Supplementary Materials

1 Definition of counterfactuals

For the sake of completeness, we briefly review basic facts about counterfactuals,
using the same notations as in Wasserman (2010). Without loss of generality, we
consider a binary treatment T as it is often the case in epidemiology. We intro-
duce the potential outcomes Y (1) et Y (0). Y (1) is the potential outcome status that
would result under the treatment and Y (0) the potential status under the absence of
treatment. The relation between the outcome and the potential outcome is:

Y(0) if T=0
Y:{Y(l) it =1 —Y{T)

Note that, according to this consistency relationship, only one of the two potential
outcomes is observable, the other is called counterfactual and corresponds to the
random value that would have governed Y if 7" was fixed to the other value.

To define causal mediation effects we extend the previous notions. Consider the
causal diagram in Figure 1.

M

T/\Y

Figure 1: Simple mediation model with one mediator M and no confounding co-
variates.

As M is a post-treatment variable, we introduce two potential mediators, M(0) and
M(1):

M(0) if T=0
M:{M(l) it 7—1 ~ M)

As Y is post-treatment and post-mediator, we introduce four counterfactuals. Two
of them, namely Y (0,M(0)) and Y(1,M(1)) can be observed while two others,
Y(0,M(1))etY(1,M(0)), cannot. The interpretation of the observed ones is trivial:



Y(0,M(0)) if T=0
Y:{ y(Lm()) it T=1 —Y(T:M).

The interpretation of the two others is more complex: for z # ¢/, Y (t,M(t')) is the
potential value of the outcome had the treatment been set to ¢ and had the mediator
been fixed at the level it would have had under treatment #'.

2 Assumptions

Our results are based on the following hypothesis that we called Sequential Ignor-
ability for Multiple Mediators Assumption (SIMMA):

Y(t,mw),M(),W({E") L T|X=x, 2.1)
Y mw) L (M(t),W(t)|T =t,X =x (2.2)
Y(t,mw) L (M@E),W0)|T=1X=x (2.3)

where P(T =t|X =x) >0et P(M =m,W =w|T =1,X =x) > 0 for all
x,t,t' ,m,w.

3 Identifiability

Theorem 3.1. Under SIMMA and assuming K mediators that can be either inde-
pendent or uncausally correlated, the following results hold:

The average indirect effect of the mediator of interest is given by:

5() = //KE[Y\M:m,W W, T =1,X =
R
{dFma1),w (1)) x=x (1, W) — dF(p10),w (1)) x =x (M, W) }dFx (x),

3.1)

Moreover the joint indirect effect, the direct effect and the total effect are
respectively identified non-parametrically by:



640 = [ [ EWZ=aT =t.X =adFyp_ x-i(2)

- [ EYIZ=2T =X =2)dFy_ox(2)dFx )

L) = //RKE(Y|Z:z,T:I,X:x)dFZT_,X_x(Z)

_/RK EY|Z=2zT =0,X =x)dFzr— x=x(2)dFx (x),

T = /(/RKE(Y|Z=z,T=1,X=x)dFZT:LX:x(z)

- /RK EY|Z=2T=0X= x)sz|T=0,X:x(Z)) dFx (x).

4 Continuous Qutcome

Corollary 4.1 (Corollary 3.2 in the main article). With K mediators and P covari-
ables we assume the following linear model

Z = m+BT+EX+T 4.1)
Y = +BT+Y1Z+EX +e, (4.2)

where ap, B,y € RK, E e RE X RP, € € RP and Y, ~ A7(0,%,) is the vector of
residuals with covariance matrix X3 € RK x R and &5 ~ 4/(0,03), with 03 € R.

We assume that the K mediators are either independent or not causally cor-
related. In the latter case, we assume that pairwise correlations between potential
mediators do not depend on the treatments governing them:

cor (M'(t),M?(t')|T,X) = p;;,¥t,t' € {0,1}, Vi, j € [1,K]. (4.3)

Under SIMMA the indirect effect of the k-th mediator is identified and given
by:
85(0) = 8*(1) = nps.
Moreover, the joint indirect effect is the sum of the average indirect effects
by each mediator:



§%(t) = f 8k (1).
i=1

The direct effect of the k-th mediator is also identified and given by

The coefficients of the equations (4.1) and (4.2) are identified under the assumptions
of Theorem 3.1. Indeed by rewriting equations (4.1) and (4.2) with counterfactuals
we have :

Z(T) = o} +BIT+EX +1o(T) (4.4)
Y(T,Z(T)) = oa3+BsT+Y Z(T)+EVX +&(T,Z(T)) (4.5)

where E[Y(¢)] = E[e3(t,2)] = 0.
Assumptions (2.1) and (2.2) implies the following independences:

Yo(t) L TIX=x
83(I,Z) A T|X:x.

