrent event would neither prevent nor modify the hazard of the
primary outcome event.

Therefore, the marginal distribution of the potential primary outcome event

T(w) ~ Weibull(2,+/2/ay).
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Artificial Example: CIF Under Competing Risks

k Cumulative incidence pk (t), 0 <t < t*

tp Not applicable
cv 1— efawt2/27cwt
wo  1— et /2wt _ el [a, 2D (an (t + cw/aw)) — Plcw/aw )}
hpd  1-— e—awfz/2—cof — e9/2w (212 /2, )2 { D(aw X(t + co/aw)) — D(co/an?)}
hp Il 1 — e awt/?
1—e /2ot el /2u (2 2, ) /2 {O(al/ 2(t+u /)~ O(cu/al/*)}
1—e /22w (27c2 /a, )/ 2 {D(at 2 (t* +cw/aw))—P(cw/ar 2)}

pPs
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Artificial Example: CIF Under Semi-Competing Risks

Cumulative incidence pX (), 0 <t < t*

tp
cv
wo
hp,l
hp,Il

ps

1— e—awt2/2
1— e—awt2/2—cW

_ p—awt?/2—cut _ A2 /2a, 2 1/2 1/2 1/2
1—e ew/22w(2mct [an )V {®(aw “(t+ cw/aw)) — Plcw/aw )}
1 — e awt /2
1— 7awt2/2

1—e— /2ot el /2m (2 2, ) /2 {O(al A (t+ 6w /aw)) ~P(cw/al/ )}
1—e /2w (212 [a, )/ 2 {®(at) 2(t"+cu/au))—P(cw/a 2)}
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From Randomized Controlled Trials to Observational Studies

Two Approaches for Observational Studies

® Baseline covariates X should be adjusted for.

® Inverse probability weighting.
— Weight the event-counting and at-risk processes by the inverse of treatment probability.
— The uncertainty of the estimated propensity score is usually not accounted for.
® Semiparametrically efficient estimation.
— Solve the estimating equation of the empirical efficient influence function.
— Double robustness; Standard error based on the influence function; Test based on the

restricted mean survival time lost.

Deng, Yuhao (Fred Hutch) ttelCE July 15, 2026; Seoul, South Korea 25 /30



From Randomized Controlled Trials to Observational Studies

Summary: How to Address Intercurrent Events in Practice

® Data structure:
— Competing risks, semi-competing risks.

® Strategy:
— Treatment policy, composite variable strategy, while on treatment strategy,
hypothetical strategy (I, Il), principal stratum strategy.

® Estimation method:
— Nonparametric estimation, inverse probability weighting, semiparametrically efficient
estimation.

® Presentation:
— Cumulative incidence function, treatment effect, P-value.
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Main Functions in the Package ttelCE

Function Description

Main functions

scr.tteICE Use vector and matrix data to fit CIFs for semicompeting risks time-to-event data with
intercurrent events

surv.tteICE Use vector and matrix data to fit CIFs for competing risks time-to-event data with
intercurrent events.

tteICE Use formula to fit CIFs for time-to-event data with intercurrent events, either competing
risks or semicompeting risks

tteICEShiny Shiny app for ttelCE

Results output functions (associated methods for “ttelCE" objects)

bshaz.tteICE Extract baseline hazards of ‘ttelCE’ objects

coef.tteICE Extract coefficients of covariates in Cox models

plot.tteICE Plot CIFs and treatment effects

predict.tteICE Predict CIFs and treatment effects at specific time points

print.tteICE Print a short summary of results from 'ttelCE’ objects

print.summary.tteICE  Print the summary

summary.tteICE Summarize results from 'ttelCE’ objects

zph.tteICE Check proportional hazards assumption of the Cox models
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Formula and Methods in R

R> fit = ttelCE(Surv(tl, di) -~ A | z1 + =3 + =5, add.scr = ~ Surv(t2, d2),

R> data = bmt, strategy = "treatment", method = "eff")

R>

R> print(fit, digits = 3)

# Input:

# ttelCE(formula = Surv(ti, di) - A | =1 + 23 + =5, add.scr = -Surv(t2,
# d2), data = bmt, strategy = "treatment", method = "eff")

# - — — — — — — e
# Data type: semicompeting risks

# Strategy: treatment peolicy strategy

# Estimation method: semiparametrically efficient estimation

# Observations: 137 (including 99 treated and 38 contrel)

# Maximum follow-up time: 2640

# P-value of the average treatment effect: 0.064
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R Package ttelCE

Welcom for discussion!

| have no current or past relationships with commercial entities.
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