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Missing data is ubiquitous!
> non-response/attrition
» data entry errors, lost survey forms

» individuals not wanting to disclose/not knowing certain info

How do we deal with it?

This talk is mostly conceptual.
» some long-standing ideas and conventional wisdom

» some recent ideas and new clarity
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Rubin’s (1976) taxonomy of missingness

one of the most influential ideas

3 types:
» Missing completely at random (MCAR)
> Missing at random (MAR)

> Missing not at random (MNAR or NMAR)
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Missing completely at random (MCAR)

Missingness is totally random, does not depend on anything.

More precisely, missingness is independent on our analysis variables.
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More precisely, missingness is independent on our analysis variables.

Say, our analysis involves three variables Vi, V5, V3 with some missingness.

Ri, Rz, R3 indicate whether these are observed (R; = 1) or missing (R; = 0).
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Missing completely at random (MCAR)

Missingness is totally random, does not depend on anything.

More precisely, missingness is independent on our analysis variables.

Say, our analysis involves three variables Vi, V5, V3 with some missingness.

Ri, Rz, R3 indicate whether these are observed (R; = 1) or missing (R; = 0).

MCAR means: R; 1L (V4, Vs, V5) for j=1,2,3

» Cases with missing values are a random sample of the original sample; no
systematic differences b/w those with missing and observed values

» Generally unrealistic, although might be reasonable for things like data
entry errors or lost questionnaires

» Testable: can rule out but can’t confirm
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Missing at random (MAR)

Missingness depends on data that are observed.

Conventional presentation:
data D partitioned into (Dob, Dmis); R being missing indicator
MAR says: R 1L Dmis | Dobs
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Missing at random (MAR)

Missingness depends on data that are observed.

| find it easier to think about it this way:
Suppose V5, V3 are partially missing, and V4 is fully observed
MAR says: R; 1L (V2, V3) | Vi for j =2,3
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Missing at random (MAR)

Missingness depends on data that are observed.

| find it easier to think about it this way:
Suppose V5, V3 are partially missing, and V4 is fully observed

MAR says: R; AL (Vs, Vs) | Vi for j =2,3

» Missingness doesn’t depend on variables with missing data.
» Missingness in a variable doesn’t depend on the value of that variable.

» Conditional on the fully observed variables, we again have exchangeability.

» Probably the assumption made most frequently

> Conventionally thought of as untestable, but there is some testability (Potthoff
et al. 2006)
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Missing not at random (MNAR)

Missingness depends on unobserved data.

Basically, cases not MCAR or MAR are MNAR.

Examples
» People with high income more likely not to disclose their income

» Probability of reporting medication adherence depends on whether the person
adheres

» Probability of responding to a survey about treatment interruption depends on
having a working cell phone, which also affects treatment interruption/continuity

This means

» Even among people with same values on the fully observed variables, the missing
values on the partially observed variable have a different distribution than the
observed variables, ie no exchangeability!

Not testable, ie can't rule it out
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Conventional wisdom

» Under MCAR, complete case analysis is valid
> MCAR is rare, so it's safer to assume MAR

» Under MAR, complete case analysis is biased, should instead use
MAR-based methods

» maximum likelihood (FIML, EM) or Bayesian analysis — complicated
» multiple imputation (MI) — general method and popular

> inverse probability of response weighting — most often used for
outcome missingness

P Use auxiliary variables to get close to MAR (this came up in MI context)

» If worry about MNAR, should do sensitivity analysis (but this is hard)
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Inverse probability weighting

Well established method under assumed exchangeability, ie MAR

IPW estimation of average treatment effect — under unconfoundedness
survey weighting — with known sampling probabilities
weighting to correct for survey non-response

inverse probability of censoring weighting — assuming ignorable censoring

VVYyVvVYVYyYy

etc.

Not suited for the usual situation of missingness in many covariates
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Modeling methods

For modeling-centric methods (ML, Bayesian and also MI), there have
been a lot of development with different types of models for different
types of data, eg

» dependent data eg multi-level

» categorical variables

» items on a scale

> a large number of auxiliary variables
> etc.

see Enders (2023) for an update.
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Multiple imputation (Rubin 1987)

Intuitive idea: conditional on observed variables, missing values have the
same distribution as observed values,
so can impute plausible values from that distribution

(other methods can be thought of as implicit imputation)

For how to do MI, there are many resources. Not our focus today.
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Multiple imputation (Rubin 1987)

Intuitive idea: conditional on observed variables, missing values have the

same distribution as observed values,
so can impute plausible values from that distribution

Popular approach (now sort of a default), perhaps because
» handles missingness in multiple variables
» can use standard analysis method

» |ots of MI software available
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Criticisms of MI (or the practice of MI)

Criticism — statistical
> sensitivity to imputation model (misspecification, model incompatibility)

» variance and variance estimation

Criticism — causal

> limited consideration (and transparency) of missing data mechanisms in
practice — researchers often default to MAR

» lack of consideration of what specifically is being estimated

» the usual guidance on auxiliary variables (predictive of missingness and
missing value) may be simplistic
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A quick visit with the causal criticisms

(Daniel et al. 2011, Thoemmes & Mohan 2015, Carpenter & Smuk 2020,
Mohan & Pearl 2021)

