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Abstract

How does prenatal micronutrient exposure affect children’s long-run outcomes? This

paper provides new evidence from the federal mandate to fortify enriched grain prod-

ucts with folic acid. Exploiting cross-state variation in baseline birth defect rates

linked to folate deficiency and the timing of the first trimester relative to fortification,

I find that in utero exposure shifts young adults’ time toward schooling: graduate

school enrollment rises by 0.8 percentage points, accompanied by a 0.7-percentage-

point decline in labor force participation and a $12 decline in average annual income.

Effects are larger among women, White individuals, and non-Hispanic individuals.

The findings are most consistent with improved math-related cognitive ability as

the mechanism. Back-of-the-envelope calculations suggest that folic acid fortification

generates adult earnings gains comparable in magnitude to those from other fortifica-

tion programs and Food Stamps. The extremely low implementation cost of folic acid

fortification implies an effectively infinite marginal value of public funds, making the

policy fiscally appealing. (JEL I18, J22, J24, Q18)
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1 Introduction

The neural tube closes within the first four weeks of pregnancy—before most women

know they are pregnant. During that window, maternal folate deficiency can lead to

incomplete neural tube closure, causing permanent neurological damage to the devel-

oping fetus. Yet voluntary supplementation often fell short because many women were

unaware that folate was needed so early in pregnancy (Petrini, Damus and Johnston,

1999). Passive, population-wide fortification therefore offered a more reliable safeguard.

In March 1996, the U.S. Food and Drug Administration (FDA) mandated folic acid fortifi-

cation of enriched grain products, and the immediate effect was substantial: birth defects

associated with folate deficiency fell by 25–30% (Mersereau et al., 2004; Williams et al.,

2015). This raises a natural question: if folate is so important for early neurodevelop-

ment, does correcting this deficiency also translate into lasting gains in human capital?

Answering this question carries broader policy implications. First, it speaks to the

design of efficient nutrition policy. If deficiency in a specific nutrient is the binding

health constraint, targeted nutrient interventions may be more cost-effective than broad

increases in food subsidies or medical spending. This consideration is especially pressing

as government budgets face growing fiscal pressure (Bergh, 2025; International Monetary

Fund, 2026). Second, mandatory folic acid fortification remains far from universal (Global

Fortification Data Exchange, 2025), and the U.S. was among its earliest adopters. Evidence

from the U.S. experience can therefore inform policy decisions in countries still weighing

whether to mandate fortification, particularly in low-income settings where maternal fo-

late deficiency tends to be more severe.

To estimate long-run effects of reducing folate deficiency in utero, this paper exploits

two sources of variation: pre-fortification birth defect rates linked to folate deficiency

across states, and the timing of the first trimester relative to the mandate. I construct these

birth defect rates from birth certificate data and link them to young adults’ outcomes in

the American Community Survey (ACS) Public Use Microdata Sample (PUMS) by state

and year of birth. Sections 4.1 and 5.1 validate baseline birth defect rates as a credible

pre-period proxy for folate deficiency. Exposed cohorts are those whose first trimester oc-
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curred after fortification, since this is the critical window during which folic acid reduces

the risk of folate-sensitive birth defects. I use the mandate authorization date (March 5,

1996) rather than the full implementation date (January 1, 1998) as the event date, because

prior work shows fortification was largely completed before the implementation deadline

(Jacques et al., 1999) and the first-stage evidence in Section 5.1 is consistent with this tim-

ing. I then estimate the mandate’s effects by comparing exposed and unexposed cohorts

across states with differing baseline prevalence of these defects.

Results show that in utero exposure to fortification raises graduate school enrollment

among young adults aged 23–30 by 0.8 percentage points (14.4% at the sample mean),

accompanied by a 0.7-percentage-point decline in labor force participation (0.8% at the

mean) and a $12 decline in average annual income (3.4% at the mean). Effects are largest

among women, White, and non-Hispanic individuals; women also adjust on the intensive

margin, with exposed women less likely to work full time. Effects for Hispanic individu-

als are smaller and less precisely estimated, consistent with the 1996 mandate’s exclusion

of some staples commonly consumed in Hispanic households.

I discuss four potential mechanisms behind this shift toward schooling. First, fertility

selection is unlikely to explain the results because birth outcomes and maternal charac-

teristics do not respond to in utero fortification exposure, aside from a small increase in

the share of births to younger mothers after fortification. Second, there is no evidence

that effects of in utero fortification exposure are driven by a lower likelihood of func-

tional difficulty in young adulthood. Third, changes in local labor market conditions do

not appear to drive the results. The effects are not diminished by place-of-residence-by-

year fixed effects, and in utero fortification exposure does not affect unemployment or

occupational quality among those who are employed. Finally, consistent with improved

cognitive ability as a plausible mechanism, I find suggestive evidence that fortification

exposure is associated with higher math scores among 4th and 8th graders.

Finally, back-of-the-envelope cost-benefit calculations suggest that folic acid fortifica-

tion generates about $2,911 in additional annual adult income. This gain is smaller than,

but still comparable in magnitude to, estimated gains from other fortification programs
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and Food Stamps. Because the cost of forti�cation is extremely low relative to the addi-

tional tax revenue generated by these income gains, the implied marginal value of public

funds (MVPF) is effectively in�nite, suggesting that the policy perfectly pays for itself.

This paper contributes to food forti�cation literature by studying a nutrient whose

relevance is concentrated at the very beginning of fetal development. Most existing eco-

nomic work examines salt iodization, documenting long-run bene�ts for cognitive de-

velopment, health, and socioeconomic outcomes (Feyrer, Politi and Weil, 2017; Serena,

2019; Adhvaryu et al., 2020; Huang, Liu and Zhou, 2020; Deng and Lindeboom, 2022a;

Tafesse, 2022). A notable exception is Niemesh (2015), which shows that iron forti�cation

of bread raised adult incomes and improved children's school enrollment and long-run

wages. These studies provide important evidence that correcting micronutrient de�cien-

cies can generate lasting economic gains. Folic acid forti�cation extends this literature to

a different biological margin: folate is especially important in the earliest weeks of ges-

tation, when the neural tube closes—often before a woman knows she is pregnant—and

de�ciency during this short window can cause permanent neurological damage to the

developing fetus (Irvine et al., 2022). Outside economics, the epidemiological literature

has focused mainly on the short-run health effects of folic acid supplementation (e.g.,

Wald et al., 2001; Quinlivan et al., 2002; Kancherla et al., 2022) and on cost-bene�t analy-

ses of forti�cation programs (e.g., Grosse et al., 2005; Bentley et al., 2009). What remains

largely unknown is whether reducing folate de�ciency through population-wide forti�ca-

tion generates lasting human capital gains. I address this gap by studying how correcting

a micronutrient de�ciency during the earliest stage of fetal development affects education

and labor market outcomes in young adulthood.

More broadly, this paper relates to the fetal origins literature, which documents long-

run consequences of prenatal and early childhood nutritional conditions. Adverse shocks

such as famine (Almond et al., 2007; Chen and Zhou, 2007; Lindeboom, Portrait and

Van den Berg, 2010; Scholte, Van Den Berg and Lindeboom, 2015; Deng and Lindeboom,

2022b) and Ramadan fasting (Almond and Mazumder, 2011; Almond, Mazumder and

Van Ewijk, 2015; Majid, 2015) have been linked to poorer health and labor outcomes
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in adulthood, while positive interventions such as breastfeeding (Fitzsimons and Vera-

Hern ández, 2022), iodine supplementation (Field, Robles and Torero, 2009; Aráujo, Car-

rillo and Sampaio, 2021), and food assistance programs (Hoynes, Page and Stevens, 2011;

Rossin-Slater, 2013; Hoynes, Schanzenbach and Almond, 2016; Bailey et al., 2024) have

been shown to improve long-term socioeconomic outcomes. This paper extends that

literature by studying a previously underexamined intervention targeting a nutritional

de�ciency that can disrupt fetal development at the earliest stage of gestation.

Finally, the paper connects the fetal origins literature to work on young adults' choices

between further schooling and labor market entry. Existing studies show that post-baccalaureate

schooling decisions respond to �nancing constraints, labor market conditions, and ex-

pected returns (Weiler, 1994; Bedard and Herman, 2008; Johnson, 2013; Altonji, Arcidia-

cono and Maurel, 2016; Black, Turner and Denning, 2023), and that strong labor market

opportunities can pull young people away from college and into employment (Black,

McKinnish and Sanders, 2005; Charles, Hurst and Notowidigdo, 2018). I add a new di-

mension to this literature by showing that these early adult choices may also be shaped

by conditions much earlier in life. In particular, prenatal nutrition may affect not only

completed human capital, but also the timing and direction of young adults' transition

between additional schooling and work.

The paper is organized as follows. Section 2 provides policy background. Section

3 describes the data. Section 4 outlines the empirical methods. Section 5 presents the

results. Section 6 calculates MVPFs. Section 7 concludes.

2 Background

2.1 Folate de�ciency disorder and associated birth defects

Folate de�ciency is a major cause of neural tube defects (NTDs), the most common con-

genital central nervous system anomalies (CNSAs) in newborns (Smithells et al., 1983).

Severe NTDs, such as anencephaly, are typically fatal, with most affected infants dying
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before or shortly after birth. 1 Infants with less severe NTDs, such as spina bi�da, can sur-

vive into adulthood but often face a high risk of lifelong physical and cognitive disabili-

ties (Yi et al., 2011).2 In the early 1990s, roughly 4,000 fetuses in the U.S. (about 1 in 1,000)

were affected by NTDs each year, with about one third lost to selective or spontaneous

abortion (Cragan et al., 1995; Mersereau et al., 2004). Folate de�ciency is also associated

with other congenital CNSAs, such as hydrocephaly (Naz et al., 2016; Liu et al., 2018).

