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PCATS Aim 1b:
Two-stage treatment
assignment results



Two-Stage Simulation Study Results

After making sure the performances of the GPMatch in the one-stage setting, we extended the GPMatch and the BART
for the two-staged ATS. Five different simulation studies are performed. Since the primary goal of the study is to
evaluate the performance of 2-stage BART and GPMatch for estimating the averaged treatment effort for ATS, four
simulation designs were considered a sequential, multiple assignment, randomized trial (SMART), where the treatment
is assigned at random at the 1% stage; the 2" stage treatment is assigned adaptive to the patient’s responses to the
previous treatment. The design also considered heterogeneous treatment effect setting. Specifically, the five sets of

simulation studies are:

1. A SMART trial with nonlinear outcome and treatment model.

2. A SMART trial with including an unmeasured binary confounder (U,) at the baseline, and linear outcome and
treatment model.

3. A SMART trial modified based on Kang and Schafer’s dual misspecification setting.

4. A SMART trial with the 1% stage disease outcome modifies the 2" stage treatment effects, a linear model
setting.

5. Observational study subgroup treatment effect at both stages, a nonlinear setting.

In all setting, we consider the observed outcomes are measured without error. That is at the end of the 1% stage, the

observed outcomes at the end of the 1° stage of treatment (L,) is determined by
Ly =4 L (1) + (1—4p) L,(0)
Then, at the end of 2" stage, the observed outcome (Y) is determined by
Y =404, YLD+ 1—-A4)A, YO +A,(1—-A4) Y0+ (1—A4y) (1—-A4,)Y(0,0).

Without loss of generality, the simulation study considered a binary treatment decisions. The treatment assignment at
the initial decision point (4,) is determined by the baseline covariates (X). The treatment at the end of 1% stage (4,) is
assignment based on the observed patient’s responses L, previous treatment assignment (4,) and the baseline
covariates (X), i.e. [A1|A¢, X, L1]. The potential outcomes at the end of 1** stage is determined by the baseline
covariates (X). The potential outcomes at the end of 2" stage is determined by the baseline covariates and the potential
outcomes at end of the 1°*! stage, i.e. [Y(00),Y(01),Y(10),Y(11)|X, L;(0),L;(1)]. Under the ATS, there are two types
of confounders - X denotes the baseline confounder, which may include age, gender, race, insurance status, baseline
disease severity and health related quality of life; the L; is a time-varying confounder, which may include disease
severity and health at the end of 1% stage. Of note, the L; may include the intermediate outcome measure, e.g. disease

severity.



The recent paper by Newsome, Keogh and Daniel (2018) presented the most comprehensive review of six existing

methods currently used for the evaluating causal treatment effects of ATS.

1.

IPW: Invers probability weighting of marginal structural model, where the weight is the inverse of joint
probability of treatment assignment [4y, A1|X];

IPW(truncated): same as the IPW, with the PS truncated at 0.1 and 0.99;

HA-MSM: history-adjusted marginal structural models (MSM) [Y (a,, a;)|X], where the weight is the inverse of
joint time-varying PS [Ag, A1 |X, L1] = [Ao|X]x[A1]|A0, X, L]

HA-MSM(truncated): same as the HA-MSM, with the stabilized weight truncated at the 1* and 99" percentile;
G-computation: G-computatoin approaches impute the missing potential outcome similarly as the missing
imputation chained equation (MICE), imputing [Y (ag, a;)|X, L, (ag)] and [L;|X] using the observed outcomes
and covariates.

G-estimation: g-estimation includes the PS estimates at each decision point into the structural nested model

[Y(agy, a1)1X,Li(ag)], and solve the corresponding estimating equation.

The authors reported persistent weaker performances of IPW method compared to the HA-MSM methods. Thus they

are not considered in our study. The simulation studies compared the rest four methods against both 2-stage BART and

the 2-stage GPMatch in our simulation studies.

