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Research in the early 1990s established that
increases in prenatal intakes of folate or folic
acid early in pregnancy can significantly re-
duce the risk of neural tube defects (NTDs) in
newborns."* NTDs are one of the most com-
mon birth defects in this country and affect
approximately 2500 live births® and 1500
terminated pregnancies* each year. In an ef-
fort to reduce the number of NTDs, the US
Food and Drug Administration (FDA) in
1998 implemented the most significant forti-
fication policy since the 1940s, and man-
dated that all enriched grain products be for-
tified with folic acid.” This policy was
expected to add approximately 100 pg of
folic acid per day to the diet of the average
American. In addition, the percentage of
women of childbearing age who consumed at
least 400 pg/day of the vitamin was ex-
pected to increase from 29% to 50%.°

In addition to reducing the risk of NTDs,
folic acid fortification has the potential to de-
crease risks of heart disease and colon
cancer." ** However, excessive intake may
mask anemia that results from a vitamin B,
deficiency, which could delay diagnosis and
treatment in elderly persons. Masking can fa-
cilitate the progression of irreversible neuro-
logical manifestations of the deficiency, such
as numbness, balance problems, weakness,
and paralysis.*> The FDA currently recom-
mends that adults do not consume more than
1000 ug of folate per day, an amount defined
as a “tolerable upper intake level."**

Studies have estimated the effects of the
FDA fortification policy at a population level,
and showed that the average age-specific total
folate intake has increased by approximately
100 pg/day for both adult men and women
from the early 1990s to the end of the dec-
ade.*>" However, these analyses did not
correct for the fact that the dietary intake
data represents what the respondents ate in a
single day but is not necessarily representa-
tive of an average day of the respondents’
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population level.

dietary intake. Without such correction, it is
not possible to accurately estimate the num-
ber of women who reach the FDA’s 400 ug/
day threshold. In addition, no study has quan-
tified national and population-based intakes
by age, gender, and racial/ethnic sub-
groups.>® Our analysis provides national, pop-
ulation-based estimates of folate consumption
levels by age, gender, and racial/ethnic sub-
groups and accounts for food and supplement
intake, corrected for measurement error be-
cause of within-person variation.

METHODS

Data

We analyzed food and dietary supplement
data from 2 periods of the National Health
and Nutrition Examination Surveys
(NHANES 111, 1988-1994; NHANES
1999-2000). NHANES are surveys con-
ducted by the National Center for Health Sta-
tistics of the Centers for Disease Control and
Prevention and are designed to monitor trends
in risk behaviors, environmental exposures,

Objectives. We sought to quantify the impact of the 1998 US Food and Drug Ad-
ministration (FDA) folic acid fortification policy by estimating folate intake at the

Methods. We analyzed total folate intake levels (from food and supplements) ac-
cording to gender, age, and race/ethnicity, using data from 2 National Health and
Nutrition Examination Surveys. We measured pre- and postfortification folate in-
take distributions, adjusted for measurement error, and examined proportions of
the population who reached certain thresholds of daily total folate intake.

Results. Mean daily food and total folate intake increased by approximately
100 ug/day after fortification. The proportion of women aged 15-44 years who con-
sume more than 400 pg/day of folate has increased since fortification, but has not
yet reached the FDA's 50% target and varies by race/ethnicity from 23% to 33%.
Among persons aged 65 years and older who may be at risk for masking a vita-
min B,, deficiency, the percentage who consume more than 1000 pg/day (the
“tolerable upper intake level”) has at least doubled among Whites and Black
men, but has remained less than 5% for all groups.

Conclusions. Since fortification, folic acid intake among the US population has
increased, and there are substantial variations by age, gender, and race/ethnicity.
(Am J Public Health. 2006;96:2040-2047. doi:10.2105/AJPH.2005.067371)

diet, nutrition, and health. Data are collected
from personal interviews and physical health
exams. Nutrient intake data are based prima-
rily on one 24-hour dietary recall measure
from the interview component. Data on sup-
plement use are collected during the physical
examination component and entail detailed
information on specific types and amounts
of supplement use over the previous month.
Nutrient intake values are calculated by
coding the survey data with the US Depart-
ment of Agriculture’s Survey Nutrient Data-
base, which incorporates folate values and
other nutrients that have been added by
fortification.

