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Abstract

In many health domains, we are concerned that observed links - for example, between
“healthy” behaviors and good outcomes - are driven by selection into behavior. This paper
considers the additional factor that these selection patterns may vary over time. When a par-
ticular health behavior becomes more recommended, the take-up of the behavior may be larger
among people with other positive health behaviors. Such changes in selection would make it
even more difficult to learn about causal effects. I formalize this change in selection in a simple
model. I test for evidence of these patterns in the context of diet and vitamin supplementation.
Using both microdata and evidence from published results I show that selection varies over time
with recommendations about behavior and that estimates of the relationship between health
outcomes and health behaviors vary over time in the same way. I show that adjustment for se-
lection on observables is insufficient to address the bias. I suggest a possible robustness approach
relying on assumptions about proportional selection of observed and unobserved variables.

1 Introduction

In many domains individuals face recommendations about behaviors - these include, for example,

their financial choices or decisions about investments in children. This paper focuses on health

behaviors, where it is common for individuals to face recommendations about how to improve their

health (i.e. take vitamins, eat vegetables, exercise, and so on). It is well known that adherence to

these recommendations varies across individuals; those with more education or income are more

∗I am grateful for comments to Isaiah Andrews, Amy Finkelstein, Matthew Gentkzow, Ilyana Kuziemko, Matthew
Notowidigdo, Jesse Shapiro, Andrei Shleifer, Heidi Williams and participants in a seminar at the US Census. I am
grateful to Valeria Zurla, Marco Petterson, Claire Hug, Julian DeGeorgia, Sofia LaPorta, Cathy Yue Bai, James Okun
and Geoffrey Kocks for outstanding research assistance.
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likely to adhere to recommendations (e.g. Berrigan et al, 2003; Friel, Newell and Kelleher, 2005;

Finke and Huston, 2003; Kirkpatrick et al, 2012; Cutler and Lleras-Muney, 2010; Cutler, Lleras-

Muney and Vogel, 2008; Goldman and Smith, 2002). One result of this is that it makes it a challenge

to learn about these relationships in observational data, due to problems of omitted variable bias.

This issue is well-known (e.g. Greenland et al, 1999; Vandenbroucke et al, 2007).

What is less frequently considered is the fact that the selection problem may change over time.

In particular, in the presence of individual behavioral response to health advice, the degree of bias

in estimates of these relationships may evolve with health recommendations.

To give a concrete example, consider a hypothetical case in which researchers are evaluating

the relationship between pineapple and cardiovascular health and imagine that a particular study

finds a small positive relationship between pineapple consumption and low cholesterol. In response

to the advice, some people would increase their consumption of pineapple. It is plausible - even

likely - that these would be the people who are most concerned about their health. But this group

is also likely to be engaged in other heart-healthy behavior. A result of this is that later studies of

this relationship may see the bias in the estimates exacerbated by the increased selection.1 Even if

the initial finding is a statistical accident and the true effect is zero or even negative, later studies

may find large positive effects.

These dynamics may be interesting for several reasons. First, it may be of per se interest

to understand how behaviors change in response to changes in recommendations. This has been

studied in some contexts, but not widely analyzed (e.g. Cutler, 2004; Chern et al, 1995; Brown

and Schrader, 1990; Chang and Just, 2007; Roosen et al, 2009; Kinnucan et al, 1997; Ippolito and

Mathios, 1995). Second, to the extent that these dynamics are important enough to change the

estimated relationship between behaviors and outcomes, it suggests the need to consider variation

in bias over time in studying these relationships. Further, it suggests that the process of research

and publication may actually affect our ability to learn about relationships in data.

The primary goal of this paper is to explore whether the dynamics implied by the example occur

in empirical settings. I do this using data on diet and vitamin supplementation.

I begin, in Section 2, by outlining a more formal version of the basic theoretical insight above.

I focus on deriving conditions under which these dynamics would appear. A key result is that we

expect to see these dynamics more strongly in behaviors which are less common in the baseline

1This discussion, and indeed this paper overall, presumes that the actual size of the causal effects is the same in
each period. This seems reasonable since these are intended as biological relationships, unlikely to be changing within
a population on a year to year time frame.
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period. If a behavior is very rare, then there is room for more significant early adoption by indi-

viduals who engage in other health behaviors. This framework points to a number of signatures

of these dynamics in the data, notably a correlation between changes over time in the selection of

behaviors and changes over time in the relationship between behavior and health outcomes.

I then provide a number of pieces of evidence suggesting these dynamics are present in the data

in the settings I consider.

I begin by showing changes in the selection of behaviors in the face of changing recommen-

dations. I look at both vitamins and dietary patterns, using data from surveys (the NHANES)

and from consumer scanner data (the Nielsen HomeScan panel). I show that when health be-

haviors (vitamin supplements, sugar consumption, fat consumption, Mediterranean diet) are more

recommended, they are more common among individuals who do other healthy behaviors (notably

exercise) and among individuals with higher education and income. Indeed, I show that the rela-

tionship between the behavior and these other health measures moves strongly together with the

levels of the behavior.

I then turn to the relationship between behavior and disease and show that when the behaviors

are more recommended, the links with health outcomes are stronger. For vitamins, I show this

result based on evidence from published work. For diet, I again use NHANES survey data to

directly show the links in the microdata. This latter analysis allows me to overlay the selection

relationship (behavior-confound) on top of the disease relationship (behavior-disease) and show

they move together. This covariance holds even with sociodemographic controls included in the

disease regressions. In this latter set of analyses I also show a similar co-movement of selection and

the disease-behavior gradient for consumption of individual foods.

Overall, the graphical and regression evidence shows clear evidence of the dynamics hypothesized

in Section 2. This may be interesting for thinking about who responds to health recommendations,

but it also suggests a strong note of caution in interpreting these effects and, in particular, in

interpreting their variation over time. The act of research may, itself, be driving future research

findings.

In the last section of the paper I consider whether it is possible to use the change in selection

patterns directly to evaluate robustness and generate more plausibly causal estimates. In partic-

ular, I combine the analysis here with an assumption of proportional selection on observed and

unobserved variables (Altonji et al, 2005; Oster, 2018). I show the multiple selection regimes may

provide an opportunity to infer causal effects in this framework without some of the additional as-
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sumptions which that literature requires. I apply this approach to the analysis of dietary patterns;

taken at face value, it points (for example) to robust impact of the Mediterranean diet, but less so

for sugar.

This paper relates to literature within economics and elsewhere. Many authors have noted that

observational evidence in health settings is often contradicted by randomized trials (Autier et al,

2014; Maki et al, 2014; Brownlee et al, 2010); this happens even in cases where a large observational

literature exists prior to the trial.

There is further a large literature showing that more educated individuals and those of higher

socioeconomic status are more likely to adhere to health recommendations, which is the motivation

for the ideas here (e.g. Berrigan et al, 2003; Friel, Newell and Kelleher, 2005; Finke and Huston,

2003; Kirkpatrick et al, 2012; Cutler and Lleras-Muney, 2010; Cutler, Lleras-Muney and Vogel,

2008; Goldman and Smith, 2002). I also relate to a large literature on consumer responses to

health information (e.g. Cutler, 2004; Chern et al, 1995; Brown and Schrader, 1990; Chang and

Just, 2007; Roosen et al, 2009; Kinnucan et al, 1997; Ippolito and Mathios, 1995). Finally, the

paper relates, although more tangentially, to the theoretical literature on fads and herding (e.g.

Bikhchandani et al, 1992).

2 Theoretical Framework

In this section I briefly formalize the intuitive model of behavioral response described in the in-

troduction. The goal here is to provide a model and some conditions under which these dynamics

would arise; it is useful to note that other models of behavior may also produce such dynamics,

and there are certainly models under which we would not see them. In that sense, this represents

a possibility result designed to develop intuition. The first subsection describes a model of indi-

vidual behavior. The second overlays on this a description of the process of research, and suggests

implications for patterns that would arise in the data.

2.1 Model of Behavior

2.1.1 Setup

I consider a set of individuals who may undertake any of a set of health behaviors from a vector

Λ = {Λ1, ...,Λn}. Assume each behavior is binary and defined such that a value of 1 indicates a

positive health behavior. Health behavior j has a health value κj , and the overall health index h
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is a linear sum:

h = κ1Λ1 + κ2Λ2 + ...+ κnΛn.

The assumption of binary behaviors and a linear sum may seem restrictive, although we can imag-

ine converting continuous behaviors to binary by discretizing them, and it would be possible to

incorporate interactions between behaviors in a similar way.