Common estimands:
1. distribution or mean of a variable: P(Y) or E[Y]
2. conditional distribution P(Y | X) or P(Y | A, X)
(where A, Y, X are exposure, outcome and covariates)
or corresponding regression coefficients
3. average treatment effect (ATE) under conditional unconfoundedness:
E[Vs — Yo] = E{E[Y | A=1,X] — E[Y | A=0, X]},

which is a function of P(X) and P(Y | A, X)
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1. distribution or mean of a variable: P(X) or E[X]

if MCAR, complete-case analysis is valid, ie P(X) = P(X | R« = 1);
it is also efficient

if MAR (given W), is identified (P(X) = Ew[P(X | W, R = 1)]), requires
MAR-based methods

if MNAR, unidentified
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1. distribution or mean of a variable: P(X) or E[X]

> if MCAR, complete-case analysis is valid, ie P(X) = P(X | R, = 1);
it is also efficient

> if MAR (given W), is identified (P(X) = Ew[P(X | W, R = 1)]), requires
MAR-based methods

» if MNAR, unidentified

Ry U — Ry Ry Ry Ry
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In the case of the second graph (a MCAR case), if mistakenly assume MAR given W,
the estimate is biased. Due to W being a collider of causes of X and Rx.

(This is related to the criticism of lack of specificity in the selection of auxiliary
variables in pursuit of MAR.)
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2. conditional distribution P(Y | A, X) (or corresponding reg coefs)

> Complete case analysis is valid if Y 1L (R,, R, Ry) | X, A.

This is a condition for “recovery” (Mohan and Pearl) of conditional distribution.
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2. conditional distribution P(Y | A, X) (or corresponding reg coefs)

» Complete case analysis is valid if Y 1L (R, Ra, R) | X, A.
This is a condition for “recovery” (Mohan and Pearl) of conditional distribution.

» This includes many cases
> MCAR
> Y MAR given (X, A) and X, A fully observed
> A, Y, X all can have missing data, but the missingness is not caused by Y

> This means P(Y | A, X) can be recoverable by complete case analysis when X, A
are MNAR
(Note though that P(X) and P(X, A) are not identified in this case.)
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2. conditional distribution P(Y | A, X) (or corresponding reg coefs)

» Complete case analysis is valid if Y 1L (R, Ra, R) | X, A.
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» This includes many cases
> MCAR
> Y MAR given (X, A) and X, A fully observed
> A, Y, X all can have missing data, but the missingness is not caused by Y

> This means P(Y | A, X) can be recoverable by complete case analysis when X, A
are MNAR
» Consider the graph above, except Y is fully observed. If wrongly assume
MAR and impute X, A, the estimate of P(Y | A, X) is biased.
» This emphasizes the importance of thinking carefully about what might be
the mising data mechanisms
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2. conditional distribution P(Y | A, X) (or corresponding reg coefs)

> Complete case analysis is valid if Y 1L (R,, R:, Rs) | X, A.

This is a condition for “recovery” (Mohan and Pearl) of conditional distribution.

» This includes many cases

> MCAR
> Y MAR given (X, A) and X, A fully observed
> A Y, X all can have missing data, but the missingness is not caused by Y

> This means P(Y | A, X) can be recoverable by complete case analysis when X, A
are MNAR

» Consider the graph above, except Y is fully observed. If wrongly assume
MAR and impute X, A, the estimate of P(Y | A, X) is biased.

» This emphasizes the importance of thinking carefully about what might be
the mising data mechanisms

» However, a challenge with complete case analysis is that a lot of data may be
discarded due to covariate missingness

» investigation needed to understand bias-variance trade-off
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3. the ATE

This is a function of both P(X) and P(Y | A, X), specifically
> the conditional average treatment effect (CATE) is a function of P(Y | A, X)
> averaging the CATE to identify the ATE requires P(X)

In the situation on the last slide, the CATE is recoverable but the ATE is not.
In this case

» one thought is to consider standardizing to a different covariate distribution
P*(X), eg that of a relevant target population

» but need to be careful in choosing estimation strategy to avoid running into
unidentified elements of the underlying data distribution

This generally means that there is work to be done on both estimands and
estimation.
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That was just a glimpse
There are many other estimands, data settings and forms of missingness

mediation

survival analysis

| 2

| 2

> multi-level setting
» repeated outcomes and treatments

» settings with non-compliance or truncation due to death
>

etc.

monotone and non-monotone missingness
intermittent missingness

right-, left-, interval-censoring

vV V VY

etc.

The missingness of each form in each setting may be caused by different mechanisms,
with different implications for each estimand.

There are now theories about conditions for recoverability of parameters based on
missingness graphs. They need to be applied to produce specific results and guidance
for these different situations.
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Small note on testability of MAR

(Mohan & Pearl 2021; also Potthoff et al. 2006)
Need more than one variable with missingness
Vi, Vo, V3 with Vi, V5 partially missing, Vi fully observed

MAR implies

VzJ_LRg,|V1,R2:17
Vill Ro| Vi,Rs=1,

which are testable.
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A bit more on auxiliary variables (W) to get close to MAR

Simple case with one analysis variable X:

R« U — R« Ry U —— Ry R«
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A bit more on auxiliary variables (W) to get close to MAR

Simple case with one analysis variable X:
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In typical case with more analysis variables, more likely to run into collider bias.

Also, things get more complicated when auxiliary variables have missing values.
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To sum up

We have done

» a brief review of conventional thinking about missingness
mechanisms and strategies for dealing with missing data

» a quick visit with some recent ideas using causal graphs that provide
ways to check the recoverability of target parameters under different
missingness mechanisms and the testability of some assumptions

THANK YOU!

and I'd like to hear your thoughts on all this!
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