Assumption (2.2) implies the following independence:

&(t,z) L Z@)|T=t,X =x.
We have

= o B+ EXHENL(0)|T =1,X =4
= o) + Bt +Ex+EM()
= o) +Bit+&x.

EZ(MIT=t,X=x] = o} +Bt+Ex+ENL(T)|T =1,X =x]
|
]

Then coefficients of (4.1) are identified.



Furthermore

EY(T,Z(T))|Z=2T=t,X=x] = oz+fst+7z+&x
+E[&3(T,Z(T))|Z=2,T =1,X =x]
= (X3+ﬁ3l+'}’rz+§{x
+E[&3(t,2)|Z=2,T =t,X = 4]
= o+ P+ z+Ex
+E[&(¢,2)]
= o+Bst+rz+&x

Then coefficients of (4.2) are identified.

According to Theorem 3.1 we have:
5'(1) = //KE[YyM:m,W:w,T — X = 4]
R
{dF (1), w (o) x=x (1, W) — AFag00)w (1)) x =x (m, W) }dFx (x)

K
N //R (0‘3+33f+j:ZI%~m’+é{x>
{dE ) w o)) x=x(mw) — dFag0)w (1)) x = (M, w) }dFx (x)
= / / (05 + Bst + & x) {dF a1y, w (1)) x=x(m, w) — dFgo),w ()= (ms w) }

+/RK Z Yim! {dF 1) w (1)) x =2 (1, W) — AF g0y w (1)) =x (m, W) }dF ().
=1

' = [ [, an]{dF e 1,) = AFia )30y e, ) A )
= // Z%m’dF W () [x=x(m, W)
/ Z}/JdeF 00 r (2, W)dFx ().

By the following substitutions m!' = ol + Bl +Elx + el and m/ = ch + ﬁiit +
éz x—l—ez,V] € [2,K], we have :



o + Byt + 8 1x
B
(M), W (1))[X = x) ~ A (), E2) with ey = | @ + B3t + 837

o + BKr + E1Kx
and where it follows from assumption (4.3) that ¥, is the covariance matrix of 85.
It follows that :

1 1 m Z_l m
f(M(r'),W(t))\X:x(ma w) W exp 5 w | R ) =2 w | M
| e 1 e
V27|%[1/2 exp | 5 P K
€ €
e
= fr| :
e3

By plugging the joint density of the counterfactual mediators into the previous equa-
tion of the indirect effect §'(¢) we have:

K . . . .
6'0) = [ [ n(@d+Bix1+E xre)+ Y v (od + B+ g x+el)
j=2
e
dFy

K
€

K . . . .
—/RK% (g +B; x0+& 'x+e3)+ Y 7 <ocg+[32’t+§zrfx+e§)
j=2

|
€

dFy dFx (x)
K
€

e
= // YlﬁzldFT de(x)
RK
e5
= np;.



We then conclude that in general we have for k € [1,K], 8%(¢) = y.5%.

L) = //E(Y|Z:z,T —1,X=x)—E(Y|Z=2T=0,X =x)
dFzr—; x—x(2)dFx (x)
- / / {05+ Bs +7 2+ & — o5 — ¥z — E x}dFyr, () dFx (x)
= //B3dFZ|T—t (z) dFx (x)

= Bs.
where ¥ = (71,...,7%)". Note that:

nl(r) = //KE [YIM=mW =wT =tX =]
R
{dF -0 ,w ) x=x (1 w) — dF g1 ), w(0)) x =x (1, W) }dFx (x)

K
- //K (“3+ﬁ3f+27jmj+§3rx)

{dF =0y, w (1)) x=x (W) — AF g1y, w (0)) x =< (1, W) }dFx (%)