Health behaviors are costly; we denote the cost of behavior x as cx and assume it is the same

across all individuals.2

Individual i has concave utility over their health: Ui = Ui(h(Λ)). Individuals differ in their

health valuation. We will define individual i as having a higher health value than individual j if

U ′i(h) > U ′j(h) for all h.3

Each individual chooses their optimal value of h, trading off their utility value of health against

the cost. For individual i we can write their problem as:

maxΛUi(h(Λ))−
n∑
k=1

ckΛk

Consider now ranking behaviors r = 1, ..., n based on cr
Ui(

∑r
j=1 κjΛj)

, which can be interpreted as

the relative cost of undertaking behavior r. We will reference behaviors as Λr=x, with health value

κr=x and cost as cr=x

Individuals will undertake the Λr=1 behavior first - this is the behavior with the lowest cost

per health unit. They will continue to add behaviors, moving up the r ranking, until the marginal

behavior, which we denote Λr=r̃. Given that Λ is discrete, this marginal behavior is defined such

that:

Ui

h =

r̃+1∑
j=1

κjΛj

− Ui
h =

r̃∑
j=1

κjΛj

 < cr̃+1

This is the last behavior for which the marginal cost is lower than or equal to the marginal gain.

That is, it is the place where the marginal cost of the additional health behavior is larger than

the marginal value of undertaking the health behavior.

Under this model, some individuals will undertake more health behaviors than others. Notably,

2I expect slightly modified versions of these results would genarlize to the case of individual-specific costs.
3This is a slight abuse of notation since h depends on both discrete values (Λ) and continuous values (κ) so may

in some cases not be defined.
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those with higher health values will engage in more health behaviors. Define h∗i as the health

index corresponding to the optimal health behaviors chosen by individual i. Note we can write

h∗i =
∑r̃i

j=1 κjΛj ; it will be convenient below to refer to this object. Note that a higher value of h∗i

corresponds to engaging in more health behaviors.

Individuals also realize some particular health outcomes - say, obesity or heart disease - which

are a function of behaviors. Define a particular health outcome Yi for individual i. We assume this

outcome is a linear function of the Λ health behavior vector directly. We write Yi = α + ϑΛi + εi.

Note that since elements of the ϑ vector can be 0, it may be that some behaviors do not directly

impact health outcomes.

2.1.2 Change in Value of Behavior

This paper is primarily concerned with the dynamics that occur when there is a change in the

(perceived) value of a behavior. Consider a behavior A which previously had κA = κA, indicating

a low contribution to health. It is now announced that behavior A has a higher contribution to

health: κA = κA. Assume this occurs between a time t and t + 1. I will be concerned primarily

with two dynamics. First, changes in the relationship between adoption of A and other behaviors.

Second, changes in the relationship between A and health outcome Y .

I develop these results below.

Behavior Selection Dynamics I begin by considering the dynamics of adoption of this behavior,

A, after the change in recommendation. All proofs appear in Appendix B.

Proposition 1 Behavior A will be adopted by (weakly) more individuals following the change in

perceived value.

This first proposition says that overall the change in value will weakly increase the adoption of

this behavior. Of more importance to this discussion is the changes in selection in behavior A.

Recall the optimal health index from above, h∗i . Because individuals have different health utility

functions, this optimal index has a distribution in the population, and an average, E[h∗i ]. Denote

hA =
∑A

j=1 κjΛj as the threshold for adopting behavior A. This is not specific to any individual,

since the costs and values κA are the same for all individuals. When h∗i ≥ hA, individual i is

engaging in behavior A.
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Assumption 1 Assume:

Et+1

[
h∗|h∗ ≥ hAt+1

]
− Et+1 [h∗]

Et
[
h∗|h∗ ≥ hAt

]
− Et [h∗]

≥
P
(
h∗ > hAt

)
P
(
h∗ > hAt+1

)
This indicates that the ratio of the difference in average health index between those who adopt

behavior A and the average person, before and after the change in recommendation, is greater than

the inverse of the ratio of the probability of adopting behavior A before and after the change in

recommendation

Proposition 2 Under Assumption 1, Covt+1(A, h∗) ≥ Covt(A, h∗).

The key result in this proposition is that the relationship between the behavior of interest - A

- and other positive health behaviors will strengthen after the change in recommendation. Recall

that h∗ is the health index corresponding to the optimal choice, so higher values of this imply more

health behaviors. Increases in the covariance imply A is newly adopted more frequently by those

who undertake more health behaviors before the change.

Assumption (1) is key to this result. Some simulation intuition around this assumption is

delivered in Appendix B. There are two central features to this intuition. First, behavior A must

not be too common at baseline. If nearly everyone already engages in the behavior at baseline,

further increases will diminish rather than exacerbate inequality. Second, the increase in value of

A must not be too large, for effectively the same reason - if the result of the change is to cause

everyone to adopt A, the covariance may not increase.

What this says is that we do not expect to see these dynamics in all settings. In that sense, it

is an empirical question whether, in the settings I consider, we see these changes.

Proposition 2 links behavior A to other health behaviors. In addition, we can consider the role

of other covariates. Specifically, assume that we are able to observe a variable ω, such that ω is

correlated with U ′ and, as a result,4 with h∗. This is intended to capture a variable like education

or income.

Proposition 3 Under Assumption (1), Covt+1(A,ω) > Covt(A,ω) .

Disease-Behavior Dynamics I turn now to the estimated relationship between behavior A and

health outcomes.

4This result follows from the monotonicity and concavity of Ui.
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Assumption 2 Assume that there is no treatment effect heterogeneity in the impact of A on Y.

This is a strong assumption. I am interested in the possibility that changes in selection are

driving changes in the estimated relationship between A and Y due to unobserved confounding.

If the causal impact of A on Y is different for different groups, then the changing selection could

change the relationship even in the absence of bias.

Proposition 4 Define Λ̂ as a strict subset of Λ. Under Assumptions (1) and (2) we can derive the

following two results:

(A) Covt+1(A, Y ) > Covt(A, Y )

(B) Covt+1(A, Y |Λ̂) > Covt(A, Y |Λ̂).

This says that as the behavior becomes more recommended, and thus the selection on the behavior

changes, the effect we estimate of the behavior on health outcomes will change. This will be true

even if we observe some of the confounding variables, as long as we do not observe all of them.

Note if all elements of Λ were observed and controlled for then the estimated impact of A on Y

with controls would not vary and we would estimate the true effect of A on Y .

A corollary relates this proposition to the behavioral selection dynamics.

Corollary 1 There will be a positive correlation between Cov(A, Y ), Cov(A,ω) and Cov(A, h∗).

This corollary says, simply, that the relationship between the behavior and outcome will move with

the behavioral selection.

2.2 Research Process and Data Implications

The preceding subsection derives conditions under which we would see the dynamics described in

the simple example in the introduction. Here, I consider overlaying a research process over these

results, and make clear how we can look for these patterns in the data.

The central focus of the research process is typically estimating the effect of the behavior A on

an outcome Y. It will be helpful to pull out the particular behavior A in the estimating equation

for Y and specifiy the true data generating process as

Yi = α+ βAi + ϑ̊Λ̊i + εi

8



where ϑ̊ and Λ̊i represent the coefficient and behavior vectors with behavior A removed.

Assume the research process is as follows. In each year, researchers draw a sample of individuals

and collect data on behavior A, outcome Y and a set of other variables Φ. This vector Φ may

include some elements of Λ̊, along with elements of ω (other demographics, etc). Following the

data collection, they estimate the effect of A on Y using the feasible equation below, where we have

introduced subscripts t to indicate the estimation is specific to a year. Note that β also has a t

subscript to indicate that it may not be equal to the true β.

Yit = αt + βtAit + ςΦit + εit

Typically, researchers then report βt.

In the context of this setup, I consider cases where information about the health value of A

changes and look for signatures of the above dynamics in the data.

The first set of results focuses on the selection patterns directly. Propositions 2 and 3 highlight

the dynamics of the relationship between A, other health behaviors and elements of ω. I use the

data to look directly for these changes in selection patterns which would be implied by Assumption

(1). I will often refer to the relationship between A and other health behaviors or elements of

ω as the “behavior-selection gradient”, understanding that this is not a technical use of the term

“gradient”.

In the second set of results I focus on the time-varying relationship between behavior A and

outcome Y. As detailed in Proposition 4, if we cannot observe all elements of Λ, the estimated βt

effects will vary over time and, as in Corollary (1) will move with the behavior-selection gradient.

I will refer to the relationship between health and behavior as the “health-behavior gradient”, with

a similar note on the terminology.