These defects can arise as early as the �rst month of pregnancy, when the neural tube

begins to form, and failure of the neural tube to close by the end of the �rst trimester can

cause irreversible damage to the central nervous system (Obeid, Holzgreve and Pietrzik,

2013). While in utero surgery may provide some palliative bene�ts, it cannot reverse the

underlying neurological damage (Greene and Copp, 2014). Timely medical intervention

is often dif�cult because routine screening for neural tube defects typically relies on the

second-trimester anatomic ultrasound at 18 to 22 weeks, and detection rates are much

lower in the �rst trimester (American College of Obstetricians and Gynecologists, 2017).

Many pregnant women in the U.S. also lack adequate prenatal care (Blumenfeld, Siegler

and Bronshtein, 1993).

2.2 Sources of folate

Folate occurs naturally in foods such as beef liver, dark green leafy vegetables, beans,

peas, nuts, and many fruits and fruit juices. However, meeting recommended intake

during pregnancy through diet alone is dif�cult (Czeizel, 2000). Data from the National

Health and Nutrition Examination Survey (NHANES) III (1988–1994) show that women

aged 15–49 consumed an average of 233.68 mg of folate per day, well below the 400 mg

recommended by the U.S. Public Health Service for pregnant women. One reason di-

etary intake often falls short is that naturally occurring food folate is unstable under typ-

ical cooking conditions, which can substantially reduce the amount ultimately absorbed,

making diet alone a less reliable way to improve folate status during pregnancy (McNulty

and Pentieva, 2004).

1Infants with anencephaly are born without parts of the skull and brain.
2In spina bi�da, the backbone does not close properly, leaving a section of the spinal cord and spinal

nerves exposed without full protection.
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Folate is also available through supplements, including over-the-counter folic acid

tablets and multivitamins. Folic acid is often recommended during prenatal visits (Ray,

Singh and Burrows, 2004). A key challenge, however, is low awareness of and adherence

to supplementation guidance (Toivonen et al., 2018). CDC recommendations emphasize

starting folic acid at least one month before conception. 3 Yet about 50% of U.S. pregnan-

cies are unintended (Finer and Zolna, 2016). From 1995 to 1998, only about 30% of U.S.

women reported taking a daily vitamin containing folic acid, and fewer than 10% knew

it should be taken before pregnancy (Petrini, Damus and Johnston, 1999). Access and af-

fordability can also be barriers, particularly for low-income women (Czeizel, 2000). These

constraints highlight the need for a low-cost, preferably passive approach to ensuring ad-

equate folic acid intake among women who may become pregnant.

2.3 Folic acid forti�cation and other forti�cations in the U.S.

The U.S. has a long history of using food forti�cation to improve public health. Salt

iodization began in the 1920s, vitamin D forti�cation of milk followed in the 1930s, and

�our and bread were enriched with B vitamins and iron in the 1930s and 1940s. The

most recent effort, folic acid forti�cation of grain products, began in the 1990s. The �rst

wave of grain forti�cation in the 1940s followed the identi�cation of speci�c nutrient

de�ciency disorders among the U.S. population. In the early 1940s, the FDA issued the

�rst standard of identity for enriched �our, requiring the addition of iron and B vitamins

(niacin, thiamin, and ribo�avin). By the 1950s, these standards extended to other cereal

grain products, including bread, rice, macaroni, and noodles (Hutt, 1984; Committee on

Use of Dietary Reference Intakes in Nutrition Labeling, 2004). Folic acid forti�cation was

the most recent amendment to the standard of identity for enriched grain products and is

widely regarded as one of the most successful public health initiatives in recent decades

(Berry, Mulinare and Hamner, 2010).

As with earlier forti�cation campaigns, the decision to fortify foods with folic acid was

driven by accumulating evidence that folic acid prevents neural tube defects (NTDs). In

October 1990, as part of the Nutrition Labeling and Education Act, Congress directed the

3See https://www.cdc.gov/ncbddd/folicacid/recommendations.html (accessed on 05/20/2022).
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FDA to evaluate the link between folic acid and NTDs and to develop a plan for adding

folic acid to foods (Wright, 2003). On September 14, 1992, the U.S. Public Health Service

(USPHS) recommended that all women of childbearing age consume 400 mg of folic acid

daily to prevent NTDs. In response, on March 5, 1996, the FDA amended the standard of

identity to require 140 mg/100 g of folic acid in enriched grain products by January 1, 1998

(Food and Drug Administration, 1996). In practice, forti�cation was largely completed by

mid-1997 (Jacques et al., 1999). I therefore de�ne the event time as March 1996, when the

FDA authorized folic acid forti�cation. Because enriched grain products are ingredients

in many processed foods, the added folic acid shows up in products beyond the enriched

grain category; for example, some chips contain folic acid (Figure 1). Before the mandate,

voluntary addition of folic acid was prohibited in standardized foods 4 and discouraged

in other products, primarily to avoid overforti�cation and nutrient imbalances (Food and

Drug Administration, 1996, 2015).

Figure 1: Chips with enriched wheat �our as an ingredient

3 Data

3.1 Birth certi�cate data

The Vital Statistics Natality �les (birth certi�cate data) cover all U.S. live births and re-

port detailed information on birth outcomes, including birth month and year, state of

4“Standardized foods” are products with a federal standard of identity, such as enriched grain products.
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birth, birth weight, gestational age in weeks, and congenital anomalies, as well as ma-

ternal characteristics such as age, race, Hispanic origin, education, and prenatal care use

(National Center for Health Statistics, 2003). I use these data for two purposes. First, I

proxy baseline folate de�ciency using the pre-forti�cation prevalence of folate-sensitive

congenital anomalies and assign cohort-level in utero exposure using gestational age and

the policy's authorization date (Section 4.1). Second, I test whether forti�cation exposure

affects birth outcomes or shifts the distribution of maternal characteristics, which helps

assess whether fertility selection could be driving the main results.

3.2 Young adult outcome data

Outcome data for young adults come from the American Community Survey Public-Use

Microdata Sample (ACS PUMS), 2019–2024 (Ruggles et al., 2025). For educational out-

comes, I study graduate school enrollment (including master's, professional, and doctoral

programs) and educational attainment, including completion of high school (diploma or

GED), and bachelor's degrees. For labor market outcomes, I examine labor force partic-

ipation, full-time status, and income. These outcomes are standard measures of human

capital and are commonly examined in related work (Niemesh, 2015; Adhvaryu et al.,

2020).

I use the 2019–2024 PUMSs so that each survey year includes both exposed and un-

exposed cohorts. I focus on young adults because the oldest exposed cohorts are only 28

years old during this period. The main analysis sample includes individuals aged 23–30,

which captures early-career outcomes for young adults beyond typical college ages. I

discuss alternative sample de�nitions in Section 5.5.

3.3 Other data

I collect the following supplementary data to support my main analysis.

Baseline state characteristics. I examine how the exposure measure relates to baseline

state characteristics in Section 4.1. I compile these characteristics from multiple sources.

Demographic measures, including race, gender, age, and total population, come from the
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Intercensal Population Estimates (US Census Bureau, 1990). Birth and death rates, the un-

employment rate, the value of products sold per farm, and average farm size come from

the County and City Data Book (1988) (US Census Bureau, 2009). Measures of transfer

payments come from the Bureau of Economic Analysis's Regional Economic Information

System (REIS) (Bureau of Economic Analysis, 1988).

Dietary and blood folate data. In Section 5.1, I examine trends in dietary folate in-

take and blood folate concentrations using publicly available data from NHANES III

(1988–1994) and the continuous NHANES (1999–2006). NHANES III is a nationally rep-

resentative survey of the civilian, noninstitutionalized U.S. population aged 2 months

and older. Beginning in 1999, NHANES shifted to a continuous design, collecting data

annually and releasing them in two-year cycles. Both NHANES III and the continu-

ous NHANES combine an in-home interview with a standardized physical examina-

tion in mobile examination centers, along with laboratory testing of biospecimens. The

surveys provide detailed information on demographics, socioeconomic characteristics,

health conditions, and diet, as well as anthropometrics and biomarkers. For folate status,

NHANES reports dietary folate intake based on 24-hour dietary recalls and measures

serum and red blood cell (RBC) folate in the laboratory component. I restrict the con-

tinuous NHANES sample to 1999–2006 because folate laboratory methods changed after

2006, limiting comparability across periods (Yetley et al., 2011).

Employment data. In Section 5.5, as a robustness check, I control for a Bartik-style

predicted unemployment measure to proxy for economic conditions at birth. Baseline

sectoral employment shares come from the Bureau of Labor Statistics' Quarterly Census

of Employment and Wages (QCEW) (US Bureau of Labor Statistics, 1989-2002). Following

East (2020), for each state of birth I interact these baseline employment shares with annual

national changes in sector-speci�c unemployment rates and then sum across sectors to

construct a predicted state unemployment rate.

