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ABSTRACT
Background: In the United States, folic acid fortification of cereal-
grain foods has significantly increased folate status. However, blood
folate concentrations have decreased from their postfortification
high as a result, in part, of decreasing food fortification concentra-
tions and the popularity of low-carbohydrate weight-loss diets.
Objectives: The objectives of the study were to quantify changes in
folate intake after folic acid fortification and to estimate the effect on
neural tube defect (NTD) occurrence.
Design: Expanding on an earlier model, we used data from 11
intervention studies to determine the relation between chronic folate
intervention and changes in steady state serum folate concentrations.
With serum folate data from the National Health and Nutrition Ex-
amination Survey (NHANES), we used reverse prediction to calcu-
late postfortification changes in daily folate equivalents (DFEs).
With the use of NHANES red blood cell folate data and a published
equation that related NTD risk to maternal red cell folate concen-
trations, we calculated NTD risk.
Results: Folate intake decreased by �130 �g DFE/d from its post-
fortification high, primarily as a result of changes seen in women
with the highest folate status. This decrease in folate intake was
predicted to increase the incidence of NTD by 4–7%, relative to a
predicted 43% postfortification decrease. In addition, the number of
women consuming �1 mg bioavailable folate/d decreased.
Conclusions: Folate consumption by women of childbearing age in
the United States has decreased. However, the decrease in those
women with the lowest folate status was disproportionately small.
Consequently, the effect on NTD risk should be less than would be
seen if a uniform decrease in folate concentrations had occurred.
These results reinforce the need to maintain monitoring of the
way fortification is implemented. Am J Clin Nutr 2007;86:
1773–9.

KEY WORDS Food fortification, folic acid, folate, neural tube
defects, nutrition

INTRODUCTION

In January 1998, in an attempt to reduce the incidence of neural
tube defects (NTDs), the addition of folic acid to enriched-grain
products became mandatory in the United States (1). The folic
acid fortification levels were originally set so as to maximize
folate consumption by women of childbearing age and to mini-
mize the number of persons consuming �1 mg folic acid/d.
However, it soon became evident that folic acid intake derived

from fortification was almost twice that originally envisioned (2,
3). This larger-than-expected increase in folic acid consumption
resulted in part from wide-scale overfortification of enriched-
grain products; initial studies suggested that fortified foods typ-
ically contained 160% (4) to 175% (5) of the mandated amount
of folic acid. Recent anecdotal and empirical evidence suggests
that folic acid fortification levels have decreased in recent years
and that they are coming more in line with mandated levels (6).
This apparent reduction in fortification levels, coupled with the
popularity of low-carbohydrate diets (7), has been cited as an
explanation for the decreases in serum and red blood cell (RBC)
folate concentrations observed in the annual National Health and
Nutrition Examination Survey (NHANES) from 1999 through
2004 (8).

We set out to quantify the change in folate consumption since
the instigation of folic acid fortification and to quantify the effect
this change may have had on the incidence of NTDs and the
extent of folate overconsumption.

METHODS

Relation between changes in folate consumption and
changes in serum folate concentration

Previously, we (2) identified 4 studies (9–12) in which serum
or plasma folate concentrations were measured before and after
oral folic acid intervention (Table 1). Another 7 studies (13–19),
which were published after our original report, were also iden-
tified. In all studies, intervention periods were sufficient to
achieve plateau serum folate concentrations (9, 10). Daily folate
intervention from each of these studies was expressed as daily
folate equivalents (DFEs); DFEs are calculated as folic acid �
1.7 on the basis that folic acid (20) and, by extension, folate
monoglutamates (13, 21), are 1.7 times more bioavailable than
are food folates. From this calculation, we plotted the change in
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serum or plasma folate concentration due to the intervention
versus daily folate dose and calculated the linear regression equa-
tion describing that relation. The regression line defined by the
data of van Oort et al (19) appeared to be different from the
regression defined by the other data points. We used a coinci-
dence test, with the equation defined by Kleinbaum et al (22),
calculated by using an Excel spreadsheet (Microsoft Corp, Red-
mond, WA) to determine whether the difference was significant.
The regression linearity was determined by using SIGMASTAT
for WINDOWS statistical software (version 3.00; SPSS Inc,
Chicago, IL).

Red blood cell and serum folate concentrations

Prefortification (23) and postfortification (8) serum and RBC
folate concentrations for women of childbearing age were taken
from published NHANES studies.

