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Two-mediator model
Path-specific effects (PSEs)

HBV (M1) Liver damage (M2) Mortality (Y)

» Direct effect = PSE,; Indirect effect = PSEy_ + PSEy,+ PSEy v,

PSEy: A—> Y

PSEy,: A My Y

PSEpm,: A= M; - Y
PSEmM,m,: A2 My > M; - Y



Two-mediator model

Cross-world assumption in the context of multiple mediators

Can all of four PSEs be 1dentified from observational data?

» It s difficult without additional assumptions.

» In the case of two mediators, M1 is obvious to be a intermediated confounder in the relationship
among A, M2, and Y.

— We cannot separate (A > M1 > Y) and (A > M1 > M2 > Y)

Exposure (A) Mediator (M1) Mediator (M2) Outcome (Y)
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Four effect decomposition strategies

A trade-off between assumption required and information obtained

» Two-way (TW) decomposition, Partially forward (PF) decomposition, Partially backward (PB)
decomposition, and Complete decomposition.

PSEMlA—)Ml—)Y,PSEMZA_)M2_>Y,PSEM1M2A—)M1—)M2—)Y

TW decomposition PF decomposition PB decomposition Complete decomposition
- Mediation structure-robust - Sequential mediators - Mediation structure-robust - Sequential mediators
- One indirect effect - Two indirect effects - Two indirect effects - Three indirect effects
PSEy, + PSEy;, + PSEy. . (M-leading indirect effect) (M-inducing indirect effect) PSEy,
PSEI\,I1 +PSEM1M2 PSEM1 PSEMZ
- Total effect PSEy, PSEy, + PSEy M, PSEwm, m,
- Total effect - Interventional total effect - Interventional total effect
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Two-way decomposition strategy

» Treating all mediators as a whole.
Direct effect = PSE; Indirect effect = PSEy;, + PSEy, + PSEyp M,

> ldentification and estimation follow from the one-mediator model.

» It is simple but practically useful.

Exposure (A) Mediator (M1) Mediator (M2)

Causal Inference, Part 9. An-Shun Tai



Two-way decomposition strategy

Assumptions

Confounders (C2) | Confounders (C3)

Confounders (C1)

Exposure (A) Mediator (M1) Mediator (M2) Outcome (Y)

Intermediate
Confounders (L)
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Partially forward decomposition strategy

» Three components are decomposed from the effect of A — Y.

Direct effect = PSE,;
M1-leading indirect effect = PSEy, + PSEy, m,; M2-leading indirect effect = PSEy;,

» Note that (A > M1 - Y) and (A - M1 - M2 — Y) cannot be separated naturally.

Exposure (A) W4 \[cdiator (M1) Mediator (M2) Outcome (Y)




Partially forward decomposition strategy

Assumptions

Confounder (M1-Mm2) . Confounder (M2-Y) Confounder (A-Y)

Confounder (A-M2)
‘ Confounder (M1-Y)

‘

Confounder (A-M1) t— =

Exposure (A) =4 Mediator (M1) Mediator (M2) gy Outcome (Y)
NSO *

Intermediate
Confounder (L3)

N

Intermediate

Intermediate Confounder (L2)
Confounder (L1)
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Interventional approach
Geneletti, JRSSB 2007

From individual intervention to population itervention.

- The conventional approach for defining causal effects 1s
Y(a,M(a')) = E(Y(a,M(a')) )

- The interventional approach for defining causal effects 1s

where G(a') ~M(a")|C

C

v

E(Y(a,G(a")))
For ith individual, we have X; and Y; A and B are separate random draw, 1.e.,
Cor(X,Y) #0 A~f(X) and B~f(Y)
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Partially backward decomposition strategy

» Three components are decomposed from the effect of A = Y.

Direct effect = PSE;
M1-inducing indirect effect = PSEp, ; M2-inducing indirect effect = PSEy;, + PSEy

» Define causal effects by an interventional approach.

» Structure-free

Exposure (A) B4 \fcdiator (M1) Mediator (M2) g
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Partially backward decomposition strategy

Assumptions

Confounder (M2-Y) Confounder (A-Y)

Confounder (A-M2)
‘ Confounder (M1-Y)

‘

Confounder (A-M1) t— =
— "‘

Exposure (A) === 4 Mediator (M1) Mediator (M2) gmmme Outcome (Y)

N
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Complete decomposition strategy

» Four components are decomposed from the effect of A - Y.

Direct effect = PSE,;
PSEy,; PSEym,; PSEyp M,

» Define causal effects by a interventional approach

Exposure (A) Hmmd \[cdiator (M1) Mediator (M2) Outcome (Y)




Complete decomposition strategy

Assumptions

Confounder (M1-m2)  Confounder (M2-Y) Confounder (A-Y)

Confounder (A-M2)
‘ Confounder (M1-Y)

Confounder (A-M1) +—

‘

N

Exposure (A) === Mediator (M1) Mediator (M2) gmmm= Outcome (Y)
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Four effect decomposition strategies

A trade-off between assumption required and information obtained

» Two-way (TW) decomposition, Partially forward (PF) decomposition, Partially

backward (PB) decomposition, and Complete decomposition.