K
- //KZijde(M(lf):W(l))|X=x(m7W)
R j=1
K .
B /RK Y 7im AF (1) w(0)) x=x (2, w) dFx (x)
j=1

By the followmg substitutions m' = o + B3 (1 — 1) + & lx+ el and m/ = Oﬂg +
th +§2 x+ez,V] € [2,K], we have:

// N +B(1—1)+& 'x+e)

+Z}g<o¢2+ﬁ2 ><1+~§2 x—l—e2>dFy
Jj= K

/ 4! (% +B(1-1)+& x+€2>

+Zw<ag+ﬁgxo+§{fx+e§)dﬁ - | dFc(),
=) K



and therefore

K . €
n'e) = [ [ Yuslar| o |darw
K .
= LB
=2
K .
= Y &0).
=2
K .
We conclude that in general for k € [1,K], n¥(t) = Z 0/(t). We have :
K
Y, (80 +n*))
Zin k=l
5() = .
K K
) (Sk(t) + ) SJ(I)>
k=l J=1,j#k
N K
K
KY 8k (1)
_ k=l
K
K
= Y 50
k=1

S Binary outcome

We now address the case of a binary outcome. As for simple mediation, we consider
either the probit regression

PY =1T,.2,X) =P 2y (05 + BT +7 Z+EX),

or the logistic regression

logit (P(Y = 1|T,Z,X)) = o3 + BT + ¥ Z + EL'X.



Corollary 5.1 (Corollary 3.3 in the main text). Assume the following model with a
binary outcome :

7 = +PiT+EX+T,, (5.1)
Y* = +BT+YZ+EX 48, (5.2)
Y = 1{Y*>0} (53)

where Yo ~ A (0,%3) and where €5 ~ A (0,03) or £(0,1).

We assume that the K mediators are either independent or not causally cor-
related. In the latter case, we assume that pairwise correlations between potential
mediators do not depend on the treatments governing them as in condition (4.3).
Under SIMMA, the effects of interest are given by:

K ) K .
5 () = /Fy<a3+2w2 +(Bst+ Y, VBt U x 1+ (&+ Yy 2%)

J=1,j#k j=1

K ) K .
a3+zy,az +(Bs+ Y Yjﬁi)t+ykﬁ§><0+(€3+Z%’ézr])X>de(x),

_FU<

§°(1) = /Fu<a3+27fkaz +B3I+Zyk/32><1+ §3+Zyké‘ )
—Fy ( a3+Zykoc2 +B3t+ZYsz X 0+ ( 53+Znéz )de(x),
[n(

063+Z7’k062 )+ B3 x 1+( ZYkﬁz X1+ ( 3+Z7’k§2 >

k= k=

—FU(OC3+ZYk062 )+ B3 x 0+ ( Z?’kﬁz X1+ 53‘1‘2%5 )dFX(x>7

where for a probit regression we have

Z

K K _
o7+ Y. Y, Wyicov(es, €])
k=1 j=1



and for a logit regression we have

_ €3
FU(Z):/RCD e ¢ d€3.

K K (1+e%)?
Y Z Nyjcov(es e])
k=1j=1
By injecting (5.1) in (5.2), we have:

K K K
Y =(a3+ Y non)+(Bs+ Y. uB)T + (s + Y nes).
k=1 k=1 k=1

K
We set € = Z }/k8§ and U =&+ €.
k=1

1
&

The errors of the mediators form a gaussian vector Y = : . This implies that

K
&

€ =YK _ yek follows a Gaussian law.

First, let us determine the distribution function of U, denoted Fy for both a probit

and logit model.

Probit modeling. In the case of a probit model, &3 ~ .47(0, (732), and, because of
equations (2.1) and (2.2), &3 L Y. We therefore deduce that U follows a Gaussian

law and the distribution functions of U are:

Z2

K K

2062+ Y Y Nyjcov(es €]))

k=1 j=1

K K ,
Ve, |62+ Y Y nyjcov(el, e))

k=1j=1

exp




Fu(z) = ® <

K K .
o2+ Y Y wnyjcov(eh, €))
=1 j=1

Note that 1 — Fyy(—z) = Fy(z) by symmetry of the density function.

exp(—z2)

(1+exp(—z))*
To determine the density function of U, consider a generic continuous function
G with compact support. The density of U is then the function fy(u) such that

E[GU)]= /G(u)fU (u)du. According to (2.2), &3 1L Y and then &3 L €.