It is important to note that if we observe all the elements of Λ, or if the demographic controls

are sufficient to fully explain Λ, then these latter dynamics will not occur. In that case, we expect

the βt coefficients to be the same in each period, and equal to β. In this sense, observing that they

are different provides an (indirect) test for whether the included controls fully capture the omitted

factors.

A final note is that Corollary (1) suggests we may look for co-movement in the two gradients

directly. In one set of results I will do this, focusing on the co-movement in particular rather than

the response to particular recommendations.

9



3 Data

There are four key data elements for this paper. First, a target health behavior for which we are

interested in identifying the effect (denoted by A above). Second, an additional set of behaviors

which may also influence the health outcome (Λ̊ above). Third, covariates which influence the taste

for health (ω from above). Finally, a set of health outcomes possibly linked to this behavior (Y ).

Some of the patterns detailed above can be explored even with only a subset of these data.

I use a number of different datasets.

3.1 Key Variables

Target Health Behaviors: Vitamins I look at two vitamin supplements: Vitamin D and

Vitamin E.

Target Health Behaviors: Diet The primary analysis looks at three components of diet: sugar

as a share of carbohydrates, saturated fat as a share of total fat and an index of adherence to a

Mediterranean diet. In addition, in a secondary analysis I will focus on estimating the impacts of

individual foods.

Other Health Behaviors The primary other health behavior I focus on is exercise. In addition,

I look at whether the person reports having a regular primary care doctor and, in the case of

vitamins, a metric of overall diet quality.5

Proxies for Health Value I use socioeconomic status - the first principal component of edu-

cation and household income - as the proxy for overall health behaviors. This is in line with the

literature, which tends to include these variables as controls in the analysis.

Health Outcomes For vitamins, the health outcome considered is cancer. For diet, I look at

cardiovascular health, BMI and obesity.

3.2 Data Source: NHANES

The National Health and Nutrition Examination Survey (NHANES) is a nationally representative

survey which has been run, in some form, since the 1960s. In this project, I use data from the

5I do not look at vitamin-taking behavior as another metric when I consider diet, since vitamins are only sometimes
recommended during this period.
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NHANES III (1988 through 1994) and from the continuous NHANES (beginning in 1999/2000

through 2012/2013).

Information on vitamin supplementation is obtained from the vitamin supplement modules. I

focus on individual vitamin supplements - that is, is someone taking a targeted Vitamin D or E

supplement. Information on diet is generated from the daily dietary recalls in the study. In the

case of the Mediterranean diet I generate a Mediterranean diet score as described in Trichopoulou

et al (2003).6

I extract data on education, income and other demographics from the demographic survey

portion of the NHANES. The NHANES also provides a measure of vigorous exercise, which I

standardize within year. Finally, the NHANES asks about access to medical care and, in particular,

whether someone has a routine place for care.

To study health outcomes, I extract information on cardiovascular health, BMI and obesity from

the data. I construct an index of heart health based on blood pressure and cholesterol. A significant

advantage of the NHANES data is that all of the health measures are collected objectively - from

weighing and measuring the individual and testing their blood pressure, etc. This avoids issues

of recall bias. However, I will note that we will not be able to study cancer development as an

outcome here, so our analysis of vitamins in the NHANES will be limited to analyzing selection

patterns in vitamin taking.

3.3 Data Source: Nielsen HomeScan Data

The Nielsen HomeScan panel tracks consumer purchases using at-home scanner technology. House-

holds that are part of the panel are asked to scan their purchases after all shopping trips. The

Nielsen data records the UPC of items purchased. Einav, Leibtag and Nevo (2010) validate the

reliability of the HomeScan panel. I use Nielsen data available through the Kilts Center at the

University of Chicago Booth School of Business. These data span 2004 through 2016.

These data will be used to look at selection in vitamin purchases over time. They do not

contain information on health, and variation in nutrient data coverage over time makes it difficult

to analyze diet. However, it is possible to look at vitamins, in particular by generating variables

indicating whether the household purchased each vitamin supplement during each year. Information

on household education and income can then be used to analyze selection.

6The score assigns a value of 0 or 1 in nine dietary elements, where a value of 1 is given if someone is either above
the median in a good food category (vegetables, fish, etc) or below the median in a detrimental food category (dairy,
meat, sugar).
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3.4 Data Source: Publications

In the analysis of vitamins I also draw information from published work on the relationship between

vitamin supplements and cancer. This is crucial as the NHANES data does not allow me to analyze

the relationship with cancer development. I locate papers in two ways. First, I scraped Pubmed

for “Vitamin X and cancer” and extract relevant studies, limiting to studies in journals in the top

20% in terms of impact factor. Second, I extract lists of publications from meta-analyses of these

relationships. The former of these ensures I do not miss important studies which have not been

included in meta-analyses. Most of the citations, however, come from the meta-analyses, where the

original authors have carefully extracted all relevant studies. I focus on observational studies and

exclude RCTs.

For each original study I then extract information on the treatment (either vitamin D or vitamin

E supplementation), the outcome (a type of cancer), the years of data covered in the study, the

population characteristics and, importantly, whether the study findings were significant. I focus on

significance rather than magnitude because given the varying approaches across studies, and the

varying types of cancer, it is difficult to compare magnitudes.

In all, the resulting dataset includes 82 studies of vitamin D supplementation, and 83 studies

of vitamin E supplementation.

3.5 Summary of Datasets

Appendix Table A1 summarizes the datasets used and the parts of the analysis for which they are

relevant.

4 Results: Selection into Behaviors

In this first section of results, I look for changes in the selection into behaviors over time for both

vitamins and diet. Referring back to the theory, this section is focused on looking for patterns

echoing Propositions (1)-(3).

4.1 Vitamins

To begin the analysis, I identify timing of significant information events for each vitamin sup-

plement. These events include changes in government recommendations, the advice of national

organizations and major research findings. Data from Google Trends are used to validate these
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events where possible. Appendix Table A2 describes these events in detail. Although the discus-

sion in Section 2 is agnostic about the source of changes in popularity of the behavior, these events

provide an anchor for understanding patterns in the data.

I look for evidence of co-movement between the levels of vitamin supplementation and the

selection over time. I focus on estimating selection as either (a) the relationship between supple-

mentation and exercise or (b) the relationship between supplementation and socioeconomic status.

I measures socioeconomic status using the first principal component of education and income. I

regress health behaviors on this socioeconomic status variable in each year of the data (these regres-

sions include controls for age and gender). I then look at the relationship between these coefficients

and the levels of the variables over time.

Graphical analysis of these results are shown in Figure 1. The first four graphs use data from

the NHANES; the bottom two use data from HomeScan. Note that I do not observe exercise in

the HomeScan data, so look only at socioeconomic status gradients there.

The graphs show strong evidence of co-movement between levels of behavior and either gradient.

For example, in the case of vitamin D there are increases in the gradient as the behavior got more

popular (after some positive research findings) and then a subsequent decrease as the popularity

waned after research findings suggesting the benefits were overstated.

We can turn also to regression evidence which parallels the graphs in Figure 1 but incorporates

other gradient variables in addition to exercise and socioeconomic status. To do this, I aggregate

across the vitamin measures, and create a dataset in which each observation is a vitamin supple-

mentation behavior-year and the dataset includes the level of the behavior (i.e. the share of people

who take the supplement), and the gradient with respect to exercise, socioeconomic status, having

a regular doctor and diet quality (i.e. the coefficient from a regression of taking the supplement

on each of these variables). I then run regressions of these gradients on behavior levels, including

fixed effects for each vitamin.

The results are shown in Table 1. Each cell represents a different regression, with Panel A

focusing on the NHANES and Panel B focusing on the HomeScan. The relationships between

levels and gradients are positive and significant in all cases. In other words, the data show that as

these behaviors become more popular there is a stronger positive link between the behavior and

other health measures.
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4.2 Dietary Patterns

I analyze the three dietary patterns - sugar intake, fat intake and Mediterranean dietary patterns

- in the same way as vitamins. Appendix Table A2 describes salient information events in detail.

Graphical analysis of these dietary results appear in Figure 2. The top panels relate the behavior

levels to the gradients with respect to exercise, and the bottom with gradients with respect to

socioeconomic status. As in the vitamin case, we see clear co-movement here. This is most notable

in the case of sugar and Mediterranean diet, where in the most recent years there is a large change

in behavior which corresponds to a large movement in the estimated gradient.

Table 2 shows the regression evidence corresponding to these figures, including the doctor

visit behavior gradient. Again, we see significant relationships. As with vitamins, there is a

stronger positive link between behavior and other health measures as the behavior becomes more

recommended.

