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Motivation Methodology Simulation Study

Personalized Medicine

e One size fits all?

e What treatment should he/she receive?
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Motivation

Personalized Medicine

e One size fits all?
e What treatment should he/she receive?

e Data driven and scientifically valid treatment regimes

e Treatment regime: a function that maps patient
covariates to treatment options, and thus provides
treatment recommendations from individual patient
characteristics

e Patient covariates: demographic, genetic, clinical
measurements, medical history ...

e Aims to optimize some clinical outcome

e Requires joint effort of clinical scientists and statisticians
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Motivation

Example of Treatment Regimes

A breast cancer clinical trial (Fisher et al., 1983)
e Treatments after surgery:
e chemotherapy alone
e chemotherapy with tamoxifen
e Patient covariates:
age (year)
estrogen receptor level (ER, fmol)
progesterone receptor level (PR, fmol)
tumor size (cm)
number of histologically positive nodes

e Outcome: three-year disease-free survival
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Motivation Methodology

Simulation Study Application
Example of Treatment Regimes
Give chemotherapy alone if

age < 50 and PR < 10
(Gail and Simon, 1985)

Give chemotherapy alone if

age + 7.981og(1 + PR) < 60
(Zhang et al., 2012)
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Motivation Methodology Simulation Study Application

Estimation of Treatment Regimes

e Using the conditional mean of outcome given treatment
and patient covariates, e.g. Q- and A-learning (Murphy,
2003; Robins, 2004; Murphy, 2005; Moodie et al., 2007;
Henderson et al., 2009; Zhao et al., 2009; Qian and
Murphy, 2011; Laber et al., 2014)

e Using the marginal mean of outcome under a treatment
regime, e.g. policy search or classification perspective
(Robins et al., 2008; Orellana et al., 2010; Zhang et al.,
2012, 2013; Zhao et al., 2012, 2014)
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Motivation Methodology Simulation Study Application

Estimation of Treatment Regimes

Estimated regimes often in the form of linear combinations of
many variables or basis functions, difficult to interpret
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Motivation Methodology Simulation Study Application

Estimation of Treatment Regimes

Estimated regimes often in the form of linear combinations of
many variables or basis functions, difficult to interpret

Besides interpretability, ...
e Identify the most relevant covariates

e Account for the cost of applying the regime

Can we construct high-quality treatment regimes that are
much more interpretable?

Interpretable Treatment Regimes, Yichi Zhang, NCSU



Motivation Methodology Simulation Study Application

Framework

¢ Single decision point
e n i.i.d. samples
e (V;, A;, X;) for each patient
e Y;: scalar outcome of interest, the larger the better

e A;: one of m treatment options
e X, vector of patient covariates at baseline
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Methodology

Framework

Single decision point
e n i.i.d. samples
(Y;, A;, X;) for each patient
e Y;: scalar outcome of interest, the larger the better

e A;: one of m treatment options
e X, vector of patient covariates at baseline

A treatment regime 7 recommends treatment 7(z) to a
patient with covariates x

e Easy to interpret
e Cheap to apply
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Motivation Methodology Simulation Study Application

Constructing Interpretable Treatment Regimes

e A list of if-then statements (decision lists, Rivest, 1987;
Marchand and Sokolova, 2005)

If ¢; then aq;
else if c; then as;

else if ¢, then a;;

else qg.
e qys are treatments; ¢4s are logical conditions of form:
Ty §T1, Tp, > T,
Tk, <1 and xp, < 7o, T, < T Or Tp, < Ty,
T, < 11 and xy, > T, Ty, < Ty OF Ty, > To,
T, > T and T, S To, T, > T1 OF Tg, < T,
Tg, > 11 and zp, > 7o, Tk, > Ty OF Tk, > To,
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Motivation Methodology Simulation Study Application

Constructing Interpretable Treatment Regimes

e Readily interpretable
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Motivation Methodology Simulation Study Application

Constructing Interpretable Treatment Regimes
e Readily interpretable

If x5 > 7 then Trt A;
else if r1 <4 and 25 > 5 then Trt A;
else Trt B.
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Motivation Methodology Simulation Study Application