We used data from NHANES III (1988—
1994) to represent prefortification folate in-
take levels and the 1999-2000 data release
of the current NHANES for postfortification
estimates. We assessed folate intake levels for
men and women aged 15 years and older, to
incorporate women of childbearing age as de-
fined by the Centers for Disease Control and
Prevention (aged 15—44 years)***™* who
may be at risk for a NTD-affected pregnancy,
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as well as adults who may be at risk for colon
cancer, coronary heart disease, and B,, defi-
ciency. Age was categorized into 3 groups:
15—44 years, 45—64 years, and 65 years
and older. Only subjects who had complete
data for both food folate and supplemental
folic acid intake levels were included in our
analysis, which excluded 19% of subjects for
NHANES III and 16% of subjects for
NHANES 1999-2000. We included non-
Hispanic Whites—hereafter “Whites”—
(N=11332, NHANES II[; 2062, NHANES
1999-2000) and non-Hispanic Blacks—
hereafter “Blacks”—(N=4908, NHANES III;
1114, NHANES 1999-2000) as well as
Mexican Americans (N=554, NHANES III;
1655, NHANES 1999-2000); other racial/
ethnic groups were of insufficient sample size.
All analyses used sampling weights to adjust
for survey design.

Analysis Overview

We estimated population distributions of
total folate consumption (from food and sup-
plements) by grouping intake levels into cate-
gories of 100 ug/day. For each age, gender,
and race/ethnicity, we estimated intake fre-
quencies and medians, the percentage of the
population taking folic acid—containing sup-
plements, and the proportions of the popula-
tion taking folate at levels above 200 pg/day,
400 pg/day, and 1000 pg/day. All analyses
were performed using SAS version 9.1.3
(SAS Institute Inc, Cary, NC) unless otherwise
noted.

Dietary Data

Because a 24-hour recall measure for nu-
trient intake does not represent an individ-
ual’s average long-term daily intake, popula-
tion distribution estimates of dietary folate
intake (folate consumption from all food
sources, including fortified foods) will be dis-
torted by measurement error.*? The result is
an exaggerated standard deviation caused by
overestimating the number of observations in
the distribution tails. Such error causes partic-
ular problems when estimating the propor-
tions of a population above or below certain
thresholds, as was done in our analysis.

We adjusted for measurement error using a
subsample of NHANES III subjects who had
provided 2 separate 24-hour recalls. There
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were 1271 observations (7.5%) in the sub-
sample who had complete food folate data for
both 1-day measures. Second 24-hour recalls
were provided at least 1 week after initial
measures for over 96% of the sample, and at
least 5 days after initial measure for over
99% of the sample.

To correct for measurement error, we log-
transformed all food folate data and con-
ducted visual tests of normality (histograms,
straight normal probability plots, and compa-
rable means and medians) to verify the nor-
mality assumption. We used results from 1-way
analyses of variance to estimate the within-
subject and between-subject variances for the
log-transformed 2-measure sample. We calcu-
lated the “true” between-subject variance by
assuming that the ratio of within-subject to
between-subject variances is the same for the
subjects with only 1 day of data as it is for
those with 2 days of data, and to thereby re-
move the effects of the day-to-day variation
in intake. This “true” between-person vari-
ance was then used to obtain the corrected
food folate intake frequency distributions.

We used gender-, age-, and race-specific
within-subject variances for the 2-measure,
between-subject variance estimates among
Whites and Blacks, and applied gender- and
age-specific variances from combined racial/
ethnic groups (Whites, Blacks, and Mexican
Americans) to the Mexican American sub-
group because of small sample sizes of Mexi-
can Americans with two 24 recalls. Because
of restricted availability of the 2-measure data
for NHANES 1999-2000, we used the same
within-person variability estimates from
NHANES III to correct for measurement
error in the postfortification sample.