5 Results: Selection Patterns and Behavior-Outcome Relation-

ships

I turn now to variation in the relationship between these health behaviors and health outcomes. In

particular, I focus on the extent to which the selection dynamics shown in Section 2 influence the

estimated relationship between behavior and health outcomes. I begin again with vitamins, where

the evidence is drawn from published results, and then move on to my own analysis of micro-data

in the case of diet.

Broadly, the approach in this section is to explore whether the estimated impact of behavior

on outcomes (the “behavior-outcome gradient”) moves in tandem with the relationship between the

selection patterns (the “selection gradient”).

5.1 Vitamins

The key health outcome associated with vitamin supplementation is the development of cancer. The

behavior-outcome gradient of interest, then, is the relationship between vitamin supplementation

behavior and subsequent cancer incidence. I explore changes in this behavior-outcome gradient

over time using data from published work on the link between vitamins and cancer. On the one

hand, this is less direct than looking at these relationships in the microdata (as I will do below for
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diet), since the publication process introduces additional noise into the data. On the other hand,

this is a very direct test of whether these dynamics affect the process of scientific discovery.

This analysis uses the data described in Section 3. For each publication, I allocate the study

to time periods based on the timing of the data. Some studies are allocated in parts to different

time periods. For example, if a study includes data from 2005 through 2010, I assign a 50% weight

to the period before 2007, and a 50% weight to the period after. I then summarize the (weighted)

share of significant cancer reductions across time periods. I residualized results with respect to the

type of cancer (this does not affect the findings).

Note that the coding relates to the date of the data not the date of publication. Publication

timing may be independently interesting, especially if we think that publications reflect conventional

wisdom, but the focus here is on the data timing. Further, publications lag data, and as a result

it is not feasible to look at results from the most recent time periods. In particular, in the case of

Vitamin D we do not have data past 2010, and in the case of Vitamin E, we do not have sufficient

data past 2004.

The results are shown in Figure 3, and are consistent with the changes in information outlined

above. For Vitamin D, published results with data post-2007 are much more likely to find significant

relationships between Vitamin D supplementation and cancer. For Vitamin E, a similar pattern

occurs for results with data post-1993. For Vitamin D, in particular, the patterns line up closely

with the socioeconomic gradients.

This evidence is suggestive of the patterns described in Section 2. Importantly, it suggests that

these patterns appear in published work, where authors have attempted (in most cases) to control

for some of the confounding behaviors and where the publication process has vetted the work. I

turn now to the case of diet, where it is possible to conduct a direct analysis of these patterns in

the microdata.

5.2 Dietary Patterns

The estimated impacts of dietary patterns on outcomes in the NHANES data vary over time. This

can be seen in Appendix Table A3 which shows the range of estimates of the impact of behavior

on various health outcomes across years in the NHANES. The range of impacts is quite large and,

in a number of cases, includes both positive and negative values. This variation is not just noise,

as we can typically reject equality of coefficients across years.

The existence of variation over time does not directly point to a relationship with selection. To
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test this directly, Figure 4 graphs the BMI gradient (regression of BMI on behavior) over time,

alongside the exercise and socioeconomic status gradient over time. We redefine BMI as negative

BMI so the theory predicts the series will go up and down together. Although these are noisier

than the figures which focus on gradients and levels, we still see the series moving together. The

link appears with both exercise and socioeconomic status gradients.

Tables 3 shows regression evidence on these co-movements, parallel to Table 2. Here, I look at

three outcome gradients, and three proxy gradients. For example, to create the top left cell I first

regress BMI on each diet measure in each year, and extract the coefficients. I then regress diet

on socioeconomic status in each year, extract these coefficients and match them to the BMI-diet

coefficients at the yearly level. This resulting dataset has a behavior-year unit of observation. Using

these data I finally regress the behavior-outcome gradient on the behavior-socioeconomic status

gradient. I repeat this procedure for varying outcomes, and for socioeconomic status, exercise and

having a routine doctor location.

To create Panel A of Table 3 I run the disease regressions with no controls other than age

and gender. This effectively tests claim (A) in Proposition 4 that the unconditional relationship

between A and Y is increased after the change in recommendation. In most cases the gradients

move significantly together. For example, in that first cell the coefficient is negative and highly

significant, showing that when the behavior is more positively selected on exercise behavior, the link

between the behavior and BMI is more negative. The measure of having a usual place for medical

care shows the weakest link, although even there the relationship with heart health remains.

It may be useful to pause and comment on the generally weaker relationship (which persists

through the paper) when the gradient outcome is having a routine place for health care. There are

a few reasons this might be, including measurement error. Perhaps the most likely reason is that

this may not always be a “positive” health behavior, if people with more medical issues are more

likely to have a routine doctor, but are also negatively selected.

Panel B of Table 3 shows the same relationships, but in this case the regressions estimating the

disease gradients include controls. This parallels claim (B) in Proposition 4. In these regressions I

include standard demographic controls which are in the literature (e.g. Loftfield et al, 2018; Yang

et al, 2014; Bao et al, 2013). If these controls are sufficient to address most or all of the bias then

these gradients should be eliminated by their inclusion.

The estimated gradients are smaller in Panel B than Panel A, but they are still sizable and

highly significant in many cases. This indicates - consistent with the publication results - that these
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standard controls are insufficient to fully address the changes in selection which are occurring.

5.3 Individual Foods

Before moving on to briefly discuss possible approaches to robustness in the face of these issues, I

consider a less event-driven approach to the data. Specifically, recall Corollary (1), which indicates

that these dynamics imply the co-movement of the selection gradient and behavior-outcome gra-

dient. We expect to see this even without taking a stand on the particular events that drive the

selection gradient changes. Put differently: the analysis above relies, at least in part, on identifying

particular events that drive changes in selection. But we can also look directly for changes in the

behavior-outcome gradient, and ask whether they line up with changes in the selection gradient.

I do this by looking at consumption of individual foods in the NHANES. Specifically, I mine

the data for the subset of foods that show significant changes in their effects on BMI over time. I

define four time periods, based on roughly dividing the data into quarters: 1988-1991, 1999-2003,

2005-2009 and 2011-2013. I then select for the sample of individual foods which either (a) shows

significant differences in effects in at least 3 of 6 pairwise differences over time or (b) shows a

significant linear trend effect over time.

This approach identifies 33 individual foods (from an original set of 188). Selected foods include

foods at the basis of the Mediterranean diet like nuts, seafood, seeds and legumes, high-sugar foods

like soda, but also foods like margarine, peanut butter, berries and white and brown rice. Appendix

C lists the full set of foods identified and the estimated impact of each one over time.

Using these foods, I estimate the co-movement between the selection gradient and the behavior-

outcome gradient. To do this, I echo the analysis above, and estimate the behavior-outcome gradient

for each food-year, alongside selection gradients (with respect to socioeconomic status, exercise and

doctor visits).7 The resulting dataset is at the food-time period level, and I can estimate the

relationships between the gradients at this level, including controls for the particular foods.

I summarize the results in Figure 5 and Table 4. Note that to construct these figures the

behavior-outcome regressions do not include demographic controls, but Appendix Figure A1 and

Table A4 show the same results with controls in those regressions.

Figure 5 shows a visual of the relationship between the gradients, with each set residualized

with respect to the individual food effects. In this case, the health outcome visualized is BMI

7In this case, the selection gradients are calculated based on a probit model, since some of these foods are (very)
infrequently purchased, leading to misleading behavior in the linear probability model.
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and the selection gradient is with respect to socioeconomic status. There is a strong downward

sloping relationship visible in the graph. When the relationship between each food consumption

and socioeconomic status is stronger, the estimated relationship between the foods and BMI is

greater.

Table 4 shows the regression equivalent of this figure, echoing Table 3, and incorporating the

other health outcomes and selection gradients. Again, we can see similar patterns to the results

above. The gradients move together in most cases, most notably when we consider gradients with

respect to exercise and socioeconomic status. I also note that the size of the relationships are very

similar to the overall dietary patterns.

The story for why we see these changes is less clear than in the first two analyses. In those

cases we directly identified information events. Here, there are some foods - nuts, for example -

where it seems clear what the information event is (namely, the same Mediterranean diet studies

cited above) but in others - white rice, for example - it is less obvious. Nevertheless, the underlying

point about dynamics survives the move away from these information events.

6 Discussion and Selection on Unobservables Approach

The paper, thus far, makes two central points. First, I document clear changes in the selection of

behaviors over time, as they become more or less recommended. Second, I show evidence suggest-

ing these changes in selection change the estimated - and reported - impacts of these behaviors.