Constructing Interpretable Treatment Regimes
e Readily interpretable

If x5 > 7 then Trt A;
else if r1 <4 and 25 > 5 then Trt A;

else Trt B.
o)
N \I/

1 A x2>7 LT
X1 <4 and x, > 5-LTrt A

Trt B F
TrtB

4 "1
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Motivation Methodology Simulation Study Application

Constructing Interpretable Treatment Regimes

e Expressive
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Motivation Methodology Simulation Study Application

Constructing Interpretable Treatment Regimes

e Expressive

Give Trt A if and only if at
least one of the conditions
Ci,...,Cr 1S met:

If ¢; then Trt A,
else if c; then Trt A;

else if ¢;, then Trt A;
else Trt B.

Interpretable Treatment Regimes, Yichi Zhang, NCSU



Motivation Methodology

Simulation Study Application

Constructing Interpretable Treatment Regimes

e Expressive

Give Trt A if and only if at
least one of the conditions
Ci,...,Cr 1S met:

If ¢; then Trt A,
else if c; then Trt A;

else if ¢;, then Trt A;
else Trt B.
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Give Trt A if and only if all
of the conditions ¢, ..., ¢,
are met:

If not ¢; then Trt B;
else if not ¢y then Trt B;

else if not ¢;, then Trt B;
else Trt A.



Motivation Methodology Simulation Study Application

Constructing Interpretable Treatment Regimes

e Cost effective
e Suppose a treatment regime is representable by

If xo > 7 then Trt A;
else if x1 <4 and zo > 5 then Trt A;
else Trt B.

e Only two variables are involved

e Short-circuited recommendation is possible:
Measurement of 1 is unnecessary for patients with
To > 7
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Methodology

Non-uniqueness
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Treatment regime 7y:

If 1 > 7 then aq;
else if x5 > 7 then ay;

else qg.

Treatment regime 75:

If v1 <7 and 25 > 7 then asy;
else if 1 > 7, then ay;

else qg.



Motivation Methodology Simulation Study Application

Non-uniqueness

T2
Treatment regime 7y:

If 1 > 7 then aq;

asg .
else if x5 > 7 then ay;

else ag.

T2 (431

Treatment regime 75:

Qo
If v1 <7 and 25 > 7 then asy;

else if 1 > 7, then ay;

T1 r1 else ag.
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Simulation Study Application

Methodology

Motivation
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Motivation Methodology Simulation Study Application

Non-uniqueness

4
1T Treatment regime 7y:
If x1 > 7 then ay;
@2 else if 7, > 7, then ay;
else ay.
T) |y (431
T
gg%%gg Treatment regime 7
0
o o If z; <7 and x5 > 7 then ay;
NI S S | else if x; > 7y then q;
T1 ) else agp.
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Application

Simulation Study

Methodology

Motivation
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Motivation Methodology Simulation Study Application

Non-uniqueness

T2
Treatment regime 7y:

If 1 > 7 then aq;

asg .
else if x5 > 7 then ay;

else ag.

T2 (431

Treatment regime 75:
If v1 <7 and 25 > 7 then asy;

Qo

else if 1 > 71 then aq;

T1 r1 else ag.
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Motivation Methodology Simulation Study Application

Non-uniqueness

4
1T Treatment regime 7y:
If x1 > 7 then ay;
@2 else if 7, > 7, then ay;
else a,.
T) |y (431
T
gg%%gg Treatment regime 7
0
o o If z; <7 and x5 > 7 then ay;
NI S S | else if x; > 7y then q;
1 r1 else ag.
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Treatment regime 7y:

If 1 > 7 then aq;
else if x5 > 7 then ay;

else ag.

Treatment regime 75:

If v1 <7 and 25 > 7 then asy;
else if 1 > 7, then ay;

else ag.

71 is better is terms of cost



Motivation Methodology Simulation Study Application

Optimizing Interpretable Treatment Regimes

If ¢; then aq;
else if ¢, then ao;

else if ¢, then a;;

else qg.

Many choices for ¢;s and a,s! How to choose?