Total Folate Data

Participants were asked about their supple-
ment use over 1 month, and therefore, the
supplemental folate intake is not subject to
measurement error caused by day-to-day
variability. To obtain the corrected distribu-
tions for total folate intake (food and supple-
ment sources), we created a data set of food
folate observations from the distributions cor-
rected for measurement error. We used a
random process to draw from these food in-
take distributions based on the estimates of
subgroup means and standard deviations,

and summed each food folate observation
with one chosen from the supplemental in-
take distribution. We assumed no correlation
between supplemental and food folate intake
on the basis of estimating Spearman rank
correlation coefficients of 0.05 or less from
the data.

Statistical Inference

To determine the significance of differences
in folate intake between the pre- and postfor-
tification time periods, we performed multiple
linear regression analyses of the natural log of
total daily folate (pg/day) on each time pe-
riod. Estimates of the statistical significance of
pre- to postfortification differences in supple-
ment use were based on logistic regression.
Both regression analyses were conducted
using SUDAAN statistical software version
9.0 (Research Triangle Institute, Research Tri-
angle Park, NC) and incorporated NHANES
sampling weights, strata, and primary sam-
pling units. Age (continuous), gender, and
race/ethnicity were included in both models,
and all possible 2-way interactions were con-
sidered. Manual forward selection was per-
formed to find the best fitting models, and we
also assessed the significance and validity of
models by race/ethnicity, gender, and age-
category subgroups. We used a 2-sample test
for binomial proportions to determine the sta-
tistical significance of the pre- to postfortifica-
tion differences in the proportions of the pop-
ulation for which total folate intake levels
were more than 200 pg/day, 400 pg/day,
and 1000 ug/day.

RESULTS

Measurement Error Correction

After correcting for measurement error,
food folate intake distributions had smaller
standard deviations both before and after im-
plementation of the fortification policy. Larger
percentages of both gender groups consumed
higher levels of food folate after fortification
than before, and the distribution modes
shifted from approximately 200 pg/day to
300 pg/day.

Total Folate Intake

Total folate intake distributions before and
after the fortification policy, corrected for
measurement error, are shown in Figure 1
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according to gender and race/ethnicity. The
distributions shifted to the right (higher intake
levels) after fortification for all population
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subgroups. The mean increases were larger
for Whites than for Blacks and Mexican
Americans.

FIGURE 1—Daily total folate intake distributions, pre- and postfortification, for non-Hispanic White men (a), non-Hispanic White women (b),
non-Hispanic Black men (c), non-Hispanic Black women (d), Mexican American men (e), and Mexican American women (f), corrected for
measurement error. Includes folate consumption from all food and supplement sources, with food data adjusted for measurement error. Points
represent midpoints of categories, and plots are smoothed between points. Upper endpoint of 1600 .:g/day represents all intake more than

Median total folate intakes for before and
after fortification are shown in Figure 2 ac-
cording to age, gender, and race/ethnicity.
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FIGURE 2—Total folate intake medians, pre- and postfortification, for men (a) and women (b)
aged + 15 years. Medians are presented by cohort and race/ethnicity, and includes folate
consumption from all food and supplement sources. The effect of fortification was found to
be highly significant (P<.001), after control for age, age-squared, gender, and race/
ethnicity. The effect of age varied significantly by race/ethnicity and gender, and the effect
of gender varied significantly by race/ethnicity.

Median folate intake for all Whites increased (Mexican American men and women) follow-
by more than 100 pg/day after fortification. ing fortification.

All women of reproductive age increased The effect of survey period (i.e., pre- vs
their median intake by at least 100 pg/day. postfortification) on the log of total daily fo-
Among Blacks and Mexican Americans, the late consumption was significant (P<.0001)
median intake among persons aged 65 years in a multiple linear regression model with

or older either increased by less than 100 pg/ control for age, age-squared, gender, race/
day (Black men and women), or decreased ethnicity, and significant interactions.