Demographic controls are not sufficient to address these issues, and the publication process does

not appear to fully address them.

This set of results should, first and foremost, add to our caution in interpreting observational

results in settings like this. The problem of omitted variable bias is well known, but these results

suggest such bias may be dynamic and, indeed, may respond to research findings. This suggests

that awareness of the changes in recommendations over time should inform discussions about the

plausible degree of bias in estimates.

In this section I consider the possibility that this dynamic selection also presents an opportunity.

Specifically, these changes in selection could be used - along with a strong assumption about the

selection on observed versus unobserved variables, to obtain better estimates of causal effects. This

may be an approach to robustness in situations where selection varies over time. Below, I briefly

formalize this framework and then show an example of these calculations in the context of dietary
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patterns.

6.1 Framework

I return to the framework above. Specifically, I modify slightly by defining Λi = ϑ̊Λ̊i + εi and

rewriting the full equation for Y as

Yi = α+ βAi + Λi

Effectively this means Λ is a factor equal to the full vector of behaviors multiplied by their true

coefficients, and the noise term. We can think of this as assuming the noise term is a “health

behavior”, or assuming there is no true “noise” in health determination.8

We assume now that Assumption (1) holds and, therefore, between two periods we have an

increase in Cov(A, h∗).

In Section 2 I described Φ - the control set - as containing some elements of Λ and ω. I now

explicitly define Λ̃ as the vector of omitted factors, namely the residual from a regression of Λ on

Φ. We can rewrite the true equation as

Yi = α+ βAi + ΠΦi + Λ̃

where Π is the coefficient on Φ in a regression of Λ on Φ. The feasible estimating equation is

Yi = α+ β̂Ai + Π̂Φi + εi

It is straightforward to see, by standard omitted variable bias logic, that β̂ is (possibly) biased and,

in particular, that β̂ = β + Cov(Ai,Λ̃i)
V ar(Ai)

.

Thus far this reiterates what I derived in Section 2. Now, however, I consider introducing an

assumption from Altonji et al (2005) and Oster (2018) - namely, that there is proportional selection

between the observed and unobserved variables. The formal assumptions is

δ
Cov(ΠΦ, A)

V ar(ΠΦ)
=
Cov(Λ̃, A)

V ar(Λ̃)

This describes a relationship between the selection on the observed factors (ΠΦ) and the unobserved

8The reason to redefine in this way is that when I move to the proportional selection adjustment below, this
eliminates a free parameter (the maximum R-squared in the full regression). Given the estimation approach here,
this is without loss of generality since this parameter is jointly determined with the degree of proportionality. This
approach echos the setup in Altonji et al (2005).
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factor (Λ̃). As noted extensively in the original work, this is a very strong assumption. In this

context, the assumption would be delivered (for example) if the set of behaviors we observe is a

random subset of all of the behaviors. Intuitively, work which uses this assumption tends to defend

it by arguing the observed controls are a noisy proxy for the unobserved ones, which connects

this directly to other formulations which rely more directly on this noise (e.g. Pei, Pischke and

Schwandt, 2018).

With this assumption, the existing work shows that β is a function of δ and a vector X of

parameters from the data (primarily controlled and uncontrolled regression coefficients and R-

squared values).9 The existing work imagines a single estimation, and that authors will combine

the observed elements of X with an assumption about δ to comment on robustness of β.

In this case, however, we have observed multiple X vectors, under varying selection regimes.

With an assumption of constant β and δ over time, we can write:

β = f(δ,X1)

β = f(δ,X2)

This is an identified system of equations. Effectively, this says we can infer the true β from the

data by using the changes in selection. This is the exercise we will do below. Note that with more

than two periods, the system is over-identified (since there will still be two unknowns - β and δ -

but more than two equations).

There are a large number of caveats here. This relies on the proportional selection assumption,

which may not hold. It also relies crucially on the assumption that β and δ are constant over time

and that there is no treatment effect heterogeneity in β. The results above also rely on this last

assumption, but since they are largely descriptive, this reliance is perhaps less important. Given

that these relationships are biological, the assumption of treatment effect homogeneity may not be

as much of a stretch as in some types of policy analysis.

Putting these together, it should be clear we see this as an exploratory or robustness exercise,

rather than an alternative approach to inferring causality. This could be useful, for example, in

meta-analytic approaches which rely on data from multiple time periods with differential selection.

9In Oster (2018) the results are developed under the assumption of noise in the data generating equation for Yi

and therefore contain an additional calibration parameter, Rmax, which is the hypothetical R-squared in the true
regression. We abstract away from that here by assuming no error. In practice, δ and Rmax are not individually
identified and separating them is useful since it is easier to develop intuition about their values, but for the purposes
here that is not relevant.
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This approach adds to other approaches which incorporate additional information from the data to

discipline this selection on unobservables approach to robustness (e.g. Finkelstein, Gentzkow and

Williams, 2018).

6.2 Implementation and Results

To implement this, I focus on the three dietary patterns in the data where I undertook the fullest

analysis - sugar, fat and the Mediterranean diet. Broadly, the approach here is to ask what values

of δ and, more importantly, β, are most consistent with the observed data.

For each treatment I aggregate individual years into two (fat and Mediterranean diet) or three

(sugar) periods.10 It is possible, of course, to run this analysis for all years, but there are some

challenges with sampling variability. By aggregating I increase the precision of this analysis but

maintain the differences across years in selection. I use a grid search to identify the values of β

and δ which generate the smallest variation across periods in estimates of the causal effect after

the proportional selection adjustment. In the cases with two periods, this is exactly identified. In

the case of sugar, where there are three, it is over-identified. The non-linearity in the calculations

and the over-identification mean that there may not be a single set of values that are the solution.

I search for the smallest range of δ values which deliver a single value of β.

A key input is the set of observables - i.e. what should be included in Φ? Here, I include only

controls for socioeconomic status (education, income, race, marital status); adding in the controls

for exercise or doctor visits would produce similar results. I’ve included only demographics here,

as in the earlier disease regressions, to better echo the existing public health literature. Age and

gender are adjusted for in all regressions, including the ones without the additional controls.

Table 5 reports the results for each health/behavior pair. The first columns report the coeffi-

cients in each of the sub-periods of the data. There is substantial variation over time. The fourth

column reports the “best” causal estimate after adjustment for selection on unobservables, meaning

the value that minimizes the different estimates of δ across periods. I derive significance from a

bootstrap. Finally, the last column reports the δ value (or the range). This δ does not have a clear

interpretation, especially given that the error term is included in the unobservables. The values are

generally small, which reflects this error conclusion.

The results here suggest some significant effects, although they are more limited in many cases

than would be implied by the most optimistic yearly estimates. Increases in sugar consumption do

10I divide into periods based on a visual sense of the number of different regimes in the data.
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appear to reduce heart health measures, but do not impact obesity or BMI. The Mediterranean

diet has the most consistent effects after adjustment. This table also makes clear some of the

less ideal features of this approach - for example, in a couple of cases the implied effects are very

different than any of the controlled effects, which is probably not realistic. Nevertheless, it is

perhaps comforting that the Mediterranean diet - the only diet pattern among these with support

in randomized controlled trials - is the most consistent after the adjustment.

Again, given the strength of the assumptions required here I will stop well short of suggesting

this as an primary approach to causality. However, it may prove to be a useful robustness tool.

7 Conclusion

In this paper I analyze the role of health behavior change in driving the selection features of health

behaviors. I outline a simple data generating process in which changes in health recommenda-

tions differentially change health behaviors for different groups and show that these changes may

influence estimated relationships between behavior and health over time. Using data on vitamin

supplementation and diet I demonstrate that these dynamics occur in data. The degree of selection

in behaviors varies over time, and the relationship between behavior and health also varies with

these changes in selection. Finally, I suggest that using the changes in selection along with an

assumption of selection on unobservables may be a useful approach to robustness.

This paper focuses on health behaviors and health outcomes, but the dynamics here may be

present in other settings (parental behaviors, for example) where individual choices vary over time.