Test score data. In Section 5.6, I examine the association between forti�cation expo-

sure and academic performance in elementary and middle school. Test score outcomes

come from the National Assessment of Educational Progress (NAEP) public state-level
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aggregate data for 4th and 8th graders. The public NAEP reports state average scores

and the shares of students at or above the NAEP achievement levels (Basic and Pro�-

cient)5 in mathematics, reading, science, and writing, typically at intervals of one or two

years since 1990. State average scores are computed by averaging scaled scores from a

representative sample of students in each state, with scores ranging from 0 to 500. I focus

on 4th and 8th grade math and reading because public series for science, writing, and all

12th grade tests are available for far fewer years. The analysis sample includes 4th grade

math in 2000, 2003, 2005, 2007, 2009, and 2011; 4th grade reading in 2002, 2003, 2005, 2007,

2009, and 2011; 8th grade math in 2000, 2003, 2005, 2007, 2009, 2011, and 2015; and 8th

grade reading in 2002, 2003, 2005, 2007, 2009, 2011, and 2015.

4 Methods

The identifying variation comes from two sources: (i) cross-state differences in the pre-

forti�cation prevalence of birth defects linked to folate de�ciency, and (ii) differences

across cohorts in whether the �rst trimester occurred before or after forti�cation. The

logic is that, because folate de�ciency during the �rst trimester can cause irreversible

fetal damage, improvements in maternal folate status during this window may have last-

ing effects on human capital. The design is valid if pre-forti�cation defect prevalence

captures cross-state differences in the potential to bene�t from forti�cation, and if forti�-

cation meaningfully increased folate intake rather than simply changing policy on paper.

Section 4.1 discusses the validity of using birth defects to measure cross-state exposure.

Section 5.1 presents evidence that forti�cation increased folate intake and reduced birth

defects. Relative to a randomized trial that assigns folic acid supplements to mothers

and follows their children into adulthood, this design is more feasible at scale and avoids

ethical concerns.

This design resembles an established approach in the literature that uses baseline re-

gional disease prevalence to infer the bene�ts of a health intervention. For example, re-

searchers use baseline hookworm infection rates to study hookworm eradication (Bleak-

5See https://nces.ed.gov/nationsreportcard/mathematics/achieve.aspx for details on the NAEP
achievement levels.
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ley, 2007), malaria prevalence to evaluate malaria eradication (Bleakley, 2010; Kuecken,

Thuilliez and Valfort, 2021), measles incidence to assess vaccination (Atwood, 2022), pneu-

monia rates to examine the introduction of sulfa antibiotics (Lazuka, 2020), and goiter

prevalence to analyze salt iodization (Feyrer, Politi and Weil, 2017; Adhvaryu et al., 2020).

4.1 Exposure measure

From the birth certi�cate data, I construct each state's pre-forti�cation prevalence of cen-

tral nervous system anomalies (CNSAs), comprising spina bi�da, anencephaly, hydro-

cephaly, microcephaly, and a residual ”other” category. Folate de�ciency is a leading

cause of neural tube defects (NTDs) (Wald et al., 2001), the most common of which are

spina bi�da and anencephaly; other NTD subtypes are captured in the ”other” CNSA

category. Hydrocephaly and microcephaly are included because folate de�ciency may

contribute to these conditions as well, either directly or through NTDs (Abdel-Salam and

Czeizel, 2000; Naz et al., 2016; Liu et al., 2018).

I de�ne the baseline period as January 1989 through June 1993. Most states began

reporting congenital anomalies in 1989; the exceptions are Louisiana (1990), Nebraska

(1990), Oklahoma (1991), New York (1993), and New Mexico (not reported during the

study period). Starting the baseline in 1989 therefore maximizes geographic coverage,

encompassing all states and the District of Columbia except New Mexico. I end the base-

line in June 1993 so that cohorts born afterward have at least four pre-periods available for

the event-study analysis, while also ensuring that the exposure measure is predetermined

relative to the forti�cation mandate for both exposed and unexposed cohorts. Section 5.5

shows that extending the baseline to the full pre-forti�cation period (1989–1995) does not

noticeably change the results.

Figure 2a shows baseline CNSA rates across states. I de�ne high-exposure states as

those in the top quartile of baseline CNSA rates, yielding 14 states: IN, IA, KS, MD, MN,

NE, NJ, NY, ND, RI, SD, TN, TX, and VT. I test robustness to using the continuous CNSA

rate as the exposure measure in Section 5.3 and to alternative high-exposure thresholds

in Section 5.5.
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To validate the exposure measure, I link state-level pre-forti�cation CNSA rates to

biomarkers of folate status from NHANES III. Table 1 shows a negative association: on

average, individuals living in high-baseline-CNSA states have lower blood folate concen-

trations. In Section 5.1, I also show that high-baseline-CNSA states experienced larger

post-forti�cation declines in CNSA rates (Figure 4d), which further supports the validity

of the exposure measure.

Table 1: Correlation between baseline CNSA rate and folate biomarkers

Serum folate RBC folate Serum folate RBC folate
(1) (2) (3) (4)

Continuous CNSA rate -0.538�� -11.410��

(0.261) (4.572)
High CNSA -0.606��� -10.554���

(0.185) (3.171)

Observations 10,842 10,913 10,842 10,913
R2 0.001 0.001 0.002 0.003
Dep. var. mean 7.332 198.186 7.332 198.186

Notes: Blood folate is measured in mg/mL. Robust standard errors are in parentheses. Regressions are
weighted by MEC examination weights. Source: NHANES III public-use data covering 35 counties across
13 states. CNSA rate is measured at state level.��� p < 0.01, �� p < 0.05, and � p < 0.1.

Another concern is that baseline CNSA rates are not randomly assigned and may sim-

ply capture other state characteristics, such as differences in demographics, economic

conditions, or local policy environments. For example, if states with higher baseline

CNSA rates also tend to be poorer, and early-life economic conditions independently

shape adult outcomes, the estimates could re�ect underlying economic hardship rather

than forti�cation. To mitigate this concern, Table A1 regresses the high-baseline-CNSA

indicator on pre-1989 local characteristics, including demographic, economic, and agri-

cultural measures at both the state and county levels. Column (1) shows that individual

state characteristics have imprecise coef�cients, with the full set of state-level observables

explaining about 30% of cross-state variation. Column (2) shows that when all regressors

are de�ned at the county level, these same observables explain much less—only about

5%. Adding state �xed effects raises the R2 to roughly 30% (Column (3)). These results

suggest that high-baseline-CNSA status does not simply proxy for a single observable
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factor or a combination of local characteristics.

I determine exposure timing using gestational age recorded on birth certi�cates and

map it to quarter of birth, since PUMS does not report gestational length. An infant is

classi�ed as exposed if the �rst trimester ends after March 1996, the month mandatory

forti�cation took effect—neural tube closure occurs by the end of the �rst trimester, so

folic acid can reduce CNSAs only if adequate levels are present during this window. I

aggregate this birth-level indicator to the quarter-by-year level to match the PUMS data.

As shown in Figure 2b, the share exposed rises sharply beginning with births in 1996 Q4,

and I accordingly de�ne individuals born in 1996 Q4 or later as the exposed cohorts. This

pre–post difference, combined with cross-state variation in baseline CNSA rates, provides

key identifying variations in my empirical strategy.

(a) Baseline CNSA rates by state (b) Share of exposed births by quarter-and-year-
of-birth

Figure 2: Spatial and temporal variation in forti�cation exposure

Notes: Figure 2a maps baseline CNSA rates (January 1989–June 1993) by state of birth. Figure 2b de�nes
a birth as exposed if the �rst trimester ends after March 1996, when forti�cation was authorized, and then
aggregates this exposure indicator to county-by-quarter-by-year averages.

4.2 Empirical method

This section discusses the empirical method, including model speci�cations, identifying

assumptions, interpretation of the estimates, and the choice of preferred speci�cation.

Estimation model. I estimate the following cohort difference-in-differences (DiD)
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model for the baseline analysis:

Yistc = b
�
High CNSA s � Exposed cohorts t

�
+ g sc+ d t + X 0

istcq + C0
scp + # istc, (1)

where Yistc denotes the outcome for individual i born in state s and birth cohort t (quarter-

by-year), observed in ACS survey year c. High CNSA s is an indicator equal to 1 for states

in the top quartile of the baseline CNSA rate and 0 otherwise. Exposed cohorts t is an

indicator equal to 1 for cohorts born in 1996 Q4 or later and 0 otherwise. g sc are state-of-

birth-by-survey-year �xed effects, which absorb time-varying state factors common to all

individuals born in the same state and observed in the same survey year. d t are quarter-

by-year-of-birth �xed effects that control for cohort-speci�c shocks. X istc are individual

controls (gender, race indicators for White, Black, and other, and an indicator for His-

panic). Csc includes controls for potentially confounding policies measured at the state-

by-cohort level, including Medicaid and CHIP eligibility expansions, welfare reform, and

state mental health parity laws. The error term is # istc. The coef�cient b is the primary

parameter of interest and captures differential changes in outcomes for exposed cohorts

born in high-baseline-CNSA states relative to other cohorts and states.

Identifying assumptions. The validity of this empirical strategy relies on two as-

sumptions: parallel trends and no anticipation. The parallel trends assumption requires

that, absent forti�cation, average outcomes for young adults in high- and low-baseline-

CNSA states would have evolved similarly across birth cohorts. To assess pre-treatment

trends, I estimate dynamic effects for key outcomes using an event-study design. Speci�-

cally, I replace b
�
High CNSAs � Exposed cohortst

�
with å tbt, , t 6= 1995

�
High CNSA s �

1Cohort = t
�
, where t indexes exposure year and I construct exposure years by group-

ing cohorts into four-quarter bins after forti�cation. For example, exposure year 1996

includes cohorts born in 1996Q4–1997Q3. Section 5.5 further assesses the credibility of

these event-study results by examining sensitivity to hypothesized violations of the par-

allel trends assumption following Rambachan and Roth (2023).