Threshold Estimates

Table 1 shows the percentage of women
of childbearing age who consumed more
than 200 pg/day and 400 pg/day of total
folate, and the percentage of older people
who consumed more than 1000 pg/day.
The within-person variation in food folate
intake is shown, as well as the threshold es-
timates with and without the correction for
this variation. Overall, Whites were reaching
all thresholds in greater proportions than
were Blacks and Mexican Americans; Blacks
were least likely to have had intakes above
these levels.

The FDA's goal to have 50% of women of
childbearing age consume at least 400 pg/
day of folate has not been met for any racial/
ethnic group, but the percentages have signifi-
cantly increased since fortification. At 30%
prefortification and 39% postfortification,
more White women have reached the 400
ug/day threshold than have Black women
(20% pre, 26% post) and Mexican-American
women (17% pre, 28% post), both before
and after fortification. There were also large
increases in the percentage of women of all
races/ethnicities who are consuming more
than 200 pg/day of total folate: approxi-
mately 90% for both Whites and Mexican
Americans, and 70% for Blacks. This repre-
sents an almost 100% increase for Mexican
Americans.

Among people aged 65 years or older
who may be at higher risk for B,, deficiency,
the proportions of the population who con-
sumed more than 1000 ng/day after fortifi-
cation increased for White men and women
and Black men, decreased for Mexican-
American men and women, and remained
constant for Black women. Corrected for
measurement error, only 1%—4% of persons
aged 65 and older were at high risk for
masking after fortification.

Supplemental Folate Intake

Figure 3 shows the percentage of men and
women who take supplements that contain
folic acid before and after fortification. More
Whites took supplements containing folic acid
than did Blacks and Mexican Americans, more
people older than 44 years took supplements
than did younger people, and more than half
of the subgroups showed postfortification
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decreases in the proportion of people taking
supplements. For all women of childbearing
age, fewer people were taking supplements
after fortification than before; the same result
was found for Mexican American men of all
ages. The largest absolute change was among
Mexican American men older than 64 years,
for whom the percentage taking supplements
decreased by more than 500% after fortifica-
tion. In a logistic regression model, the effect
of survey period (i.e., pre- vs postfortification)
on consumption of folic acid supplements
was found to be significant, and the effect
was modified by age (P<.0001) and race/
ethnicity (P<.05). The model controls for
age, age-squared, gender, race/ethnicity, and
significant interactions.

DISCUSSION

We used population-based survey data ad-
justed for measurement error to examine the
effect of the FDA folic acid fortification pol-
icy. Although our analysis showed a substan-
tial increase of total folate intake levels after
fortification among US adults, we found con-
siderable variations in intake by age, gender,
and race/ethnicity. Although all women of
childbearing age—the target population for
the policy—increased their median total folate
intake by at least 100 pg/day following forti-
fication, Black and Mexican American women
still lagged behind White women in total con-
sumption and may be target populations for
additional fortification or supplementation
policies. Among older people who may be at
risk for B, deficiencies, there are higher per-
centages of Whites and Blacks consuming
more than 1000 pg/day of folate (the “tolera-
ble upper intake level”) since fortification. At
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the same time, higher folate intake levels
among these populations may help to reduce
risks of heart disease and colon cancer.

The total intake distributions found in our
analysis describe the typical American diet:
most people consume approximately
200-300 pg/day (pre- to postfortification)
of folate from food sources (legumes, leafy
greens, fortified cereals, etc.), which is de-
picted in Figure 1 by the first and larger
mode in the distributions. The second,
smaller peaks at approximately 600 pg/day
represent those people who consume 400 pg/
day from supplemental sources in addition to
an average diet. Peaks at 12001300 pg/day
in women aged 15—44 years may represent
women who take a supplement (400 pg) in
addition to a prenatal vitamin (800 pg); that
this peak exists primarily among Whites but
not Blacks and Mexican Americans of this
age group may indicate that the latter groups
are not receiving comparable prenatal care.