The approach here may apply in those setting as well.
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Figure 1: Vitamin Consumption Levels and Other Behavior or Proxy Gradients

** **

**

** **

0
.0

05
.0

1
.0

15
E

xe
rc

is
e 

G
ra

di
en

t

0
.0

5
.1

.1
5

A
ve

ra
ge

1990 1995 2000 2005 2010 2015
Year

Mean Vitamin D Exercise Gradient

Vitamin D, NHANES, Exercise Gradient
**

**

**
**

**

**

0
.0

05
.0

1
.0

15
.0

2
E

xe
rc

is
e 

G
ra

di
en

t

.0
1

.0
2

.0
3

.0
4

.0
5

A
ve

ra
ge

1990 1995 2000 2005 2010 2015
Year

Mean Vitamin E Exercise Gradient

Vitamin E, NHANES, Exercise Gradient

** **

** **
** **

**

**

0
.0

05
.0

1
.0

15
.0

2
S

E
S

 G
ra

di
en

t

0
.0

5
.1

.1
5

A
ve

ra
ge

1990 1995 2000 2005 2010 2015
Year

Mean Vitamin D SES Gradient

Vitamin D, NHANES, SES Gradient

**

** **

**

**

**

**

**

**

0
.0

05
.0

1
.0

15
.0

2
S

E
S

 G
ra

di
en

t

.0
1

.0
2

.0
3

.0
4

.0
5

A
ve

ra
ge

1990 1995 2000 2005 2010 2015
Year

Mean Vitamin E SES Gradient

Vitamin E, NHANES, SES Gradient

**

**

**

**

**

**
**

0
.0

02
.0

04
.0

06
.0

08
S

E
S

 G
ra

di
en

t

.0
2

.0
4

.0
6

.0
8

.1
.1

2
A

ve
ra

ge

2005 2010 2015
Year

Mean Share Vit. D SES Gradient

Share Vit. D, HomeScan, SES Gradient

**

**

**
**

−
.0

02
0

.0
02

.0
04

.0
06

S
E

S
 G

ra
di

en
t

.0
4

.0
6

.0
8

.1
.1

2
.1

4
A

ve
ra

ge

2005 2010 2015
Year

Mean Share Vit. E SES Gradient

Share Vit. E, HomeScan, SES Gradient

Notes: These figures show the co-movement between vitamin consumption or purchasing behavior and the exercise
or socioeconomic gradient with respect to vitamin consumption or purchases over time. Green lines indicate events
where the behavior was more recommended; red lines indicate changes to less recommended. Details of the events
appear in Appendix Table A2. ∗∗indicates significance at the 5% level.
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Figure 3: Evidence from Publications on Vitamins
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respect to the type of cancer. Studies with data which overlaps the time periods is assigned a partial weight
in each time period. ∗∗indicates significance at the 5% level.
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Figure 5: Disease Gradients and Behavior/Proxy Gradients: Individual Foods
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Notes: This figure shows the relationship between the negative BMI gradient residualized with respect to individual
foods fixed effects and the socioeconomic gradient residualized with respect to individual foods fixed effects. It shows
the relationship between the BMI gradient and the socioeconomic gradient for each food and time period controlling
for individual foods fixed effects. This figure is the graphical equivalent of the regression in column (1) of Table 4.
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Table 1: Vitamins Levels and Gradients: Co-Movements

Panel A: Vitamin Consumption, NHANES

(1) (2) (3) (4)

Outcome: Exercise Gradient SES Gradient Doctor Gradient Diet Quality Gradient

Take Vit Supplement 0.130∗∗∗ 0.170∗∗∗ 0.339∗∗∗ -0.543∗∗

(0.032) (0.032) (0.046) (0.204)

Supplement FE YES YES YES YES

Number of Obs. 20 20 20 20

Panel C: Vitamin Consumption, HomeScan

(1) (2)

Outcome: SES Gradient Diet Quality Gradient

Take Vit. Supplement 0.050 ∗∗∗ 0.354 ∗∗∗

(0.013) (0.089)

Supplement FE YES YES

Number of Obs. 26 26

Notes: This table shows statistical evidence on the co-movements between levels of behavior and the gradient with
respect to various proxies for selection (socioeconomic status, exercise, medical care access and diet quality). Each
cell represents a different regression of gradients on the level of behavior with Panel A focusing on vitamins in the
NHANES and Panel B on vitamins in the HomeScan. All regressions include fixed effects for each behavior. ∗indicates
significance at the 10% level, ∗∗indicates significance at the 5% level, ∗ ∗ ∗ indicates significance at the 1% level.

Table 2: Dietary Patterns Levels and Gradients: Co-Movements

(1) (2) (3)

Outcome: Exercise Gradient SES Gradient Routine Doctor Gradient

Diet Measure (Standardized) 0.099∗∗ 0.192∗∗∗ 0.199∗∗

(0.047) (0.049) (0.095)

Behavior FE YES YES YES

Number of Obs. 27 27 27

Notes: This table shows statistical evidence on the co-movements between levels of behavior and the gradient with
respect to various proxies for selection (socioeconomic status, exercise, medical care access). Each cell represents
a different regression of gradients on the level of behavior. All regressions include fixed effects for each behavior.
∗indicates significance at the 10% level, ∗∗indicates significance at the 5% level, ∗ ∗ ∗ indicates significance at the 1%
level.
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Table 3: Co-movement: Behavior-Outcome Gradient and Selection Gradients

Panel A: Outcome Regression With No Controls

Outcome: BMI Gradient Obesity Gradient Heart Health Gradient

Exercise Gradient [n=27] -4.71∗∗∗ -0.223∗∗ 0.849∗∗∗

(1.68) (0.106) (0.173)

SES Gradient [n=27] -5.84∗∗∗ -0.311∗∗∗ 0.617∗∗

(1.06) (0.071) (0.161)

Routine Doctor Gradient [n=27] -1.37 -0.047 0.258∗∗

(0.997) (0.060) (0.120)

Panel B: Outcome Regression With Controls

Outcome: BMI Gradient Obesity Gradient Heart Health Gradient

Exercise Gradient [n=27] -3.68∗∗ -0.176∗ 0.664∗∗∗

(1.47) (0.096) (0.166)

SES Gradient [n=27] -4.56∗∗∗ -0.250∗∗∗ 0.434∗∗

(0.997) (0.068) (0.155)

Routine Doctor Gradient [n=27] -0.792 -0.018 0.196∗

(0.87) (0.055) (0.107)

Diet Behavior FE YES YES YES

Notes: This table shows statistical evidence on the co-movements between health gradients and selection gradients
with respect to dietary behavior. The behavior-outcome regressions include controls for age and gender in all cases.
In Panel B these also include controls for race, marital status, education and income. ∗indicates significance at the
10% level, ∗∗indicates significance at the 5% level, ∗ ∗ ∗ indicates significance at the 1% level.

Table 4: Co-movement Behavior-Outcome Gradient and Selection Gradients: Individual Foods

(1) (2) (3)

Outcome: BMI Gradient Obesity Gradient Heart Health Gradient

Exercise Gradient [n=132] -4.863∗∗∗ -0.228∗ -0.354

(1.752) (0.127) (0.309)

SES Gradient [n=132] -5.086∗∗∗ -0.290∗∗∗ 0.020

(1.406) (0.102) (0.256)

Routine Doctor Gradient [n=132] 0.810 0.080 0.030

(0.871) (0.061) (0.150)

Foods FE YES YES YES

Notes: This table shows statistical evidence on the co-movements between health gradients and selection gradients
with respect to food consumption. The behavior-outcome regressions include controls for age and gender. The
exercise, SES and doctor gradient regression are run using a Probit model. ∗ indicates significance at the 10% level,
∗∗ indicates significance at the 5% level, ∗ ∗ ∗ indicates significance at the 1% level.
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Table 5: Proportional Selection Adjustment Results

Outcome/Treatment Period 1 Coeff. Period 2 Coeff. Period 3 Coeff. Implied β Implied δ

BMI/Sugar -0.043 -0.66∗∗ 3.18∗∗∗ 0.143 [0.07,0.16]

Obesity/Sugar -0.006 -0.052∗∗ 0.17∗∗∗ -0.003 [0.07,0.09]

Heart Health/Sugar -0.290∗∗∗ -0.528∗∗∗ -0.549∗∗∗ -0.495∗∗∗ [0.014,0.05]

BMI/Fat -1.12∗∗∗ 4.47∗∗∗ 2.07 0.043

Obesity/Fat -0.022 0.242∗∗∗ 0.148 0.026

Heart Health/Fat -0.369∗∗∗ -0.967∗∗∗ 2.5∗∗∗ 0.33

BMI/Med. Diet -0.230∗∗∗ -0.496∗∗∗ -0.259∗∗∗ 0.031

Obesity/Med Diet -0.015∗∗∗ -0.032∗∗∗ -0.131∗∗∗ 0.27

Heart Health/Med Diet 0.030∗∗∗ 0.036∗∗∗ 0.017∗∗∗ 0.024

Notes: This table shows estimates of causal impacts in these relationships under an assumption of proportional
selection between observed and unobserved variables (Oster, 2018). In each case we solve for the implied δ and causal
impact β under the assumption of proportional selection. The calculations are made using a grid search; details are
in Section 6. Standard errors on β are based on a bootstrap with 1000 replications. ∗indicates significance at the
10% level, ∗∗indicates significance at the 5% level, ∗ ∗ ∗ indicates significance at the 1% level.
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Appendix A: Figures and Tables