The no-anticipation assumption requires that (i) prospective mothers did not change

behavior in anticipation of forti�cation, and (ii) food manufacturers did not begin for-
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tifying before March 1996. In this setting, anticipatory responses are unlikely. Petrini,

Damus and Johnston (1999) documents low awareness of folic acid among women of

childbearing age, and because the mandate was motivated by scienti�c evidence and di-

rected at food manufacturers, it likely had low salience for the general public. On the

supply side, voluntary folic acid forti�cation was prohibited for standardized foods and

discouraged elsewhere due to concerns about overforti�cation and nutrient imbalances

(Food and Drug Administration, 1996, 2015). Consistent with these arguments, the event-

study results show no evidence of anticipatory behavior.

Interpretation. Because the threshold at which forti�cation would have zero effect is

unknown, low-baseline-CNSA states may also have bene�ted. As a result, the cohort-DiD

design does not compare treated and untreated groups. Instead, it identi�es a relative

effect: the impact in top-quartile states relative to the average impact in all other states.

If forti�cation improved outcomes outside the top quartile, this contrast understates the

effect in high-baseline states and does not recover the nationwide average effect. The

estimates should therefore be interpreted as a lower bound for high-baseline states.

Binary treatment versus continuous treatment. The baseline speci�cation compares

states in the top quartile of baseline CNSA exposure with all other states. Although some

prior studies use dose-response speci�cations with continuous treatment as their main

approach (Niemesh, 2015; Adhvaryu et al., 2020), I use a binary speci�cation for baseline

results for two reasons.

First, identifying the average causal response with a continuous treatment requires a

stronger parallel trends assumption, which may be implausible in this setting. Let Y t (d)

denote the potential outcome at time t under treatment dose d. Callaway, Goodman-

Bacon and Sant'Anna (2025) (hereafter CGS25)6 show that TWFE estimates with a contin-

uous treatment, as in existing forti�cation papers (Niemesh, 2015; Adhvaryu et al., 2020),

should be interpreted as the average causal response to treatment dose. With heteroge-

6Callaway, Goodman-Bacon and Sant'Anna (2025) was last revised on December 31, 2025. As of April
2026, it is conditionally accepted at the AER, so this version should be reasonably close to the �nal published
version. A related paper is Callaway, Goodman-Bacon and Sant'Anna (2024a), which has circulated as an
NBER working paper. However, the assumptions and estimation procedures differ in important ways
across the two papers. I therefore focus on Callaway, Goodman-Bacon and Sant'Anna (2025).
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neous effects across doses, this interpretation relies on what they call the Strong Parallel

Trends (SPT) assumption: the average evolution of outcomes for the entire treated popu-

lation, had all units experienced dose d, must equal the trajectory actually experienced by

the group with dose d. This is stronger than the standard parallel trends (PT) assumption

in the binary speci�cation, which requires comparable trends across two potential out-

come paths, Yt (H) for high-exposure states and Y t (L) for lower-exposure states. The SPT

assumption instead requires comparable trends across the full distribution of potential

outcome paths, one for each dose level Yt (d).

CGS25 caution against adopting this assumption uncritically, noting that it may be

implausible in many applications (CGS25, p. 13). In this setting, it is more plausible that

cohorts born in high-exposure states would have followed outcome trajectories parallel to

those born in lower-exposure states than that cohorts across the full distribution of base-

line CNSA rates would have satis�ed the set of parallel trajectory restrictions required by

SPT. This concern is especially relevant if treatment effects vary across dose levels. TWFE

estimates with continuous treatment also have dif�cult-to-interpret weighting schemes.

CGS25 propose a nonparametric alternative that avoids these weighting problems, but its

identi�cation still relies on the SPT assumption. In Section 5.3, I provide evidence that

SPT is unlikely to hold in my setting.

Second, the binary speci�cation is less sensitive to misspeci�cation and measurement

error in the exposure measure. If the relationship between baseline CNSA rates and

true exposure is nonlinear, or if baseline CNSA rates are measured with error, states are

more likely to be classi�ed correctly into broad exposure groups than to be placed cor-

rectly throughout the continuous distribution. The quartile-based speci�cation is there-

fore more robust to small errors in measured exposure levels and to misspeci�cation in

how baseline CNSA rates map into actual forti�cation exposure.

Despite these concerns, Section 5.3 estimates the dose-response relationship using con-

tinuous CNSA rates following CGS25 and �nds results that are broadly consistent with

the baseline estimates. Because of the identi�cation concerns discussed above, however,

I treat the dose-response estimates as complementary evidence rather than the primary
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basis for inference.

5 Results

5.1 First stage

This section presents �rst-stage evidence on the effects of forti�cation. Descriptive evi-

dence suggests that, after forti�cation, folic acid content in foods increased, dietary folate

intake and blood folate concentration rose, and the CNSA rate declined.

Folate content in foods increased after folic acid forti�cation. First, folic acid content

in foods increased sharply after forti�cation. Using the 1996 and 1998 Continuing Sur-

vey of Food Intakes by Individuals (CSFII), Lewis et al. (1999) compare per-serving folic

acid in the same foods before and after the mandate, based on USDA recipe-based nutri-

ent calculations. Because the CSFII records the reason for composition changes, includ-

ing enrichment/forti�cation, reformulation, agricultural or processing modi�cations, and

implementation of the Nutrition Labeling and Education Act, they can isolate changes at-

tributable to forti�cation. As shown in Figure 3, folic acid increased across a wide range

of products, from white bread to snack and cookie bars; in total, more than 350 basic food

items show higher folic acid due to forti�cation (Anderson et al., 2001).
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Figure 3: Changes in folate contents in selected foods attributable to forti�cation

Notes: This �gure uses estimates from Lewis et al. (1999). Food folate content data come from the USDA
Continuing Survey of Food Intakes by Individuals (CSFII) 1996 and 1998. Folate content is estimated by the
USDA using recipe-based calculations. The changes shown re�ect only the portion attributable to forti�ca-
tion.

Dietary folate intake and blood folate increased after folic acid forti�cation. Sec-

ond, using NHANES, I document sharp post-forti�cation increases in dietary folate in-

take and blood folate among women aged 19–45. Mean dietary intake rose by nearly

50% (Figure 4a). The share with intake below 400 mg/day fell from 98.65% to 69.87%

(D = �28.78 percentage points). These intake measures exclude folic acid from supple-

ments and medications (Ahluwalia et al., 2016). Biomarkers show similar gains: serum

folate more than doubled and red blood cell (RBC) folate rose by nearly 50% (Figure 4b),

indicating sustained improvements in folate status. 7

Congenital anomalies declined after folic acid forti�cation. Finally, Figure 4c shows

that CNSA rates declined as folate intake and absorption increased. After a relatively �at

7Laboratory methods for blood folate were stable from 1999 to 2006 but changed after 2006 (Yetley et al.,
2011; Pfeiffer et al., 2012). Because public-use NHANES does not report state identi�ers, I cannot separately
plot trends for high- and low-baseline-CNSA states.
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period from 1992 to 1996, incidence fell substantially following forti�cation. That rates of

other congenital anomalies were stable over the same period and did not begin to decline

until after 1997 suggests this pattern is unlikely to re�ect broad improvements in health.

Figure 4d shows larger post-forti�cation declines in states with higher baseline CNSA

rates, supporting the use of the high-baseline-CNSA indicator as the exposure measure

in my research design.

(a) Dietary folate (b) Blood folate

(c) CNSA and non-CNSA rates (d) CNSA rates in high- and low-baseline-CNSA
states

Figure 4: Trends in dietary folate, blood folate concentration, and CNSA rate

Notes: Data in Figures 4a and 4b come from the harmonized NHANES �les constructed by Nguyen et al.
(2023), which ensure comparability of folate measures across survey periods. All folate measures use Mo-
bile Examination Center (MEC) �nal examination sample weights. Data in Figures 4c and 4d come from
the Vital Statistics Natality �les (birth certi�cate data).
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5.2 Main results

Figures 5a–5f report the effects of in utero exposure to folic acid forti�cation on edu-

cational and labor market outcomes for young adults aged 23–30 across birth cohorts.

These results tell a consistent story: forti�cation exposure shifts time away from work

and toward schooling during early adulthood.

Figures 5a–5c show that graduate school enrollment rises by 0.8 percentage points

(14.4% at the mean), while high school diploma or GED completion and bachelor's de-

gree attainment change little. The absence of effects at lower education margins suggests

that forti�cation mainly affects individuals who would have completed high school and

earned a bachelor's degree regardless, but who otherwise would not have continued to

graduate school. These �ndings are consistent with Niemesh (2015), who �nd no effects of

iron forti�cation of bread on high school completion or college attendance among adults

aged 23–30.

The null effects on high school completion and bachelor's degree attainment may have

several explanations. First, high school completion rates are already above 90% even in

exposed states, leaving limited room for improvement. Second, the remaining gaps in

high school completion and bachelor's degree attainment may not be driven mainly by

lower cognitive ability. For example, some young adults may choose not to attend or

complete college because of �nancial constraints or because they pursue careers that do

not typically require a college degree. Third, as discussed in Section 5.6, forti�cation

is associated with a small increase in the share of births to younger mothers. If these

marginal births tend to have worse outcomes, compositional changes could partly offset

gains among individuals who would have been born regardless.