PSEMlA—)Ml—)Y,PSEMZA_)MZ_)Y,PSEMlMZA—)Ml—)MZ—)Y

TW decomposition

Mediation structure-robust

One indirect effect
PSEy, + PSEy, + PSEy u,

Total effect

PF decomposition
Sequential mediators

Two indirect effects
(M-leading indirect effect)

PSEy, + PSEm, M,

PSEp,

Total effect

Causal Inference,

PB decomposition

- Mediation structure-robust

- Two indirect effects
(M-inducing indirect effect)

PSEp,
PSEy, + PSEy,u,

- Interventional total effect
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Complete decomposition
Sequential mediators

Three indirect effects

PSEpy,
PSEy,
PSEm,m,

Interventional total effect
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Integrated multiple mediation analysis

Flowchart

Mediation analysis with multiple mediators

‘ Prespecification of Mediation Structure \

NO |

e s

Necessary Assumptions

1. Exchangeability among A and Y (4x7) and
2. Exchangeability among M and Y (4x2)
3. Exchangeability among M and A (4x3)

Request for Mediator-specific

‘ Parallel Mediation Structure ‘

Indirect Effects

A4

Fartially Backward
Decomposition

Parallel Mediation
Structure

Two-way
Decomposition

{YES | { NO |

v

Exchangeability among
| NO |
M, and M,

Request for All Path-specific

Effects

Partially Forward
Decomposition

v

YES Cross-world
Exchangeability

Complete
Decomposition

—{NO

Il

Interpretation through Natural
Direct and Indirect Effects

Interpretation through Interventional
Direct and Indirect Effects
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Proposed
Four
Strategies

The ways of
interpretation
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Identification

» Two-way decomposition
Qrw(a,e) = j E[Y|a,m] f(ini|e) dim

Direct effect Qy/(1,0) — Q7y/(0,0); Indirect effect Qpyy(1,1) — Qriy(1,0)
» PF decomposition

Qr(a,er,er) = | EIVIa, mlf (milen)f (moles, my)di

Direct effect Q(1,0,0) — Qz(0,0,0); M1-Indirect effect Qz(1,1,0) — Q£(1,0,0); M2-Indirect effect Qz(1,1,1) — Qz(1,1,0)
» PB decomposition

Qpla,eq,e7) = fE[Yla,ﬁl]f(m1|€1)f(mz|ez)dﬁl

Direct effect Q5(1,0,0) — Q5(0,0,0); M1-Indirect effect Q5(1,1,0) — Q5(1,0,0); M2-Indirect effect Q5(1,1,1) — Q(1,1,0)
» Complete decomposition

QC(a' €1, 82183) = fE[Yla) m] f(m1|e1) {f f(mzlez, m;) f(mileg) dmi} dm.
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16



Estimation

Inverse-probability-weighting for PF decomposition

Qr(a, e, e;) = J E[Y|a, m, C]fM1|A,c(m1|e1» C)fM2|A,M1,C (myle;, my, C)dim

= E(Wgr(a, e, ey; My, M) XY)

where Wr(a, e1, e2; My, M3) = [fy,1ac(Miles, C) faryjam,,c(Mzlez, My, O)1(A = a)]/
[fa1c(AlC) frr,jac (M1l A, ©) fary am,,c(M2| A, My, O)].
The IPW estimator for Qz(a, e, e,) is
A7 (a,eq,e,) = P (We(a, ey, e5; My, My) X Y),

where Wg(a, e, ep; My, M) is the weight estimated by substituting fA|C, fM1| Ac, and fM2| AM,,C-
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Application

Causal mechanism of hepatitis C virus (HCV) infection on mortality

HBV (M1) Liver damage (M2)

Table 7. Effect decomposition of HCV (A) on mortality (Y) through HBY (M1) and
abnormal ALT (M2) under the four decomposition strategies.

Path Strategy
Complete PF PB Two-way

decomposition decomposition decomposition decomposition
ef?ect P value effent P value effect P value effe-:t P value
(SD) (D) (SD) (SD)
010 0.05% 0105 . (098

A=Y 05y DOMY o 0038 ey 003 i, 0038
-(LOR3 0083

A—=M—Y 005 001 n0gl borge (0034) 0.013%
- (L (0.032) : 0028

A—->M—=M—Y (0.003) 0003 (048 o010r (0.039) 0,409
0054 0.052 (01T ’

A—=M—Y oory V00 gy 0002
0.071 0.070 0071 (070

Total effect wos0y PO gpogy  0019° I e

Abbreviations: HCV: hepatitis C virus; HBVY: hepatitis B virus; ALT: alanine aminotransferase; PF: partially
forward; PB: partially backward; SD: standard deviation
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