1. Improve outcome
Which regime leads to the largest expected value of
outcome, if all patients followed that regime?

2. Reduce cost
Which regime incurs the smallest cost to implement?
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Motivation Methodology Simulation Study Application

Optimizing Interpretable Treatment Regimes

e II denotes the class of interpretable treatment regimes

e Step 1 (Maximize outcome): Find
T € arg max,.p ﬁ(w)

where E(ﬂ') estimates the expected value of outcome if
the entire population of patients followed the regime 7
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Motivation Methodology Simulation Study Application

Optimizing Interpretable Treatment Regimes

e II denotes the class of interpretable treatment regimes
e Step 1 (Maximize outcome): Find
T € arg max,.p ]/3:(%)
where E(ﬂ') estimates the expected value of outcome if
the entire population of patients followed the regime 7

o Use the doubly robust estimator (Tsiatis, 2006) as R(r)
e Build if-then statements one by one to form w
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Motivation Methodology Simulation Study Application

Optimizing Interpretable Treatment Regimes

e II denotes the class of interpretable treatment regimes
e Step 1 (Maximize outcome): Find
T € arg max,.p ]/3:(%)
where E(ﬂ') estimates the expected value of outcome if
the entire population of patients followed the regime 7
e Step 2 (Minimize cost): Find

T € argmin, g S(r) subject to R(w) = R(7)

~

where S(r) estimates the expected cost of measurements
required to apply the regime 7
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Simulation Study

Simulation Study

Randomized clinical trial with two or three treatment
options

Patient covariates are 50-dimensional, multivariate
normal, and weakly correlated

Only the first two covariates are important

e Outcome is continuous or binary

Goal:

e To show that the proposed method, compared with
(Q-learning, constructs much more interpretable treatment
regimes with comparable quality and much lower cost
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Motivation Methodology Simulation Study Application

Simulation Study: Optimal Regime is Decision List

n_ R R(Tgm) R(Tem) S(T) S(mgm)

Cont L 500 276 251 2.36 1.81 21.3
R 750 287 2.63 2.33 2.14 28.5
Bin L 1000 0.76 0.73 0.69 2.64 21.9
R 1500 0.74 0.72 0.61 3.16 30.4

o)
I
i
it
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Motivation Methodology Simulation Study Application

Simulation Study: Optimal Regime is not Decision List

n R R(Fgm) RlFam) SG) S(Fgm)
Cont L 500 270 2.79 2.73 1.64 21.4
R 500 259 2.52 2.35 1.71 23.1
Bin L 1000 0.71 0.72 0.60 1.87 26.2
R 1000 0.73 0.72 0.67 2.53 25.0
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Application

Breast Cancer Clinical Trial

Treatments after surgery:

e chemotherapy alone
e chemotherapy with tamoxifen

Patient covariates:

e age (year)

e estrogen receptor level (ER, fmol)

e progesterone receptor level (PR, fmol)
tumor size (cm)
e number of histologically positive nodes

Outcome: three-year disease-free survival
1164 patients
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Motivation Methodology Simulation Study Application

Breast Cancer Clinical Trial

Start
TRUE
age<5l1and PR<3 H chemotherapy alone ]
FALSE

{ chemotherapy with tamoxifen j

Figure 1 : Estimated regime. Replacing the condition with

age < 50 and PR < 10 leads to the regime suggested by Gail and
Simon (1985). These two regimes agree for 92% of the patients in
the data.
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Motivation Methodology Simulation Study

Breast Cancer Clinical Trial

Start

TRUE
age >51 H chemotherapy with tamoxifen )

FALSE

TRUE
PR>3 H chemotherapy with tamoxifen j

FALSE

N

chemotherapy alone j

Figure 2 : Estimated regime with minimal cost.
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Application

Summary

Construct interpretable treatment regimes using a list of
if-then statements

e Use simple inequalities as logical conditions

e Reduce cost and identify important covariates

e Protect against model misspecification

May extend to multiple decisions, e.g. chronic diseases

May apply to other areas, e.g. risk prediction, to handle
costly measurements

R Package: http://www4.ncsu.edu/~yzhang52/
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Application

Thank you!

yzhangb2@ncsu. edu
http://wwwd.ncsu.edu/~yzhang52/
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