The labor market results follow directly from the increase in graduate school enroll-

ment. Figures 5d–5f show a 0.7-percentage-point decline in labor force participation (0.8%

at the mean) and a $12 decline in annual income (3.4% at the mean). The income effect is

modest for several reasons: the sample includes all young adults, not only the employed;

the income measure is net income, which incorporates �nancial losses and can be neg-
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ative; and roughly 20% of employed individuals in the sample work part-time— fewer

than 35 hours per week. The schooling and labor force participation effects are similar

in magnitude, consistent with a reallocation of time across these two margins rather than

independent adjustments to each.

These event-study estimates show no clear evidence of pretrends. Section 5.5 further

examines the sensitivity of these results to potential violations of the parallel trends as-

sumption.

(a) Grad school enrollment (b) High school diploma/GED (c) Bachelor's degree

(d) Labor force participation (e) Weekly working hours � 35 (f) Income (thousands)

Figure 5: Long-run effects of folic acid forti�cation on young adults' outcomes

Notes: These �gures plot event-study estimates with 95% con�dence intervals. Figure annotations present
the overall effect (point estimate, standard error, and the ratio of the point estimate to the dependent vari-
able's mean). Standard errors are clustered by state of birth. Exposure year groups cohorts into four-quarter
bins; for example, 1996 includes cohorts born in 1996Q4–1997Q3. Controls include state-of-birth-by-survey-
year and quarter-by-year-of-birth �xed effects, along with gender, race, ethnicity, Medicaid eligibility, ex-
posure to mental-health parity laws, and welfare reforms. The shaded region denotes partially exposed
cohorts (exposed before January 1, 1998). Regressions are weighted by IPUMS person weights.��� p < 0.01,
�� p < 0.05, and � p < 0.1.

All regression estimates are intent-to-treat effects (ITTs). Interpreting the treated group

as individuals who avoid CNSA because of forti�cation, I convert ITTs to treatment effects

on the treated (TOTs) by scaling the reduced-form estimates by the forti�cation-induced
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change in the CNSA rate. Figure 4d shows that the CNSA rate falls by 0.20 per 1,000 births

in high-baseline-CNSA states and by 0.07 per 1,000 births in low-baseline-CNSA states,

implying a �rst-stage difference of 0.20 � 0.07 = 0.13. The implied TOTs are therefore

0.008/0.13 = 0.062 for graduate school enrollment, �0.007/0.13 = �0.054 for labor force

participation, and �0.012/0.13 = �0.092 for income.

Figures A1a-A1f present results for other labor market outcomes. The decline in em-

ployment is very close in magnitude to the decline in labor force participation (Figure

A1a). Among those who remain in the labor force, however, there is no clear decline in

employment (Figure A1b). This suggests that the young adults who move into gradu-

ate school are not primarily individuals at the margin of unemployment. Rather, they

appear to be individuals who would likely have been employed otherwise. The results

for weekly hours are noisier, but they tell a similar story. The decline in hours worked

appears to re�ect increased graduate school enrollment, not a deterioration in employ-

ment prospects among those who would otherwise have been unemployed (Figures 5e

and A1d-A1e). Income declines both in the full sample and among employed individuals

(Figures 5f and A1f). If the results were driven by weaker local labor markets, we would

expect a broader downgrading of labor market outcomes: stronger workers moving into

lower-paid jobs and weaker workers being pushed toward unemployment. Section 5.6

tests whether labor market conditions are driving the main results. The evidence does

not support the job market explanation. Therefore, these results suggest that the individ-

uals shifting into graduate school would otherwise have been doing reasonably well in

the labor market.

Table A2 presents the long-run effects of forti�cation on several other outcomes, in-

cluding whether a young adult has a STEM degree, is married, has children if female,

lives in a household with income below the poverty threshold, receives food stamp ben-

e�ts, or works in the state of birth. Overall, I �nd limited evidence that in utero exposure

meaningfully changes these outcomes.
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5.3 Treatment dose

Policymakers may also want to know which reductions in folate-related birth defects

generate larger effects. To probe this question, this section presents three complemen-

tary analyses: (1) comparisons across quartiles of baseline CNSA rates, (2) TWFE dose-

response estimates, and (3) dose-speci�c effects following Callaway, Goodman-Bacon and

Sant'Anna (2025).

Comparisons across dose groups. Figures A2a-A2f present event-study estimates

comparing states in the fourth, third, and second quartiles of baseline CNSA rates with

states in the �rst quartile, as suggested in Callaway, Goodman-Bacon and Sant'Anna

(2024b). The shift from work to schooling is sharpest for the Q4-versus-Q1 comparison.

Estimates for the other comparisons are much noisier, especially for Q2 relative to Q1.

This is consistent with larger effects among young adults born in states with the highest

forti�cation exposure, and further supports using the top quartile of baseline CNSA rates

as exposure measure in baseline analysis.

TWFE dose-response estimates. Figures A3a-A3f present the baseline results along-

side the dose-response estimates. The dose-response estimates are broadly consistent

with the baseline results, though slightly less precise. Given the cautions discussed in

Section 4.2, I do not interpret these conventional dose-response estimates as primary ev-

idence. Instead, I treat them as complementary results showing that using a continuous

treatment measure does not substantially change the main �ndings.

Testing SPT assumption. To assess the plausibility of the SPT assumption required

for the dose-response estimands, I implement a placebo replication test following the

logic of Callaway, Goodman-Bacon and Sant'Anna (2025). For each state in the sample, I

construct a placebo-treated unit by duplicating that state's observations and assigning it a

unique identi�er, while the original sample, including the state itself, serves as the control

group. I then estimate a separate event study for each of the approximately 50 placebo

replications, using the same speci�cation as our main analysis. Under STP, the pre-period

placebo coef�cients should be indistinguishable from zero regardless of which state is
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designated as treated. Figures A4a-5f overlay the event-study paths for all placebo repli-

cations for all six outcomes. The �gures show many parallel trend violations, suggesting

that the SPT assumption is unlikely to hold in this setting.

5.4 Gender, race, and ethnicity

Figures 6a–6b summarize heterogeneity by gender, race (white versus non-white), and

ethnicity (Hispanic versus non-Hispanic). Graduate school enrollment rises across all

groups, with larger gains among women, white individuals, and non-Hispanic individu-

als (see also the dynamic effects in Figures A5a–A6c). High school/GED completion and

bachelor's degree attainment show little change across any subgroup.

The labor market results mirror the schooling results. Declines in labor force par-

ticipation and income are larger among women, white individuals, and non-Hispanic

individuals (see also the dynamic effects in Figures A6a–A6c and A6g–A6i). An inter-

esting gender difference appears in full-time work: the likelihood of working more than

35 hours per week declines among women but not among men (Figure A6d). This sug-

gests that the shift from work to schooling is concentrated among women who otherwise

would have held full-time jobs, whereas the same is not true for men.

Among all subgroups, the effects on graduate school enrollment, labor force participa-

tion, and income are smallest for Hispanic individuals. This is consistent with the fact that

the 1996 mandate did not cover staple foods widely consumed in Hispanic households,

such as corn masa �our and tortillas (Redpath, Kancherla and Oakley, 2018). 8

8The FDA did not permit voluntary forti�cation of corn masa �our until 2016 (Food and Drug Admin-
istration, 2016).
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Figure 6: Heterogeneity by gender, race, and ethnicity

(a) Educational outcomes (b) Labor outcomes

Notes: This table presents cohort-DiD estimates and their 95% con�dence interval by gender, eace, and
ethnicity. I control for state-of-birth-by-survey-year and quarter-by-year-of-birth �xed effects, along with
gender, race, ethnicity, Medicaid eligibility, exposure to mental-health parity laws, and welfare reforms.
Regressions and dependent-variable means are weighted by IPUMS person weights.

5.5 Robustness

This section shows that the main results are robust to alternative model speci�cations,

alternative thresholds, and baseline periods used to construct forti�cation exposure, and

sample selection. The randomization test and the sensitivity analysis following (Ram-

bachan and Roth, 2023) further suggest that the three precisely estimated effects, on grad-

uate school enrollment, labor force participation, and income, are unlikely to be driven

by chance and remain statistically signi�cant under plausible hypothetical violations of

parallel trends.

Model speci�cations. I begin by assessing robustness to alternative model speci�ca-

tions. Online Appendix Figures B1a and B1f show that the results are robust across the
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following speci�cations: (i) a parsimonious model that includes only state-of-birth-by-

survey-year and quarter-by-year-of-birth �xed effects; (ii) the baseline speci�cation but

without controls for confounding policies; (iii) the baseline speci�cation, but with �xed

effects entered separately as state-of-birth, survey-year, and quarter-by-year-of-birth �xed

effects; and (iv) the baseline speci�cation but additionally controlling for a Bartik-style

state-by-year unemployment rate to capture economic conditions at birth. 9

Exposure thresholds. To assess sensitivity to the exposure de�nition, I rede�ne high-

baseline-CNSA states using the top 30% and top 20% cutoffs in turn, holding all other

speci�cation choices �xed. Online Appendix Figures B2a and B2f show that the main

results are largely unchanged across these alternative thresholds.

Baseline periods. The baseline speci�cation uses data from January 1989 through

June 1993 to ensure that baseline CNSA rates are measured before the birth of both ex-

posed and unexposed cohorts. As a robustness check, I extend the window used to con-

struct baseline CNSA rates from the birth certi�cate data to cover 1989 through 1995, the

full pre-forti�cation period. Online Appendix Figures B3a-B3f show that the top-quartile

classi�cation is identical across the two windows, and that the results using continuous

treatment change only slightly.