For the 2-stage ATS (4, A1), there are 4 causal treatment effect of ATS, {1, ¥ ,¥,, Y3} which are defined by the six
potential outcomes (L;(0), L;(1),Y(00),Y(01),Y(10),Y(11)):

Ly(ap) = L1(0) + t40a0;
Y(apa;) =Y(00) + ¥; ap(1 —ay) + ¢, a; (1 — ap) + YP3apa;.

Thus, the 77 is the 1% line treatment effect at the end of the 1% stage:

7 = L;(1) — L1 (0);

The {Y1 ,15, Y3} is the 2" line treatment effect of ATS (ag, a,) at the end of 2" stage. Thus the all pairwise

comparisons of the four 2" stage potential outcomes can be written as:

Y(10) — Y(00) = y; Y(01) — Y(00) = ; Y(11) — Y(00) = s;

Y(10) = Y(01) =9, —35;Y(11) — Y(01) = 3 — ;Y (11) — Y (10) = 3 — 1),

The simulation results are summarized for each of the 7 causal contrast of ATS at both stages. All simulation results are

summarized over 200 replicates. The root mean square error (RMSE) and median absolute error (MAE) are summarized

over all replicates and plotted for all method of comparisons. For GPMath and BART, histogram of the posterior

estimates are plotted.



1. ASMART Trial Nonlinear Model Setting

This simulation resembles a SMART trial setting, where the initial treatment is assigned at random. The stage 1
treatment has no effect on the disease progress at the end of 1% stage treatment. Both models of treatment assignment
at the 2" stage and the potential outcomes are nonlinear functions of the end of 1 stage responses L,

X~Bernoulli(0.4),  Ay~Bernoulli(0.5),  L,;~N(0,1)
Aq|Lq, Ay, X~Bernoulli(expit (0.2 —0.24, + Li/?’))

Y(ag,a;) ~N(—=2 + 2.5ay + 3.5a; + 0.5ay,a; — 3 exp(—L,),sd = 1).
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2. ASMART Trial Linear Model, Unmeasured Covariate Setting
Following a setting used in Daniels (2013), this simulation considered an unmeasured confounder U,. Specifically, the

data are simulated according to the following setup:

Uy~Bernoulli(0.4),
Ay~Bernoulli(0.5),

L,(ay) ~ Bernoulli(expit(0.25 + 0.3ay, — 0.2U, — 0.05a,U,))
A; ~ Bernoulli(expit(0.4 + 0.54y) — 0.3L; — 0.44,L,))

Y(ao, al) NN(OZS - 0.5a0 - 0.75(11 + 0.2a0a1 - Uo, 02)
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3. ASMART Trial Kang and Schafer Dual Misspecification Setting
We extended the well-known Kang and Schafer (2014) simulation to a 2-stage setting. Like the SMART trial, the 1°

treatment is assigned at random, and the outcome at is a linear function of the baseline covariates Z; — Z,.

A, ~ Bernoulli(expit (0.25A0 +(0.1) L}

Zl' Zz, Zg, Z4_~N(O,1), A0~B€T’n0ulll(05)

Ly ~N(=15+ 27.4Zy + 13.7Z, + 0 % Z3 + 0 x Z, — 34,,1)

1/3

+0.75 % (Z, — 0.5Z, + 0.25Z5 + 0.124)))




Y(Ao, Ay)~ N(210 + Ly + 13.7Z5 + 13.7Z, — 54 — 34, — 24,44, 1)

exp(z1/2),x, = z,/(1 + exp(z1)) +

Like in Kang and Schafer, only transformed covariates are observed x;

(z, + z4 + 20)?