Several studies have estimated the changes
in folate intake as a result of fortification.”” >’
Our results corroborate the findings from
those studies and show that folate intake lev-
els have increased for the average person by
approximately 100 pg/day. However, our
analysis also corrects for dietary intake data
measurement error when estimating folate in-
take levels. Because NHANES uses a single
24-hour dietary recall per individual when
collecting food and nutrient intake data, esti-
mated distributions of population intakes will
have artificially high standard deviations. Al-
though these incorrect values may not affect
the estimated means, the error can have im-
portant effects on estimates of the proportion
of a population above or below certain
thresholds.**

TABLE 1—Population Total Folate Consumption Pre- and Postfortification, With and Without Measurement Error Correction
% Women Aged 15-44 Years % Women Aged 15-44 Years % Men Aged > 65 Years % Women Aged > 65 Years
Consuming>200 pg/day Consuming>400 pg/day Consuming> 1000 pg/day Consuming>1000 pg/day
Within- Within- Within-
Person  Uncorrected Corrected Uncorrected Corrected Person Uncorrected Corrected Person  Uncorrected  Corrected
Variance Pre  Post  Pre Post Pre  Post Pre Post Variance Pre Post Pre  Post Variance Pre Post Pre Post
Non-Hispanic Whites 04827 62 8 60 91*** 36 52 30 39+ 0.2036 5% 8% 2% 4%** 0.2616 4% 8% 2% 4%***
Non-Hispanic Blacks 03684 49 70 43 69*** 27 31 20 26+ 0.4904 3% 3% 1% 3%** 04138 2% 1% 1% 1%
Mexican Americans 04331 45 77 42 88*** 25 37 17 28+ 0.2692 15% 5% 6% 2%* 02901  12% 2% 4% 1%*
*P<.1; ¥*P<.05; ***P<,01 (2-sample test for binomial proportions).

Our results show that failing to take mea-
surement error into account would have over-
estimated the percentage of women of child-
bearing age who reached the 400 ug/day
goal set by the US Public Health Service in
folic acid fortification.*® For example, we
would have incorrectly concluded that the
FDA target had already been met (50% of
White women; 52% consuming more than
400 pg/day). At the same time, we would
have overestimated the percentage of older
people consuming more than 1000 pg/day,
and incorrectly concluded that more people
may be at risk for masking B, deficiency
than truly is the case.

After correcting for measurement error,
we found that the percentage of women of
childbearing age now consuming more than
400 ng/day of total folate has increased to
between 26% and 38%, but has not yet
reached 50% for any racial/ethnic group.
Such results are consistent with data that indi-
cate NTD rates have decreased 20%—-32%
after the policy,”***® compared with the
potential to prevent 50%—70% of NTDs by
additional folate intake."*° By correcting
for measurement error among age, racial,
and gender subgroups, our analysis is able to
more accurately determine the percentages
of target and at-risk populations who have
reached the thresholds of interest for drawing
policy-level conclusions.

One unexpected finding from our analysis
is that within all racial/ethnic groups, fewer
women of childbearing age are now taking
supplements that contain folic acid than were
taking them before fortification. This finding
indicates a potential need for increased
awareness among these populations and their
physicians regarding multivitamins. Ray and
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colleagues found evidence of suboptimal use
of periconceptional folic acid supplements
globally among women of childbearing age.**
The substantial racial/ethnic variations in
folate consumption found in our analysis are
also seen in serum and red blood cell folate
levels. Population-level analyses of NHANES
surveys indicate that serum and red blood cell
folate concentrations for women of childbear-
ing age (both before and after fortification)
are lowest among Blacks and highest among
Whites; Mexican Americans fall in between
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FIGURE 3—Percentage of population taking supplements that contain folic acid, pre- and
postfortification, among men (a) and women (b). The change after fortification was
significant and dependent on age (P<.001) and race (P<.05), after control for age,
age-squared, gender, race/ ethnicity, and the interaction between gender and race/ethnicity.

those groups.>*>? Qur results suggest that dif-
ferences in supplement use are driving the
disparities, because food folate intake means
and medians are very similar among all three
racial/ethnic groups both before and after for-
tification. Further understanding of the basis
for these disparities will provide policymakers
more insight into ways to achieve their target:
50% of all women of childbearing age con-
suming at least 400 pg/day of folate.