Sample selection. Online Appendix Figures B4a and B4f show that the main re-

sults are robust to alternative sample choices. I reestimate the models using: (i) PUMS

2015–2024; (ii) PUMS 2019–2024 excluding 2020; and (iii) PUMS 2019–2024 with a wider

age range of 22 to 32. For (i), the 2015–2018 PUMS contributes only unexposed cohorts

within the age window, which increases the number of pre-treatment cohorts. For (ii),

ACS 2020 has a substantially lower response rate than other years, and response rates

remain below pre-pandemic levels but are relatively stable through 2024. 10 For (iii), I test

whether the results are sensitive to the age window by including younger individuals

who may not yet have entered graduate school and older individuals at a different life

stage.

9The construction of this Bartik-style unemployment rate follows East and Vel ásquez (2024).
10ACS response rates are 94.7% (2016), 93.7% (2017), 92.0% (2018), 86.0% (2019), 71.2% (2020), 85.3%

(2021), 84.4% (2022), 84.7% (2023), and 82.9% (2024).
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Randomization test. To assess robustness to random noise, I estimate pseudo-effects

by randomly reassigning forti�cation exposure 1,000 times while preserving its empirical

distribution across states. Online Appendix Figures B5a and B5f show that the precisely

estimated main results lie far in the tails of the pseudo-effect distributions, suggesting

that they are unlikely to be driven by chance.

Sensitivity to parallel trend violation. Finally, I assess the sensitivity of the main

results to potential violations of the parallel trends assumption using the approach in

Rambachan and Roth (2023). For the �rst exposed cohort, I estimate breakdown values,

de�ned as the magnitude of pre-trend deviations that would render the estimates sta-

tistically insigni�cant at the 90% con�dence level. Among the three precisely estimated

effects in Figures 5a-5f, the breakdown values are approximately 0.6 for graduate school

enrollment and 0.5 for both labor force participation and income (Online Appendix Fig-

ures B6a and B6f). Although deviations of this size cannot be ruled out entirely, they

appear unlikely given the observed pre-treatment dynamics. Overall, the estimates ap-

pear reasonably robust to plausible departures from parallel trends between individuals

born in high- and low-baseline-CNSA states.

5.6 Potential mechanisms

This section examines four potential mechanisms and presents suggestive evidence that

improved math-related cognitive ability, rather than fertility selection, functional dif�-

culty, or changes in labor market conditions, is most consistent with the shift towards

schooling.

Fertility selection. Because forti�cation reduces birth defects, it may also change the

composition of live births, which could contribute to the shift toward schooling. The shift

could re�ect healthier infants who gain an early advantage in human capital accumula-

tion, or a shift toward births to more advantaged mothers who place greater value on

education. To examine this channel, I use birth certi�cate data to estimate the effects of

forti�cation on birth outcomes and maternal characteristics. Birth outcomes include birth

weight, an indicator for low birth weight (birth weight < 2,500 grams), gestational weeks,
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and an indicator for preterm birth (gestational weeks < 37). Maternal characteristics in-

clude indicators for being non-white, being Hispanic, age 22 or younger, having less than

a college education, being unmarried, and having inadequate prenatal care.

Table A3 shows that no improvement birth weight and gestation length among ex-

posed births. Because birth certi�cate data cover only live births, these results do not

imply that forti�cation has no effect on infant health. Table A4 instead shows an increase

in the share of mothers aged 22 or younger, consistent with a shift toward more disad-

vantaged mothers among live births. If forti�cation increases survival for infants born to

disadvantaged mothers, average birth outcomes among live births can remain unchanged

even as outcomes improve for births that would have occurred regardless. Overall, these

results suggest that the main �ndings are unlikely to be driven by healthier infants or by

a shift toward more advantaged mothers. If anything, the compositional change could

attenuate the estimated effects on later outcomes, since young adults are more likely to

have a younger mother.

Functional dif�culty. Could forti�cation have made young adults more likely to pur-

sue advanced degrees by reducing functional dif�culty? Using disability variables in

PUMS data, I do not �nd evidence supporting this possibility. Table A7 presents the

long-run effects of forti�cation exposure on disability outcomes and shows little evidence

of a decline in disability. The only statistically detectable effect is an increase in reported

cognitive disability. However, Figure A7 suggests that this increase is driven entirely by

the 1999 cohort. It therefore cannot explain the main effects, which appear across co-

horts exposed since 1996. These �ndings suggest that the shift from work to schooling is

unlikely to be driven by changes in disability.

Local labor market conditions. Another possibility is that the shift re�ects labor mar-

ket conditions that coincided with forti�cation exposure. If exposed cohorts entered

adulthood during weaker job markets, they may have been more likely to remain in

school, including graduate school, to delay labor market entry when returns to work

were temporarily low. To assess this channel, I reestimate the main results while adding
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state- or PUMA-of-residence-by-survey-year �xed effects, 11 which absorb time-varying

differences in local labor market conditions. If local labor markets were driving the re-

sults, the estimated effects should shrink once these �xed effects are included. Table A5

shows that the estimates are essentially unchanged, suggesting that local labor market

conditions explain little of the shift.

Table A6 points to the same conclusion. If weak job markets were the main driver,

we would expect to see higher unemployment among those in the labor force, or lower

job quality among those who remain employed. I �nd neither. There is no effect on un-

employment conditional on labor force participation, and there are no clear changes in

occupational quality indices capturing earnings, socioeconomic status, prestige, or the

education level associated with the occupation. Although Figure A1f shows that income

among the employed does decline, this is better explained by positive selection out of

the labor market—those who left for graduate school are precisely the individuals who

would have fared relatively well in the labor market—than by deteriorating job market

conditions, which would instead predict rising unemployment among labor force partic-

ipants. Overall, the evidence provides little support for local labor market conditions as

the mechanism behind the shift toward graduate schooling.

Cognitive ability. Improvements in cognitive ability may increase educational invest-

ment (Murnane, Willett and Levy, 1995; Bowles, Gintis and Osborne, 2001; Heckman,

Stixrud and Urzua, 2006). The medical literature suggests that folic acid exposure can

improve cognitive development (see Irvine et al. (2022) for a review). To test this chan-

nel, I use state-level test score data from the National Assessment of Educational Progress

(NAEP) to provide suggestive evidence. 12 Consistent with this mechanism, higher forti-

�cation exposure is associated with higher math scores among 4th and 8th graders.

I begin by mapping forti�cation exposure from state of birth to state of school, since

11PUMA: Public Use Microdata Area, the smallest geographic unit in the ACS PUMS. In the sample, over
95% of respondents work in their state of residence.

12Restricted-use NAEP microdata are ordinarily accessible by application through the Institute of Educa-
tion Sciences at the U.S. Department of Education, but access is currently paused. I applied for restricted-
use student-level data, but on April 2, 2025, I was informed that all applications were paused. I do not
expect access to resume soon.
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the public NAEP data report only state of school, survey year, and grade. I construct a

migration-adjusted exposure measure that weights birth-state exposure by the observed

composition of student birth places within each state-grade-year cell using ACS PUMS

from the same survey years as the NAEP �les. Let j index state of school, g 2 f4, 8g grade,

c survey year, and s state of birth (with all foreign countries grouped together). De�ne

p sjj,g,c as the share of students in (j, g, c) who were born in s, and let 1fHigh CNSAg s

indicate whether birth state s is in the top quartile of baseline CNSA rates. The exposure

used for NAEP cell (j, g, c) is

P(High CNSA) j,g,c = å
s

p sjj,g,c � 1fHigh CNSAg s,

with the indicator set to 0 for foreign born. This yields a state of school exposure measure

that accounts for observed migration patterns among 4th and 8th graders, and captures

the likelihood that students in state j were born in a high-baseline-CNSA state.

I assign representative ages of 10 (grade 4) and 14 (grade 8) to back out likely birth

cohorts and de�ne exposed cohorts as those born after 1996. Online Appendix Figures

B7a and B7b show that roughly 90.8% of 4th graders are ages 9 to 10 and roughly 89.3%

of 8th graders are ages 13 to 14. This assignment likely biases exposure downward, so the

estimates are conservative. The results are similar when I instead assign ages of 9 (grade

4) and 13 (grade 8) (Online Appendix Table B1).

The regression model is:

Yjgc = z
�
P(High CNSA) jgc � Exposed cohorts gc

�
+ h jc + q g + Z jgc + # jgc, (2)

where Yjgc is the average test score outcome for state j in survey year c and grade g;

P(High CNSA) jgc is the migration-adjusted exposure; and Exposed cohortsgc is an indi-

cator for likely birth cohorts after 1996. 13 hjc includes state-of-school-by-likely-year-of-

birth �xed effects that absorb unobserved factors common to students who attend school
13Because quarter of birth is not observed in NAEP, I de�ne exposed cohorts as students likely born after

1996.

31



in the same state and belong to the same cohort, including time-varying differences in

school policies, resources, and local economic conditions. qg are grade �xed effects. Z jgc

includes migration-adjusted exposure measures for potentially confounding policies, in-

cluding Medicaid and CHIP expansions, welfare reform, and state mental health parity

laws, constructed using the same weights as in P(High CNSA) jgc. I pool 4th and 8th

graders and focus on a pre-versus-post comparison because the aggregate data include a

limited number of state-by-grade-by-year cells.