3
10,x3 = (Z;? + 0.6) ,and x,

RMSE

200 & N

MAE

200 & N

400 + N=600

o N=

s

o+

PIOSD

ERELED)

Lavg

uonewnse-B

uoneinduios-6

(paresuny) NSIH-YH

NSHHYH

¢z 0z 8L 9L ¥ 2l 0L

2 9 ¥ ¢ 0

400 + N=600

o N=

1 1
0c 8L 9l

T T T
¥l ¢l Ol

Y01-YOO

T
8

L A B
9 ¥ ¢ 0

Plog

EREIEL]

Ldve

uonewnsa-6

uogenduwos-6

(pajesuniy) MSIW-wH

(R

RMSE

200 & N

MAE

200 & N

400 + N=600

o N=

400 + N=600

o N=

[
o g+
o <H
@ 4+
o < +
o < +
T T I T
el 14 4 o]
&
o J+
o &
s a4 +
o < +
[s] < +

T T I T T T T T T T
S¥ 0% ¢ 0€ §¢ 0¢ &L 0L S0 00

Y10-YOO

P19

LRI D]

18

uonendwos-h

(pajyeouns) WSH-vH

WSIN-YH

RO

LRLIED]

1dva

vopendwos-6

{pajesuna) WSI-vH

WSWYH

RMSE

200 & N

MAE

200 & N

400 + N=600

o N=

0¢ 8L 9L ¥l €L 0l

400 + N=600

o N=

o

0Z 8L 9L vl ¢l 0l

Y11-YOO

PIOD

yaenido

1Hvd

uopeIndwos-i

(pateouni} WSI-YH

WSW-vH

PIOD

Yalepde

1uvg

uoendwos-f

(pajeounu) WSIH-¥H

WSW-¥H



RMSE

200 & N

MAE

200 & N

400 + N=600

o N=

o

o

ploo

ERUED]

1Hvg

uonendwos-6

(paresuns) WS H-vH

INSI-YH

44

8l

¥l

oL

g 8 ¥ ¢ 0

400 + N=600

o N=

<

o

o+

PIOD

YaepdO

k)4

uopeIndwos-i

(paresuniy) WSIA-YH

WSK-YH

2Z 02 8L 9l ¥l

T
Zl

T
ol

Y10-Y01

1T T T T
g8 9 + ¢ 0

RMSE

MAE

[=!
O
ki
=z o Ot
+
8 o a4+
hi
=z
4 o Qg+
O
S
[l <+
=
Q
g+
T T
9 0
[=!
O
ki
=z o <&
+
W o<+
hi
=z
< o a4 +
O
S
o <
=
Q

SF OF 9¢€ 0¢ §¢ 0¢ &1 0L S0 00

Y11-YO1

PIOD

yaends

1dva

uolenduiea-i

{pajesuniy) WSW-YH

WSW-YH

oD

YN dD

1yvg

uonendwos-

(paresuny) WSIN-YH

WS YH

RMSE

MAE

PI0S

YNENdD

Luve

uonewyse-b

vogendwos-6

(Pajesuna) WS I-wH

WS-YH

P09

YreNdD

Ldve

uopewnse-b

uopeIndwoa-6

{patesuny} WSFYH

WSW-YH

@
[=!
s
@ o
=
+ o4
[=!
o
5
F o+
<
o o<t
=
o
Z| oH
o
aHl
I T T T I I T T T
22 0Z 8L 8L ¥IL 2L 0L 8 ¥z
&
[=!
s
i at
=
+ ok
o
o
hi
= <3
<
o <+
=
o
Z ®
o
%
I T T T T T T T T
0Z 8L 9L L 2L 0L 8 vz