Logit modeling. In the case of alogit model, &3 ~.Z(0, 1) and f¢, (z) =

E[GU)] = E[G(e+e3)]
= | [ Gle+es)fele) fesfes) dedes.

We make the following substitutions:

z=¢e+e3
e =7—e¢e3
de = dz. 5.4

Then we have:



EIGW)] = [ [ Gl)felz—e) furles)dedes

(2—63)2

K K
2(). Z nyjcov(es,el))
- /R/RG(Z) = fe;(e3) dzdes

K K
V2, | Y Z Wyjcov(es e])

= /RG(Z)J /Rf/(o,l) J
=1 j=

f€3 (63) de3dz.

We deduce the density function of U:

1

K K
Y Z Yeyjcov( 82,82
k=1j=1

u—ej

K K
Y Y wyjcov( ek el)
k=1 j=1

fulu) = fes(e3) des.

/fJV(O,l) J

Then the distribution function of U is:



Fy(z) = Ju(u)du

z 1 u—e
= / /ﬁmo,l) 2
oo R

K K i K .
Y Y wycov(es,€)) Y Y nvjcov(es,€h)
k=1 j=1 k=

SR

H
~
Il

_

1 2 u—e
= / / Fron 2
R —oo

K .
) Z Nyjcov(es, e]) Wyjcov( 82,82

k=
dufe, (e3)des.

=
=

_
~.
(A
~
I
—_
~.
Il
—

We make the following substitution:

u—es

K K o
Z Z WYjcov(€s,€))
=1 j=1

K
du = dr Z YeYjcov( 82,82

uMw

The bounds of the integral thus become:

u | -0 Z
z—e3

K K
Y. ) wyjcov( e el
k=1 j=1




l—e3

We set b = , then we have:
K K
J Y Y wyjcov( 82,82
k=1 j=1
1 b K K
Fy(z) = / / Fron@® XY nyjcov( (€5, &) drfe,(e3)des
K K oo k=1 j=1
J Z Z Yeyjcov( 82,82
= /R/_ Fv0,1)(t)dt fe;(e3) des
= [ @) fufes)des
—e
= /RCI) £ 3 )fgg(€3)de3
\/Zk 12, 17’k7’JCOV(£za€2)
z—e3 exp(—es)
= P de
/R K K (1+exp(—e3))?
Z Z VkYJCOV(f:z’gz)
k=1 j=1
As we have

exp(—e3)

foles) = (i exp(es)?

exp(e3)
(1+exp(e3))?’

we conclude that
FU(Z)Z/(P z—e3 exp(e3) des
R K K (1+4exp(e3))?
Z Z Yeyjcov( 82,82
k=1j=1




Moreover, even in this situation we can prove that 1 — Fyy(—z) = Fy(z), as we ob-
served for the probit modeling.

—z—e3 exp(e3)
—Fi(—2) = 1—- [ @ q
vi=) /R K K (1+exp(es))? “s
Y Y wyjeov(el,€f)
k=1 j=1
— 1_/@ . Z+e3 exp(e3) de
R K K (1+exp(e3))? 3
Z Z Yk}gcov(sé‘,ez)
\kzl]zl
_ 1_/ @ zt+e3 exp(e3) des
R K K (1+exp(e3))
Y Y nyjeov(el,€])
| k=1 j=1 ]

o exp(es) .
= 1= [ e

ztes exp(e3)
e | .
R (Zszl i YijCOV(%‘ﬁ{)) (1+exp(es))?

1_1+/q> z+es exp(e3)

K K j (1+exp(e3))?
Y Y wnyjcov(es,€))
k=1 j=1




~ [ t+es exp(e3)
R

| (14exp(es))?
Y nvjcov(es, e5)
1 =1

M=

k

z—e3 exp(es) )
= d de;®
A K | (T exp(en))? ™
Z YeYjcov( 82,62

HMN

= FU(Z>-

Now that we have determined the distribution function of U for both probit and logit
outcomes, we can prove the equalities in the corollary. To facilitate the development
of the proof we set:

52() = / Ant — ArdFx (x)
56 = [ B~ BordFx()

where:

Att’ = /RK E[Y’T = t,M = m,W = W,X = x] dF(M(t’),W(t))|X:x(m>W)

By = /RKE[Y]ZZZ,T =1,X = x|dFz 7=y x=(2)-

For the indirect effect §(¢) we have :

Ay = /RK EY|T =1,M =mW =w,X = x]dFy()w (1)) x=x (W)
= /RK E[l{y*>0}‘T = I,M = m,W = W,X :X] dF(M(z’),W(t))\X:x<maW)
= /RK P[Y* > O|T =t M=mW=wX :x] dF(M(t’),W(t))\X:x(maw)'

We replace Y* by its expression and obtain:

@Here we substitute e3 by —e3.