Table 2 reports the estimated relationship between in utero exposure to folic acid for-

ti�cation and NAEP performance among 4th and 8th graders. Columns (1) to (3) show

positive associations between forti�cation exposure and math scores: when the likelihood

of being born in a high-baseline-CNSA state moves from 0 to 1, average math scores rise

by 4.51 points (1.73% at the mean), the share scoring at or above NAEP Basic increases

by 3.66 percentage points, and the share at or above NAEP Pro�cient increases by 4.63

percentage points. I �nd no noticeable changes in reading scores or in the share at or

above NAEP Basic. These results suggest that improved math-related cognitive ability is

the likely mechanism behind the increase in graduate school enrollment.
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Table 2: In utero forti�cation exposure and test scores of 4th and 8th graders

Math Reading

Average
score

% �
Basic

% �
Pro�-
cient

Average
score

% �
Basic

% �
Pro�-
cient

(1) (2) (3) (4) (5) (6)

P(High CNSA)�Exposed cohorts 4.508 ��� 3.661��� 4.632��� -0.822 1.140 -1.009
(1.130) (1.104) (0.902) (1.095) (1.478) (0.610)

Observations 408 408 408 408 408 408
R2 0.995 0.945 0.938 0.995 0.951 0.945
Dep. var. mean 259.991 75.502 34.361 241.256 69.351 31.305
Est./Dep. var. mean 1.734% 4.849% 13.480% -0.341% 1.644% -3.224%

State-of-school-by-(likely)-year-of-birth FEs X X X X X X
Grade FEs X X X X X X
Control variables X X X X X X

Notes: This table presents cohort-DiD estimates with standard errors clustered at state of school.
P(High CNSA) is forti�cation exposure adjusted for migration. Exposed cohorts are those with likely year
of birth after 1996, determined by assigning age 10 to grade 4 and age 14 to grade 8. Controls include
state-of-school-by-(likely)-year-of-birth, grade �xed effects, Medicaid eligibility, exposure to mental-health
parity laws, and welfare reforms. The unit of observation is state-by-year-by-grade cells. Regressions are
weighted by student counts from ACS PUMS. ��� p < 0.01, �� p < 0.05, and � p < 0.1.

6 Marginal Value of Public Funds

I follow Hendren and Sprung-Keyser (2020) to calculate the marginal value of public

funds (MVPF) for folic acid forti�cation and comparison nutrition policies. The MVPF is

de�ned as the ratio of bene�ciaries' willingness to pay (WTP) for a policy to the policy's

net cost to the government: MVPFp = WTPp
Cp�tWTP p

, where Cp is the direct implementation

cost of policy p, t is the tax-and-transfer rate, and tWTP p captures the �scal feedback

from higher earnings. This framework measures how much welfare a policy delivers to

bene�ciaries per dollar of net public spending and provides a common metric for compar-

ing policies. I use a tax-and-transfer rate of 18.9% following Hendren and Sprung-Keyser

(2020), a discount rate of 3% following Of�ce of Management and Budget (2023), and

baseline annual earnings of $35,000. All costs and bene�ts are expressed in 2000 dollars.

For each policy, I measure WTP as the present value of the long-run earnings gain

attributable to exposure. I approximate the annual dollar gain as DY p ' Ȳb̂p, where Ȳ is
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baseline annual earnings and b̂p is the estimated effect on log adult earnings or income.

I then treat this annual gain as a 30-year annuity from ages 30 to 60 and discount it back

to birth: WTPp = å 59
a=30

Ȳb̂p

(1+r) a = Ȳb̂p å 59
a=30(1 + r) �a . Using r = 0.03, the present-value

annuity factor is å 59
a=30(1.03)�a = 8.317. Thus, WTPp ' 8.317 � Ȳb̂p. The implied �scal

feedback from higher adult earnings is TaxRevenuep = tWTP p. This calculation is conser-

vative because it excludes earnings gains before age 30 and after age 60, as well as other

potential bene�ts such as improved health, lower special education costs, and reduced

medical spending.

To place the magnitude of folic acid forti�cation in context, I compare its implied earn-

ings effect with estimates from other large-scale nutrition policies. For folic acid forti�ca-

tion, I convert the estimated effect on graduate school enrollment into an implied effect on

earnings using the estimated return to a graduate degree from Altonji, Arcidiacono and

Maurel (2016) (0.159). The implied effect on log earnings is b̂FA = 0.008
0.13 � 0.159 � 0.010.

With baseline annual earnings of $35,000, this corresponds to an annual earnings gain of

about $35,000 � 0.010 = $350. Discounting a 30-year stream of these gains from ages 30 to

60 back to birth gives WTPFA = $350 � 8.317 � $2,911. The implied �scal feedback from

higher adult earnings is TaxRevenueFA = 0.189 � $2,911 � $550.

For comparison, Adhvaryu et al. (2020) estimate that in utero exposure to salt iodiza-

tion increased adult income by 10.5% for fully exposed cohorts and by 2.7% for par-

tially exposed cohorts. I use the average of these two estimates, 6.6%, to approximate

the income gain among exposed cohorts. Applying the same annuity calculation im-

plies a present value of earnings gains of 8.317 � $35,000 � 0.066 � $19,211. Niemesh

(2015) estimates that in utero exposure to iron forti�cation increased adult income by

1.4%, implying a present value of earnings gains of 8.317 � $35,000 � 0.014 � $4,075.

Bailey et al. (2024) estimates that exposure to Food Stamps from conception through

age �ve increased adult income by 7.1%, implying a present value of earnings gains of

8.317 � $35,000 � 0.071 � $20,665. I summarize these estimates in Figure 7. These esti-

mates are broadly in the same order of magnitude, although they are not directly com-

parable because the policies differ in target populations, exposure de�nitions, ages at
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outcome measurement, and policy margins.

Figure 7: Long-run effects on log adult income by nutrition policy

Notes: This �gure plots point estimates for each nutrition intervention's effect on log adult income, with
95% con�dence intervals. The folic acid estimate is constructed by multiplying the estimated effect on
graduate school enrollment by the estimated return to graduate degrees from Altonji, Arcidiacono and
Maurel (2016); all other values are regression coef�cients from the cited studies. Adhvaryu et al. (2020) use
baseline goiter prevalence as a continuous proxy for iodine de�ciency, while Niemesh (2015) use estimated
iron consumption as a proxy for iron de�ciency. Bailey et al. (2024) reports the effect of Food Stamps
exposure from conception through age �ve.

The �scal cost of these forti�cation policies is very small relative to their implied long-

run earnings bene�ts. For salt iodization, the historical cost in the U.S. was borne pri-

vately by the Morton Salt Company, but I include a cost estimate to approximate the

MVPF of a government-�nanced iodization policy. World Health Organization (2014)

estimates the cost of salt iodization at $0.02–$0.05 per person covered in 2014 dollars; I

use the upper bound of $0.05. For iron forti�cation, Wilder and Williams (1944) reports

that enrichment cost 35–50 cents per person annually in 1943. For folic acid forti�cation,

Grosse et al. (2005) estimates direct forti�cation costs of about $3 million per year.

Because these direct costs are small, the implied MVPFs are very large. After discount-

ing the 30-year earnings stream back to birth, the �scal feedback from higher earnings

exceeds the direct implementation cost for these forti�cation policies. Under the MVPF
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convention, policies with positive WTP and nonpositive net �scal cost are treated as hav-

ing an effectively in�nite MVPF, since they generate welfare gains without requiring net

government spending. Compared with broader nutrition programs such as Food Stamps,

whose MVPF is estimated to be 1.04 in Hendren and Sprung-Keyser (2020) and 62.25 in

Bailey et al. (2024), forti�cation policies appear especially cost-effective because they are

far cheaper to implement.

7 Conclusion

This paper provides the �rst evidence on the long-run human capital effects of reducing

folate de�ciency, which operates in the earliest stages of fetal development, by combining

cross-state variation in baseline rates of folate-linked birth defects with variation in �rst-

trimester timing relative to the forti�cation mandate. Results show a shift from work to-

ward schooling among exposed young adults: among those aged 23–30, graduate school

enrollment increases by 0.8 percentage points, while labor force participation falls by 0.7

percentage points and annual income decreases by $12. Effects are larger among women,

White individuals, and non-Hispanic individuals. Beyond being less likely to participate

in the labor force, exposed women are also less likely to work full time. Estimates for

Hispanic individuals are smaller, consistent with weaker exposure because the 1996 man-

date did not cover staple foods widely consumed in Hispanic households. Results on

fertility selection suggest that forti�cation is associated with a small increase in births to

mothers younger than 22, which may attenuate the estimated effects. Evidence on mech-

anisms points away from functional dif�culty or changes in local labor market conditions

as potential explanations. Instead, forti�cation exposure is associated with higher math

scores among 4th- and 8th-grade students, consistent with improved math-related cog-

nitive ability as a plausible driver of the shift toward schooling. Back-of-the-envelope

calculations suggest that the implied adult income gain from folic acid forti�cation is

smaller than, but broadly comparable in magnitude to, those from salt iodization, iron

forti�cation, and Food Stamps. The additional annual tax revenue from adult earnings

gains alone can cover forti�cation costs, giving folic acid forti�cation an effectively in�-

nite marginal value of public funds and making it highly �scally appealing.
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This study has several limitations. First, the exposure measure is constructed from live

births rather than all pregnancies. Data on the full universe of pregnancies are not avail-

able; fetal death �les primarily cover fetuses at 20 weeks or later, and many states began

reporting congenital anomalies in these records later than in birth certi�cates. Second,

exposed cohorts are still too young to permit study of downstream adult outcomes such

as prime-age earnings or family formation. Following these cohorts over the life course

would provide a more complete assessment of forti�cation's effects. Third, because the

design compares higher- and lower-exposure groups rather than treated and untreated

groups, estimates capture relative rather than absolute effects. Despite these limitations,

the results speak to how prenatal nutrition shapes downstream human capital, aligning

with the fetal-origins literature in showing that early-life interventions can generate long-

run gains.