Table A1: Data Source Summary

Panel A: Selection into Behavior

Domain Dataset Behavior Other Health

Behaviors

Demographic

Health

Confounds

Vitamins NHANES Intake of Vitamin

D and Vitamin E

Exercise, Access

to medical care

Income,

Education

Vitamins Nielsen

HomeScan

Purchases of

Vitamin D and

Vitamin E

None Income,

Education

Diet Patterns NHANES Sugar

consumption, Fat

Consumption,

Adherence to

Mediterranean

Diet

Exercise, Access

to medical care

Income,

Education

Panel B: Behavior Effect on Disease

Domain Dataset Behavior Outcomes

Vitamins Publications Intake of Vitamin

D and Vitamin E

Cancer

Diet Patterns NHANES Sugar

consumption, Fat

Consumption,

Adherence to

Mediterranean

Diet

BMI, Obesity,

Heart Health

Individual Foods NHANES Consumption of

particular foods

BMI, Obesity,

Heart Health

Notes: This table summarizes the data used in the paper.
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Table A2: Information Events

Behavior Event 1 Event 2 Event 3

Vitamin C

Supplementation

1998, Negative: Nature

article suggesting vitamin C

has pro-oxidant properties;

is dangerous.

Corresponding NYTimes

coverage

Vitamin D

Supplementation

2007, Positive: Several

studies, NEJM summary

piece, NY Times coverage

suggest Vitamin D good for

health (cancer, fractures,

etc). Corresponding growth

in Google Trends.

2011/2012, Negative:

IOM report suggests

Vitamin D overblown,

corresponding summary

articles, coverage in NY

Times. Additional studies

in 2012 with similar

findings. Google Trends

stagnation.

Vitamin E

Supplementation

1993, Positive: Two

studies in NEJM report

reduction in heart disese for

both men and women with

use of Vitamin E

supplements

2004, Negative: Widely

covered meta-analsis of

Vitamin E shows high doses

increase mortlaity. Large

Google trends spike.

Sugar in Diet 2000, Negative: First

explicit mention in US

Dietary guidelines of

avoidance of added sugars.

2011/2012, Negative:

Extensive media coverage of

health costs of sugar; “toxic

sugar” in NY Times and 60

Minutes Segment.

2015, Negative: First

explicit restriction on sugar

share in US Dietary

Guidelines.

Saturated Fat 1990, Negative: First

explicit restriction on

saturated fat share in US

dietary guidelines (<10%)

2005, Negative: Further

restrict saturated fat to

<7% for people with heart

disease.

2015, Positive: US

Dietary guidelines return to

10% restriction for

everyone.

Mediterranean

Diet

2004, Positive: Two

JAMA articles show health

benefits of Mediterranean

diet. Google trends spike.

2009/2010, Positive:

Series of articles on role of

Mediterranean diet in

addressing cognitive

decline. Google trends

spike.

2013, Positive: Large

randomized trial shows

mortality reductions from

Mediterranean Diet.

Heavily covered in media.

Very large Google trend

spike.

Notes: This table shows the information events identified for each outcome. Events were identified by searching for
well-cited publications, media coverage and Google search spikes.
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Table A3: Range of Estimates for Health Impacts of Diet

Panel A: Impacts of Sugar

Outcome Overall Effect Minimum Effect Maximum Effect p-value, equal effects

BMI -0.030 -1.19 4.38∗∗∗ 0.000

(0.208) (0.79) [2007] (0.84)[2013]

Obese (0/1) -0.012 -0.140∗∗ 0.221∗∗∗ 0.000

(0.015) (0.058)[2007] (0.057)[2013]

Heart Health -0.45∗∗∗ -0.690∗∗∗ -0.113 0.000

(0.036) (0.123)[2009] (0.080)[1988]

Panel B: Impact of Fat

Outcome Overall Effect Minimum Effect Maximum Effect p-value, equal effects

BMI -0.71 -2.45 6.01∗∗∗ 0.000

(0.41 ) (1.64)[2007] (1.66)[2011]

Obese (0/1) -0.019 -0.159 0.317∗∗∗ 0.000

(0.030 ) (0.122)[2007] (0.129)[2003]

Heart Health -0.781∗∗∗ -1.22∗∗∗ 0.202 0.000

(0.072) (0.30)[2005] (0.166)[1991]

Panel C: Impact of Mediterranean Diet

Outcome Overall Effect Minimum Effect Maximum Effect p-value, equal effects

BMI -0.31∗∗∗ -0.653∗∗∗ -0.168∗∗∗ 0.000

(0.024) (0.067)[2011] (0.064)[2001]

Obese (0/1) -0.020∗∗∗ -0.038∗∗∗ -0.009∗∗ 0.000

(0.002) (0.005)[2011] (0.005)[2001]

Heart Health 0.045∗∗∗ 0.014 0.071∗∗∗ 0.000

(0.0041) (0.012)[2003] (0.011)[2009]

Notes: This table shows the range of estimates of the impact of behavior on health across years in the NHANES.
Panel A focuses on sugar consumption, Panel B focuses on fat consumption and Panel C focuses on adherence to
a Mediterranean-style diet. The first column reports the overall effect of behavior on health from a regression with
data pooled across all years. The second and third column report, respectively, the minimum and maximum effect
of behavior on health over time, with the corresponding year reported in square brackets. Each cell represents a
different regression and all regressions include controls for age and gender. The fourth column reports the p-value
for a test of equality of coefficients across all years.∗indicates significance at the 10% level, ∗∗indicates significance at
the 5% level, ∗ ∗ ∗ indicates significance at the 1% level.
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Table A4: Individual Food Results, Disease Regressions Include Controls

(1) (2) (3)

Outcome: BMI Gradient Obesity Gradient Heart Health Gradient

Exercise Gradient [n=132] -3.947∗∗ -0.181 -0.489∗

(1.683) (0.125) (0.293)

SES Gradient [n=132] -3.360∗∗ -0.196∗ -0.209

(1.382) (0.102) (0.244)

Routine Doctor Gradient [n=132] 1.077 0.099 -0.027

(0.825) (0.060) (0.143)

Foods FE YES YES YES

Notes: This table shows statistical evidence on the co-movements between health gradients and selection gradients
with respect to food consumption. This echoes Table 4 in the paper, but with additional demographic controls
included in the behavior-outcome regressions. ∗ indicates significance at the 10% level, ∗∗ indicates significance at
the 5% level, ∗ ∗ ∗ indicates significance at the 1% level.

Figure A1: Individual Foods Analysis, Disease Regressions Include Controls
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Notes: This figure show the relationship between the BMI gradient residualized with respect to individual foods
fixed effects and the socioeconomic gradient residualized with respect to individual foods fixed effects. It shows the
relationship between the BMI gradient and the socioeconomic gradient for each food and time period controlling for
individual foods fixed effects. This figure echoes Figure 5 in the main text, but the behavior-outcome regressions are
estimated with additional demographic controls.
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Appendix B: Proofs

Proof of Proposition 1.

This follows trivially from observing that the rank of A in the set of behaviors improves as a result
of the change in recommendation and it is therefore weakly more likely to be adopted by each
individual.
Proof of Proposition 2.