K
Ay = /RK P[((X3 + Bt + Z j/kmk +ym+ 53rx+ & > 0] dF(M(t’),W(t))|X:x(m7W)'
k=2

By the substitutions m! = o + B¢/ +EXx+ el and mk = of + BXt + EXKx+ ek k>
2, we have:

Att’ = /RKP

K K K .
(3+ Y nas) + (B3 + Z B+ Bt + (8 + Y n& x+(es+ Y wed) > 0]
=1 =1 =1

K
(e5+ ) mos) + ﬁ3+27’kﬁz Byt + 3+Z?’k§ Jx+(e3+e€) > 0| dFe(e)

k=1

¥ 7—

£ [1{<a3+z,’;, 10) 4 (B + TK , WBE 7Bl +(ET 4T, pel k>x+<e3+e>>o}] dF(e)

= /R /Rl{<a3+z,§_,yka§>+<ﬁ3+z,'§_2 KB+ 7B+ (ET TR R+ (ere) >0} s (€3)dFe )
= /R L (ot T ) (Bt L Byl (ETEK, w0} SFU (1)
= E [1{(063+2sz1 %ok )+(B3+Ea zykﬁf)l+7ﬁzll'+(égr+2kl{_1 Ykézrk)x+U>0}]

K K
= P ((a3+27ka2 B3+Zykﬁ2 t+yBat' + §3F+Zyk§zrk)x+U>0>
k=1

k=1

K
_ P<U>—(a3+217fk% B3+Z7'kﬁz 1=yt — §3+Z?’k52rk)x>
= k=1

X K
= 1-P <U < —(a3+ Z '}’kaz (Bs + Z '}’kﬁz t—'}’ﬁzt - §3F+ Z Ykézrk)x>
k=1

k=1

k=1

K K
= 1-Fy (—(a3+2yka§) 3+Z'}’kﬁ2 t—yByt' — 3F+Zyk€z”‘)X>
k=1

Because 1 — Fyy(—z) = Fy(z), the last equation becomes:

K K
Ay =Fy ((OB + Z ?’kaz +(Bs+ Z Ykﬁz 1+ Yﬁﬂ +( 531"_'_ Z yl{ézrk)x)
k=1

k=1



By replacing A, given by this last expression in 6(¢) = [A;; — A,0dFx(x) , we ob-
tain the result stated in the corollary. Analogous proofs hold for the other mediation
effects in the corollary.

6 Complementary results

One of assumptions needed for our results is that correlations between the po-
tential mediators are the same whatever the treatment governing the mediators:
cor(M'(t),M/(¢")|T,X) = p;; for all £,#". In the two following data generating mod-
els for the mediators we do not consider this assumption. M'(¢) and M>(t) follow
a bivariate normal distribution with covariance X for each r = 0, 1 separately. Then,
clearly the simulated data has cor(M'(1),M?(0)) = 0. Analysing the data gener-
ated with models 1 and 2, we check the robustness of our method to a departure
from our assumption. Note that we have choose the same value of parameter that
the model used in subsection 4.3.

Results for bias and coverage probability can be seen in Figures 3 and 4.
This figure clearly shows that our approach allows an unbiased estimation, contrary
to the simple analyses, for both direct and indirect effects. The interpretations of
these results are very close to those of the analysis with the model respecting our
assumption in the article.

Model 1: Continuous outcome and continuous mediators

e T follows a Bernoulli distribution %(0.3).
e The joint distribution of the two counterfactual mediators is

M (1) 144
<M2<z> ) ~ ‘/‘/(“‘ < 2+ 61 )Z)
e The counterfactual outcome follows the normal distribution

Y (e, M (&), M* (")) ~ A (1+100+5M' (') +4M> ("), 1).