Compared with large programs such as Food Stamps, which broadly subsidize food

consumption, forti�cation targets speci�c micronutrient de�ciencies at much lower cost

yet delivers meaningful bene�ts, making it far more cost-effective. This contrast high-

lights potential ef�ciency gains from more targeted nutrition policy—concentrating re-

sources on nutrients and foods with the highest marginal returns rather than subsidizing

healthy foods more broadly—a consideration that is particularly relevant in an era of

tightening welfare budgets (Bergh, 2025).

This paper also suggests scope for larger gains from folic acid forti�cation in low-

income countries, where folate de�ciency is often more severe (McLean, de Benoist and

Allen, 2008). The U.S. experience is encouraging, but more evidence is needed on how

forti�cation performs in other settings, particularly where diets, staple foods, and the

feasibility and quality of forti�cation technologies may differ.
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Appendix

A Tables and �gures

Table A1: Forti�cation exposure and pre-1989 state/county characteristics

High CNSA s

State-level County level

(1) (2) (3)

Demographic features
Share of black (%), 1988 -0.002 -0.002 0.000

(0.015) (0.002) (0.002)
Share of female (%), 1988 0.015 0.037� 0.008

(0.204) (0.021) (0.019)
Share of under 5 (%), 1988 0.260 0.048� -0.030

(0.217) (0.025) (0.020)
Share of over 65 (%), 1988 -0.006 -0.011 -0.016

(0.081) (0.012) (0.012)
Birth rate (%), 1988 -0.022 0.012 0.014��

(0.057) (0.008) (0.006)
Death rate (%), 1988 0.162 0.008 -0.013

(0.272) (0.020) (0.020)
Log population, 1988 0.093 -0.031 0.005

(0.124) (0.026) (0.021)
Economic conditions

Transfer income p.p. (million $), 1988 -0.307 -0.007 0.129
(0.666) (0.147) (0.091)

Income p.p. (million $), 1985 107.878 23.606 3.413
(113.606) (17.774) (18.994)

Federal funds p.p. (million $), 1986 -234.162 9.907 8.859
(162.300) (9.340) (9.560)

Unemployment rate (%), 1986 -0.056 -0.005 -0.005
(0.066) (0.011) (0.006)

Agriculture
Value of produces sold per farm (million $), 1987 -4.560 -0.596� -0.028

(2.789) (0.322) (0.129)
Average farm size (million acres), 1987 152.637 -13.204 -0.314

(121.444) (8.099) (4.841)

State FEs Y
Observations 49 2,850 2,850
R2 0.321 0.051 0.283
Dep. var. mean 0.294 0.224 0.224

Notes: This table presents results from regressing high CNSA—an indicator for states in the 4th quartile
of baseline CNSA rates—on pre-1989 state or county characteristics. Regressions are weighted by 1988
population. Data sources: County Intercensal Estimates (demographic shares and population), County
Databook 1988 (birth rate, death rate, farm value, and farm size), BEA Regional Economic Information Sys-
tem (transfers), and Bureau of Labor Statistics (unemployment). Standard errors in county-level regressions
are clustered at the state level. ��� p < 0.01, �� p < 0.05, and � p < 0.1.

46



Figure A1: Additional labor outcomes

(a) Employed, full sample (b) Employed among those in
labor force

(c) Weekly working hours, full
sample

(d) Weekly working hours
among those employed

(e) Weekly working hours � 35
among those employed

(f) Income (thousands) among
those employed

Notes: These �gures plot event-study estimates with 95% con�dence intervals. Figure annotations present
the overall effect (point estimate, standard error, and the ratio of the point estimate to the dependent vari-
able's mean). Standard errors are clustered by state of birth. Exposure year groups cohorts into four-quarter
bins; for example, 1996 includes cohorts born in 1996Q4–1997Q3. Controls include state-of-birth-by-survey-
year and quarter-by-year-of-birth �xed effects, along with gender, race, ethnicity, Medicaid eligibility, ex-
posure to mental-health parity laws, and welfare reforms. The shaded region denotes partially exposed
cohorts (exposed before January 1, 1998). Regressions are weighted by IPUMS person weights.��� p < 0.01,
�� p < 0.05, and � p < 0.1.

47



Table A2: Other outcomes

STEM Married Being a
mother
(female)

Under
poverty

threshold

Food stamp
recipient

Work in the
state of
birth

(1) (2) (3) (4) (5) (6)

High CNSA � Exposed cohorts 0.002 -0.002 0.010 -0.001 0.000 -0.001
(0.003) (0.006) (0.010) (0.001) (0.003) (0.005)

Observations 1,065,355 1,065,355 514,896 1,007,517 1,065,355 1,065,355
R2 0.020 0.080 0.063 0.013 0.043 0.028
Dep. var. mean 0.142 0.225 0.260 0.016 0.134 0.693
Est./Dep. var. mean 1.720% -0.921% 3.718% -9.236% 0.094% -0.188%

State-of-birth�Survey-year FEs X X X X X X
Quarter-year-of-birth FEs X X X X X X
Control variables X X X X X X

Notes: This table presents cohort-DiD estimates with standard errors clustered at the state of birth. High
CNSA is an indicator for states in the 4th quartile of baseline CNSA rates. Exposed cohorts are those whose
�rst trimester ended after the March 1996 authorization of folic acid forti�cation. Controls include state-of-
birth-by-survey-year and quarter-by-year-of-birth �xed effects, along with gender, race, ethnicity, Medicaid
eligibility, exposure to mental-health parity laws, and welfare reforms. Regressions and dependent-variable
means are weighted by IPUMS person weights. ��� p < 0.01, �� p < 0.05, and � p < 0.1.
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Figure A2: Comparisons across dose groups, event-study plots

(a) Graduate school enrollment (b) High school diploma/GED (c) Bachelor's degree

(d) Labor force participation (e) Weekly working hours � 35 (f) Income (thousands)

Notes: These �gures plot event-study estimates with 95% con�dence intervals. Standard errors are clus-
tered by state of birth. Exposure year groups cohorts into four-quarter bins; for example, 1996 includes
cohorts born in 1996Q4–1997Q3. Controls include state-of-birth-by-survey-year and quarter-by-year-of-
birth �xed effects, along with gender, race, ethnicity, Medicaid eligibility, exposure to mental-health parity
laws, and welfare reforms. The shaded region denotes partially exposed cohorts (exposed before January
1, 1998). Regressions are weighted by IPUMS person weights.
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Figure A3: Baseline versus dose-response results, event-study plots

(a) Graduate school enrollment (b) High school diploma/GED (c) Bachelor's degree

(d) Labor force participation (e) Weekly working hours � 35 (f) Income (thousands)

Notes: These �gures plot event-study estimates with 95% con�dence intervals. Standard errors are clus-
tered by state of birth. Exposure year groups cohorts into four-quarter bins; for example, 1996 includes
cohorts born in 1996Q4–1997Q3. Controls include state-of-birth-by-survey-year and quarter-by-year-of-
birth �xed effects, along with gender, race, ethnicity, Medicaid eligibility, exposure to mental-health parity
laws, and welfare reforms. The shaded region denotes partially exposed cohorts (exposed before January
1, 1998). Regressions are weighted by IPUMS person weights.
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Figure A4: Testing SPT assumption

(a) Graduate school enrollment (b) High school diploma/GED (c) Bachelor's degree

(d) Labor force participation (e) Weekly working hours � 35 (f) Income (thousands)

Note: In each �gure, every line plots the placebo event-study coef�cients for one state, where that state's
CNSAR exposure is replicated as a ”treated” unit while all other states serve as controls. The stacked
dataset pairs each replicated (treated) observation with the full original sample (control), and coef�cients
are estimated via OLS with state×year, quarter-year, and individual demographic �xed effects and HC1
standard errors. The reference year is 1995. The shaded band marks the forti�cation transition window
(1996–1997). Under strong parallel trends, pre-period coef�cients (1992–1994) should be near zero across all
placebo replications. Controls include Medicaid threshold for pregnant women, mental health expenditure,
waiver expenditure, and TANF expenditure.
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Figure A5: Heterogeneity, educational outcomes, event-study plots

(a) Graduate school enrollment,
male versus female

(b) Graduate school enroll-
ment, white versus non-white

(c) Graduate school enrollment,
non-Hispanic versus Hispanic

(d) High school diploma/GED,
male versus female

(e) High school diploma/GED,
white versus non-white

(f) High school diploma/GED,
non-Hispanic versus Hispanic

(g) Bachelor's degree, male ver-
sus female

(h) Bachelor's degree, white
versus non-white

(i) Bachelor's degree, non-
Hispanic versus Hispanic

Notes: These �gures plot event-study estimates with 95% con�dence intervals. Standard errors are clus-
tered by state of birth. Exposure year groups cohorts into four-quarter bins; for example, 1996 includes
cohorts born in 1996Q4–1997Q3. Controls include state-of-birth-by-survey-year and quarter-by-year-of-
birth �xed effects, along with gender, race, ethnicity, Medicaid eligibility, exposure to mental-health parity
laws, and welfare reforms. The shaded region denotes partially exposed cohorts (exposed before January
1, 1998). Regressions are weighted by IPUMS person weights.
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