First of all, note that, after the change in recommendation hA decreases as a consequence of behavior
A improving its position in the overall ranking of behaviors. This implies that, by Proposition 1,
more people will start adopting behavior A. Because of the mapping between h∗i and the individual’s
health values, those who will adopt it are those with relatively higher h∗i .
Now let Covt(A, h

∗) denote the covariance between A and h∗ before the change in recommendation
and Covt+1(A, h∗) denote the same covariance after the change in recommendation. We want to
show that:

Covt+1(A, h∗) ≥ Covt(A, h∗)

First of all, note that we can write Assumption 1 in the following way:
Et+1

[
h∗|h∗ > hAt+1

]
− Et+1 [h∗]

Et
[
h∗|h∗ > hAt

]
− Et [h∗]

≥
P
(
h∗ > hAt

)
P
(
h∗ > hAt+1

)
Note that E [h∗] is constant across periods, so we can write:
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]
− E [h∗]

Et
[
h∗|h∗ > hAt

]
− E [h∗]

≥
P
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h∗ > hAt

)
P
(
h∗ > hAt+1

)
Rearranging we have that:
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t+1

) (
Et+1

[
h∗|h∗ > hA

t+1

]
− E [h∗]

)
≥ P

(
h∗ > hA

t

) (
Et

[
h∗|h∗ > hA

t

]
− E [h∗]

)
P
(
h∗ > hA

t+1

)
Et+1

[
h∗|h∗ > hA

t+1

]
− P

(
h∗ > hA

t+1

)
E [h∗] ≥ P

(
h∗ > hA

t

)
Et

[
h∗|h∗ > hA

t

]
− P

(
h∗ > hA

t

)
E [h∗]

Using the definition of conditional expectation and the property of indicator variables for which
P
(
h∗ > hA

)
= E

[
1
(
h∗ > hA

)]
, we can then write:

Et+1

[
h∗1

(
h∗ > hAt+1

)]
− Et+1

[
1
(
h∗ > hAt+1

)]
≥ Et

[
h∗1

(
h∗ > hAt

)]
− Et

[
1
(
h∗ > hAt

)]
Note that defining A = 1(h∗i > hAt ), by the usual characterization of the covariance, the previous
expression gives exactly the result we were looking for:

Covt+1(A, h∗) ≥ Covt(A, h∗)

We now develop some intuition for this, under particular distributional assumptions.
The two figures below show two simulation examples of change in recommendation where Assump-
tion 1 holds and as a consequence Proposition 2 is true. Figure B1 depicts an example where h∗

is distributed as a chi-squared with degree 1 and behavior A is relatively unusual. In particular,
hAt is in the right tail of the distribution of h∗ and this implies that the adopters before the change
in recommendation, that is those such that h∗i ≥ hAt , are relatively few. When behavior A is
relatively unusual, even if the change in κA is big as depicted in Figure 1, Proposition 2 holds and
the covariance between h∗ and A increases after the change in recommendation.
Figure B2 shows a different example where h∗ is distributed as a standard normal truncated at
zero. In this case, behavior A is relatively common before the change in recommendation (hAt is just
above the average E[h]) but the change in recommendation is such that κA does not increase much.
As it can be seen from the Figure, if the change in recommendation is not big then Proposition 2
will hold also when behavior A is relatively common.
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Figure B1: Example of change in recommendation when h∗ is distributed as a chi-squared
of degree 1 and behavior A is unusual
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Figure B2: Example of change in recommendation when h∗ is distributed as a standard
normal truncated at zero and behavior A is relatively common
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Proof of Proposition 3

Under Assumption 1, adoption of A is weakly increasing in h∗ and h∗ is increasing in ω. By
composition of increasing functions, it follows that the adoption of A is increasing in ω.
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Proof of Proposition 4:

The true model is Yi = α + ϑΛi + ε. We rewrite this to pull out A specifically and denote the
modified Λ vector and coefficient vector with primes:

Yi = α+ βAi + ϑ̊Λ̊i + εi

Consider first the case where we observe no elements of Λ. The feasible regression is then

Yi = α+ β̊Ai + ε̊.

By a straightforward application of the omitted variable bias formula, we can write

β̊ = β + ϑ̊
Cov(A, Λ̊)

V ar(A)

Trivially, this bias is increasing as Cov(A,Λ) increases.
Now consider a case where we observe a subset of behaviors such that we can write Λ̊ = ∆1Λ̂+∆2Λ̃
where Λ̂ is observed and Λ̃ is not, and define this such that the two components are orthogonal.
We can now estimate

Yi = α+ β̂Ai + ∆̂1Λ̂i + ε̂.

Again, by the omitted variable bias formula, we have

β̂ = β + ∆2
Cov(A, Λ̃)

V ar(A)

Which is also increasing in the covariance between A and Λ since Cov(A, Λ̃) is an increasing function
of Cov(A,Λ) by the linearity of covariance.
Proof of Corollary 1:

This follows trivially from the results above.
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Appendix C: List of Foods for Individual Food Analysis

Individual Foods selected for the Food-Specific Analysis

Foods Selected Period 1 Period 2 Period 3 Period 4 Trend

Banana -0.245 -0.735∗∗∗ -0.843∗∗∗ -0.933∗∗∗ -0.473∗∗∗

Berries -0.642∗∗ -1.498∗∗∗ -1.266∗∗∗ -1.630∗∗∗ -0.322∗∗∗

Biscuits 0.256 0.640∗∗ 0.816∗∗∗ 1.179∗∗∗ 0.354∗∗∗

Brown Rice 0.040 -0.991 -1.204∗ -1.985∗∗∗ -0.785∗∗∗

Cheese -0.397∗∗ -0.382∗∗ -0.521∗∗∗ 0.163 0.075

Cooked Cereals -0.649 -1.307 -0.864 -4.661∗∗∗ -1.179∗∗∗

Corn -0.557∗∗∗ -0.188 0.326 0.224 0.354∗∗∗

Crackers -0.215 -0.172 -0.789∗∗∗ -0.145 -0.072

Egg Soup 0.564 -0.161 0.397∗∗∗ -3.598 -1.540∗∗

Eggs (white) 0.672 -1.324∗ -1.265∗∗ -1.176∗∗ -0.596∗∗

Egg (whole) 0.357∗∗ 0.490∗∗ 0.063 -0.100 -0.212∗∗∗

Fruit Juice 0.0783 0.145 0.055 0.636∗∗∗ 0.140∗∗

Ice Cream -0.564∗∗∗ -0.243 -0.205 0.721∗∗∗ 0.337∗∗∗

Instant Soup 0.989∗ 0.460 0.544 -1.076∗∗ -0.632∗∗∗

Legume Soup -1.318∗∗ -1.597∗∗∗ -1.220∗∗ -3.160∗∗∗ -0.608∗∗

Lunch Sandwich 0.098 0.672∗∗∗ 0.764∗∗∗ 1.725∗∗∗ 0.469∗∗∗

Margarine -0.386∗∗∗ -0.170 0.096 0.585∗∗∗ 0.387∗∗∗

Nuts -0.748∗∗∗ -0.558∗∗∗ -1.397∗∗∗ -1.606∗∗∗ -0.410∗∗∗

Other Milk -0.266 -0.474 -0.488 -1.915∗∗∗ -0.491∗∗∗

Peanut Butter -0.642∗∗∗ -0.845∗∗∗ -0.967∗∗∗ -1.498∗∗∗ -0.283∗∗∗

Peas and Lentils Mix -0.337 -1.191∗∗ -1.339∗∗ -1.719∗∗∗ -0.467∗∗

Processed Cheese 0.104 0.427∗∗ 0.558∗∗∗ 0.937∗∗∗ 0.278∗∗∗

Rye Bread -0.445 -1.034∗∗∗ 0.472 0.951 0.557∗∗∗

Salad Dressing -0.357∗∗∗ -0.007 -0.174 0.208 0.144∗∗

Seafood -0.192 -0.105 -0.440∗∗∗ -0.880∗∗∗ -0.226∗∗∗

Seeds 0.339 0.080 -1.487∗∗∗ -1.393∗∗∗ -0.743∗∗∗

Soda 0.736∗∗∗ 0.859∗∗∗ 0.883∗∗∗ 1.399∗∗∗ 0.217∗∗∗

Soybean Products -0.844∗∗ -1.710∗∗∗ -1.498∗∗∗ -2.190∗∗∗ -0.404∗∗∗

Tortilla 0.546∗∗∗ 0.113 0.061 1.039∗∗∗ 0.081

Vegetable Mixture 0.060 0.057 0.022 -1.144∗∗∗ -0.374∗∗∗

Vegetable Soup -0.348 -0.700∗∗ -0.813∗∗∗ -1.734∗∗∗ -0.353∗∗∗

White Rice -0.108 -0.606 0.067 -2.126∗∗∗ -0.710∗∗∗

Yellow Vegetables -0.196 -0.726∗∗ -0.681∗∗ -1.529∗∗∗ -0.379∗∗∗

Notes: this table lists all the individual foods selected for the food specific analysis along with the coefficients of their
effects on BMI in each time period and the coefficient of the linear trend effect. Cooked cereals include cream of
wheat and cooked barley but not oatmeal. Other milk includes buttermilk, sweetened condensed milk and evaporated
milk. Yellow vegetables include squashes, gourds and pumpkins. Peas and lentils mix refers to any vegetable mixture
that has peas and lentils in it ∗ indicates significance at the 10% level, ∗∗ indicates significance at the 5% level, ∗∗∗

indicates significance at the 1% level.
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