Y11-Y10



w

Frequency

30

Frequency
3

MAE
o N=200 & N=400 + N=600

RMSE
o N=200 & N=400 + N=600

Q ] Q| Q =]
A
. A a w
o o
o
+ o+ s
[t} I S
- w
o4+ o+
o |
- o )
Y1-YO _ . S
- w | .
A
wn + ‘O_ 7 )
3 +
Q uw
A S .
2
o toa g o ¢ &
(=] a 7|
= = 5 = 5 o = 5 5 = 5 z
2 ¢ £ % 32 8 2 ¢ £ ¥ : 8
£ £ @ g i 2 30" 3
£ & £ 5
3 = 3 @
= =
2 $
Y01-Y00 ¥10-Y00
200 400 800 200 400 800
1 1 I ] l .
! ! ! ' Bias=0081 ' Bias=0122 Bias=0 2
1 Bias=0.852 1 1 Bias=0.518 30 1 |
1 MAE=1.147 1 1 MAE=0.56 | MAE=0.834 | MAE=0.55 MAE=0.414
, RMSE=1658 . 1||[RMSE=0779 | RMSE=1.264 RMSE=0.84 RMSE=0.598
| Re-oss || Re=ose [y Re=oe . | Ro=038 RC0.9 Ro-n.52
€ 20
1 1 E 1
1 1 1 g
1 [
-!1I 0 =25 I]'(l .é:lJ -')‘: 10 -f:() .ZJ’!! 00 -1“/ 1‘() -8 -'Li -1‘[) -8 J; -‘rﬂ 1‘[) -8 -%i
GPMatch GPMatch
200 400 500 200 400 500
1 Bias=1.161 1 Bias=0.345 1 Bias=0.26 “ 1 1 1
1 MAE=1.461 1 MAE=0759 _ MAE=0.58 1 1 il
I RMSE=2199 | RMSE=1219 RMSE=0.94 1 1 I
| RC=082 | RC=0.84 RC=0.84 - | Bias=0535 ) Bias="0.465 \ Bias=0.427
1 \ MAE=1.285 | MAE=0.782 | MAE=0.731
\ . | RMSE=1.78 | RMSE=1.112| RMSE=0.953
2 | RC=0.86 | RC=0.8 RC=076
g~ |
£ 1
[,
[
¢ 1 1 1
4 4 2 0 2 4 2 0 2 & 4 2 0 2 425 100 75 50 00 75 S 25-125 100 75 50 25
BART BART




Y¥11-YQ00 Y¥10-Y01
200 400 600 200 400 600
] 0.721 1 Bias=0537 1 Bias=0.403 | Bias=077 | Bias=-0.485 L Bias=-0316
" I MAE=1.027 1 MAE=0.89 1 MAE=0.505 I MAE=1.137 I MAE=0.705 MAE=0.449
| R"ASCE;;'& 1 R"Q%%;%%” 1 R"Qsé%“a—’é“ . | RMSE=1.718 I RMSE=1.007 | RMSE=0.683
| i 1 1 I RC=089 RC=0.87 RC=0.9
30 1 1 ]
& 1 1 & I
| I ”m»m I
3 3
z ., z
@ 20 ! ®
w w
) m}m{lﬁtﬂm , n
1 [ 1
=16 -14 =12 =10 -6 =16 -14 =12 10 -8 =16 14 12 =10 -8B =100 7.5 S0 =25 =100 7.5 5.0 25 =100 =75 =50 =25
GPMatch GPMatch
200 400 600 200 400 600
! ! m ! Bias=-1.696 | Bias=-0.81 [} Bias=-0.587
! ! ! ! MAE=2 008 ! MaE=1.038 MAE=0.768
; Bias=1402 ' Bias=0 12 | Bias=0598 w0 'rusE=2733 |RMSE=1,508 ml RivsE=1.15
a0 . el St . : , Re=0.72 , Re=0.78 | RC=0.76
RC=079 RC=081
. | [ - [ 1 I
e e
g 1 [ £ 1 |
z 1 =z ]
[ [
£, ' £
0
¢ 1 1 » 1 — ¢ 1 1 1
-175 -150 -125 -100 7.5 S5 -150 -125 -100 -7.5 -517.5 150 -125 10.0 -5 =50 12 5 3 -12 -9 5 -3 -12 -9 -5 -3
BART BART
Y11-Y01 Y11-Y10
200 400 600 200 400 600
| Bias=-0.131 | Bias=-0.071 I 1 ] In
| MAE=0939 | MAE=0 495 y 30 | Bias=0639 | Bias=0.415 || Bias=0.202
20 I RMSE=1414 I RMSE=0.764 RMSE=0.622 1 MAE=0.829 | MAE=0.67 It MAE=0.48
I RC=0.91 RC=0.93 RC=0.92 I RMSE=1499 RMSE=0.941 I RMSE=0.67
| 1 I
. RC=095 RC=0.2 RC=0.93
o I 3 ! I
c 20 c
@ @ i
3 3
o o
o o U
w w i
0 0 |
I
I
o =] 0 !
| 1 1 1
=12 10 8 Bl -12 -10 -8 8 =12 10 -8 el -8 -4 2 a -8 el -4 -2 a -8 £ -4 -2 a
GPMatch GPMatch
200 400 600 200 400 600
) 1 1] I 1 M 1
a0 1 i i 30 | Bias=1.937 . Bias=1.276 | Bias=1.025
Bllas=0.242 1 Bllis=0.408 1 | Bias=0.338 1 I MAE=1.969 I MAE=1.453 1| masstaz
| MAE=1.066 ! MAE=0.832 ! MAE=0675 ! ' RMsE=2862 ' lRMsE=1.715 || [rMsE=1.385
T RMSE=1 653 ! RMSE=1.1 | RMSE=0.905 i ' ! RC=0.56 ! RC=0.59
z RC=0.9 ! RC=0.81 RC=0.76 72 [ | |
4 1 4 I I I
& 20 o [ 1
g g
i I | | I
) i I
o I I
: i i
I [
la o m N o I |
- [ 1 1 - 1 1
-175 -150 -125 -100 75 S5 -150 125 -100 7.5 -85 -150 -125 -100 75 -5.0 E: -3 0 £ -3 0
BART BART



