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DISCLOSURES

Past 3 years: I do work with the FDA CTP via contractual mechanisms 
with Westat. I am a co-Investigator on several NIH grant awards. 
During 2019, I reviewed grant proposals related to tobacco harm 
reduction studies funded by the Foundation for a Smoke Free World. 
I did not receive any compensation for this work. I quit this activity 
in early 2020.

This talk has nothing to do with any of the above, my opinions are 
my own, and I only represent myself and not any other entities, 
human or otherwise.



OUTLINE

• Running example: Dealing with high dimension data in 
the PATH Study youth sample – ecig->cig pathway

• Propensity score balancing

• Intro to Bayesian Networks (BN), information entropy

• BN structure learning

• Confounding or what?
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PATH Study, Youth Sample, Waves 1-3: New User Design

Public use data.



MODEL VARIABLES

Exposure. Ever used e-cigarettes (Sample 1) or combustible cigarettes (Sample 2) 
exclusively at Wave 2 (2014 – 2015). 

Outcome. Combustible cigarette past 30-day (P30D) use assessed at Wave 3 (2015 –
2016). 

Pre-exposure confounders. 55 pre-exposure variables (Wave 1, 2013 - 2014): self- or 
parent-report on socio-demographic (e.g., sex, race), interpersonal (e.g., depression, 
impulsivity, medical history), behavioral (e.g., alcohol use, drug use) and social 
environmental (e.g., living with smokers, parental monitoring) factors.

Entropy balancing (EB): A multivariate reweighting method which adjusts the weight of 
each participant so that the covariate distributions in the reweighted data achieve balance 
(i.e., mean and variance). Obviates the need for PS matching. Survey weights were 
included in the model for estimating EB weights.



Figure 1. Standardized mean differences (SMD) of pre-exposure confounders before 
and after entropy balancing. All SMDs of the 55 confounder variables after EB were 
close to 0. 

Entropy balancing of covariates



Effect of Initial  E-cigarette Exposure on P30-day Cigarette Use



Effect of Initial Cigarette Exposure on P30-day Cigarette Use



Bayesian Network





BN software



Information Entropy



Mutual Information



Number of possible networks (models) grows super-
exponentially with the number of nodes (variables) 



Minimum Description Length (MDL) Score

Learning Bayesian Network 
Structure 

Score-based algorithms,  based on a 
metric (MDL) that measures the quality 
of candidate networks with respect to 
the observed data. Trades off network 
complexity against the degree of fit to 
the data, which is typically expressed 
as the likelihood of the data given the 
network. 

Easy to encode prior knowledge in 
network form, either by fixing portions 
of the structure, forbidding relations, or 
by using prior distributions over the 
network parameters. 



Causal Challenge

Original Model Learned Model





Pre-Exposure Covariates, Exposure and 
Outcome (temporal sequence)

Wave 1

Wave 2 Wave 3



Maximum Weight Spanning Tree (MWST). 
Constrained to learning a tree structure (one parent 
per node) 



BN Learning algorithms



Semi-supervised learning

Ecig exposure W2

Cig (P30D) W3

Covariates W1



Probabilistic structural 
equation model 

Cig (P30D) W3

Ecig exposure W2





• Control for each covariate that is a cause of the exposure, or of the 
outcome, or of both; 

• Exclude from this set any variable known to be an instrumental 
variable; 

• Include as a covariate any proxy for an unmeasured variable that is 
a common cause of both the exposure and the outcome. 











Effects of Ecig Exposure on 
Cigarette Smoking

Observation

Ecig use set to 100%

r03r_y_cur_cigs
Mean: 0.011 Dev: 0.105
Value: 0.011 (+0.002) 

98.89% 0
1.11% 1

exposure
Mean: 0.042 Dev: 0.200
Value: 0.042 (+0.042) 

95.82% 0
4.18% 1

r03r_y_cur_cigs
Mean: 0.049 Dev: 0.216
Value: 0.049 (+0.038) 

95.11% 0
4.89% 1

exposure
Mean: 1.000 Dev: 0.000
Value: 1.000 (+0.958) 

0.00% 0
100.00% 1

r03r_y_cur_cigs
Mean: 0.009 Dev: 0.097
Value: 0.009 (-0.039) 

99.06% 0
0.94% 1

exposure
Mean: 0.000 Dev: 0.000
Value: 0.000 (-1.000) 

100.00% 0
0.00% 1

Ecig use set to 0%