In table 1, we show the real causal effect values entailed by model 1.

8T8 C |t
44 1 20|24 | 10 | 54

Table 1: Real values of the causal effects entailed by model 1.



Values of 8% Values of &' Values of 8

0.22 0.24
0.08 0.10 0.12
0.14 0.16

Joint Indirect effect 5
0.20
Indirect effect '

0.18
Indirect effect 52
0.12

0.10

0.06

\

\

-0.5 0.0 0.5 -0.5 0.0 05 -0.5 0.0 05
Correlation Correlation Correlation

0.04

0.16
0.08

0.02

Values of T Values of t

\

-0.5 0.0 0.5 -0.5 0.0 0.5
Correlation Correlation

0.30

Direct effect T

0.04 0.06 0.08
Total effectt
0.24 0.26 0.28

0.22

0.20

Figure 2: Binary outcome (model 2): Variation in causal effects due to correlation

Model 2: Binary outcome (logit) with continuous mediators

o T follows a Bernoulli distribution %(0.3).
e The joint distribution of the two counterfactual mediators is

M(¢) _( 0.140.6¢
(M2(z) ) ~ ’/V(“_ ( 0.2+ 0.8 >Z>
e The counterfactual outcome follows the logistic regression:

1
1+exp(—=2+0.4t +0.6M(t') +0.8M2(¢"))

Y(t,M'(/),M*(1")) ~ B

With this choice of parameters, 30% of the sampled observations are cases. As
we can see in Corollary 5.1, with binary outcome, causal effects are related to the
covariance of mediators. Figure 2 shows how the true causal values change when
correlation changes.
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Model 3: Continuous outcome and continuous mediators

e T follows a Bernoulli distribution %(0.3).
e The joint distribution of the two counterfactual mediators is

Mo\ (142
(i) = (e (322) =)

e The counterfactual outcome follows the normal distribution

Y (e, M'(¢),M*(t")) ~ A (4+35t+2M'(¢') +3M*(¢"),1).

Model 4: Binary outcome (probit) with continuous mediators

e T follows a Bernoulli distribution %(0.3).
e The joint distribution of the two counterfactual mediators is

(e ) ~ -+ (w= (3707 ) =)

e The counterfactual outcome follows the probit distribution:

Y(e,M' ("), M*(t")) ~ Z(®(-0.5+0.8¢+0.7M' (') +0.7M*("))) .

Model 5: Binary outcome (logit) with continuous mediators

e T follows a Bernoulli distribution %(0.3).
e The joint distribution of the two counterfactual mediators is

(b)) = (= (03207 ) =)

e The counterfactual outcome follows the logistic distribution:

/ " 1
Y (6, M (), M ("))~ B(1+exp(o.5—0.8:—0.7M1(r’)—0.7M2(t”))>'

Correlated and independent mediators

For all models, we consider two situations:



01
I 09
09 1

e model I when X = < L0 ) (independent mediators)

e model C when X = ( ) (correlated mediators).

For instance Model 4 C refers to probit binary outcomes with correlated continuous
mediators.

Table 2 summarizes the estimates provided by our multiple mediation analy-
sis and by two simple mediation analyses, one for each mediator, for data simulated
according to the six models. We can see that when mediators are independent, both
the two simple analyses and our multiple analysis estimate correctly the individual
indirect effects, the total effect and the proportion mediated. As expected the esti-
mates of the direct effect provided by the two simple analyses is distant from the
true value which does not even belong to the confidence intervals. On the contrary,
our multiple analysis provide an accurate and precise estimate of the direct effect.
When analyzing data with correlated mediators generated by Model 3 C, simple
analysis provide wrong estimates of both the direct and indirect effects. Propor-
tions mediated are largely overestimated. Unlike Model 3 I, where mediators are
independent, the sum of the indirect effects estimated by the two simple analysis
does not correspond to the joint indirect effect, thus showing one of the limits of
applying multiple simple analyses in parallel. On the contrary, our multiple analysis
provides accurate and precise estimates of the joint indirect effect when mediators
are correlated. For data simulated from Model 4 C and Model 5 C, simple analyses
provide wrong estimates of the indirect effects and accurate and precise estimate of
the direct effect. Our method produces accurate and precise estimates of all effects.
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