Frequency

Frequency

200 400 \ 600
1 ) h
[| Bias=0.019 Bias=0.005 Bias=0.012
MAE=0 1 1 MAE=0.0869 MAE=0.067
RM% =0,159 RM% =0,181 RNI% =0.186
RC=099 RC=098 1 RC=098
n a - J - ama .-.-.[ D
I
4 3 2 4 RY 2 4 3 2
GPMatch
200 400 500
Bias=0.012 Bias=-0.004 Bias=0.002
=0, MAE=0.186 MAE=0.113
RMSE=0.517 RMSE=0.287 RMSE=0.193
RC=0.84 RC=0.79 RC=0.84

4. Heterogeneous Treatment Effect SMART Trial
It is expected that the outcome at the 1% stage may modify the effect of the next stage treatment effect. Here, we

consider a simple additive interaction effect: s

Y1-YO

Y(Ay, Ay, L)|X~N(=2 + 2.54, + 3.54; + 0.54,4; — 3exp(—L;) + A, Ly, sd = 1)

X~Bernoulli(0.4), Ag~Bernoulli(0.5), L;~N(0,1)

Ay|Ly, Ao, X~Bernoulli(expit (0.2 = 0.24, + LY'*))
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5. Observational Study Adaptive Treatment Subgroup Treatment Effect

This simulation implemented a modified simulation design setting used in Schulte’s et. al. (2017). It considered a 3-level

categorical baseline covariates X = —5,0,5, with multinomial distribution, X~ Multinomial (

treatment effect at both stages varies by the baseline covariates.

Ag~Bernoulli(expit(0.3 — 0.05X))
Ly (ag)~N(0.75X — 0.75a, — 0.25a,X, 1)
Ly = Aol (1) + (1 — Ap)L.(0)

111
3’3’3

). The causal

A, ~ Bernoulli(expit(0.05X + 0.24, — 0.05L; — 0.1L; * Ay — 0.01L3))
Y(agy, a;)|Li(ag) ~N(3 + 0.5ay + 0.4a,X — Ly (ay) — L1(ap)? + 2a; — apa; + a;L;(ap), 1)
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