The results of our analysis must be con-
sidered in light of its limitations. Because of

restrictions in data availability, we used
within-person variance estimates from
NHANES III data to correct for measure-
ment error in NHANES 1999-2000. This
may have caused the analysis to underesti-
mate the degree of measurement error cor-
rection needed postfortification, because the
consumption of fortified grains will increase
the within-person variability. Our results
may have thereby overestimated the per-
centages of our target populations that
reached the 400 pg/day and 1000 pg/day
thresholds.

There is also some evidence that when
estimating the true between-person variance
from repeat measurements, more accurate re-
sults may be derived by including all subjects
(those with and without repeat measure-
ments) in the repeated-measures analysis of
variance.”® We tested the affect of this as-
sumption on the percentages of women of
childbearing age who reached the 400 pg/
day threshold. We found that the new distri-
butions did have different standard devia-
tions, but there was no pattern among sub-
groups as to whether the change in methods
increased or decreased the distribution
spread. The changes in percentage of women
of childbearing age who reached the 400 ug/
day threshold before and after fortification
decreased for Whites and Mexican Americans
but increased for Blacks. However, neither
the significance of the changes nor the con-
clusions drawn regarding racial/ethnic varia-
tions were affected.

Other factors that may cause imprecise es-
timates include the use of interview data and
uncertainty about the actual amounts of fo-
late added to foods. Possible underreporting
biases and underestimation of food folate
content?”*” could cause our results to under-
estimate true intake levels, which could be ac-
centuated after fortification as a result of the
added effect of fortified foods. Estimating di-
etary folate intake alone to evaluate the forti-
fication program is also limited in that total
folate consumption is not the only factor that
influences folate status and its affect on dis-
ease, both of which can also be influenced
by smoking, body mass index, history of
NTD, and variations in individual responses
to folate intake.>®**°® Future analyses of the
folate biochemical indicator data from
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NHANES IIT and NHANES 1999-2000, in
conjunction with folate intake data, may ulti-
mately provide better estimates of the effects
of folic acid fortification.”®

Given the uncertainty of the minimum ef-
fective dose of folate for preventing NTDs,
the safety concerns for the elderly, and the
magnitude of a national fortification mandate,
there is great interest in evaluating folate in-
take and health outcomes after folic acid for-
tification.***%*°-5% Although most of the
FDA policy’s focus has been on NTDs and
masking anemia caused by vitamin B, defi-
ciency, increased folate consumption is also
believed to reduce the risk of coronary heart
disease and colon cancer. It would help to
better guide policy evaluation if future re-
search could incorporate the existing epi-
demiological evidence on the relation of fo-
late intake with myocardial infarctions and
colon cancer, into an analysis that weighs the
risks versus benefits of folic acid fortification
on these multiple health outcomes. Such
knowledge could contribute to the continuing
debate about fortification levels,?*3%#6:57-59
as would a better understanding of the
dose—response group relationships between
folate intake and the progression of these
health outcomes.

Since implementation of folic acid fortifica-
tion in the United States, folate intake among
the general population has increased, but
there are substantial variations by age, gen-
der, and race/ethnicity. Although the goal of
the fortification policy (50% of women of
childbearing age consuming at least 400 pg/
day of folate) has not been met, the policy
has successfully increased the percentage of
women aged 14—44 years who consume at
least 400 pg/day of folate. Targeted interven-
tions to promote use of supplements among
women of childbearing age may be needed
to further increase these proportions and to
further reduce the risk of NTDs in the
United States. ®
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