Changes in folate consumption

By subtracting the 1989–1994 NHANES III (8) serum folate
data from the data of each of the NHANES postfortification

surveys (20), we calculated the change in serum folate concen-
tration over this period. With the use of reverse prediction and
comparing the changes in serum folate concentrations with the
linear regression equation derived above, we calculated the ap-
parent change in daily folate consumption since fortification.

Total daily folate consumption

On the grounds that we were able to determine the change in
daily folate consumption by the change in serum folate concen-
tration, we then decided to test whether we could determine total
daily folate consumption on the basis of total serum folate con-
centrations. With the use of reverse prediction and comparing
total serum folate concentrations from the NHANES surveys (8,
23) with the linear regression equation derived above, we calcu-
lated the apparent total DFEs.

To validate this hypothesis, we used serum folate concentra-
tions from the Framingham Offspring Cohort (24) to calculate
apparent total DFEs for that group. We compared these calcu-
lated values to published DFE values from the same cohort that
were derived by using food-frequency questionnaires (3). (The

TABLE 1
Change in serum or plasma folate concentrations observed in intervention studies on the effect of oral folic acid consumption1

Study group
Male

subjects
Duration of
intervention

Intervention
type2

Folate
species Dose3

DFE
dose4 Subjects

Change in
folate

concentrations5

% �g/d �g/d n �g/L

van Oort et al (19) NS 12 wk Supplement Folic acid 49 83 42 1.9
van Oort et al (19) NS 12 wk Supplement Folic acid 99 168 41 3.2
Venn et al (14) 57 16 wk Supplement 5-CH3-THF 100 170 53 2.4
Venn et al (14) 62 16 wk Supplement Folic acid 100 170 52 2.3
Ward et al (9) 100 6 wk Supplement Folic acid 100 170 30 2.1
Melse-Boonstra et al (17) NS 12 wk Supplement Folic acid 145 247 54 4.9
van Oort et al (19) NS 12 wk Supplement Folic acid 198 337 43 5.4
Lamers et al (13) 0 16 wk Supplement 5-CH3-THF 200 340 32 5.8
Schorah et al (11) 52 24 wk Fortification Folic acid 200 340 33 5.1
Schorah et al (11) 58 24 wk Fortification Folic acid 200 340 31 6.0
Wald et al (12) 83 3 mo Supplement Folic acid 200 340 25 4.5
PACIFIC Study (16) 82 6 mo Supplement Folic acid 200 340 68 4.9
Ward et al (9) 100 6 wk Supplement Folic acid 200 340 30 4.6
Riddell et al (10) 62 12 wk Fortification Folic acid 298 507 16 4.9
Carrero et al (18) 100 12 wk Supplement Folic acid 340 578 30 6.0
Ashfield-Watt et al (15) 42 4 mo Supplement Folic acid 352 598 108 6.5
Ward et al (9) 100 14 wk Supplement Folic acid 400 680 30 11.0
Lamers et al (13) 0 16 wk Supplement Folic acid 400 680 34 10.0
Lamers et al (13) 0 16 wk Supplement 5-CH3-THF 400 680 35 9.8
Wald et al (12) 83 3 mo Supplement Folic acid 400 680 25 11.5
van Oort et al (19) NR 12 wk Supplement Folic acid 408 694 43 13.0
Riddell et al (10) 62 12 wk Supplement Folic acid 437 743 16 11.9
Wald et al (12) 83 3 mo Supplement Folic acid 600 1020 25 13.9
van Oort et al (19) NS 12 wk Supplement Folic acid 633 1076 43 18.8
Wald et al (12) 83 3 mo Supplement Folic acid 800 1360 25 20.3
van Oort et al (19) NS 12 wk Supplement Folic acid 872 1482 43 27.3
Wald et al (12) 83 3 mo Supplement Folic acid 1000 1700 25 24.4

1 Studies listed more than once reported the results of multiple interventions. DFE, daily folate equivalent; NS, not stated; 5-CH3-THF,
5-methyltetrahydrofolate.

2 Folic acid was administered either in tablet form (supplement) or through consumption of fortified breakfast cereal (fortification).
3 Amount of additional folic acid consumed daily by subjects.
4 Folate and 5-CH3-THF (adjusted for differences in molecular mass) dose multiplied by 1.7, to adjust for their greater bioavailability than that of dietary

folate.
5 Change in median or mean serum or plasma folate concentrations after intervention.
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food composition tables used to analyze the food-frequency
questionnaires had been adjusted to reflect actual folic acid for-
tification.)

Neural tube defect risk

Daly et al (25) derived an equation that defines the relation
between RBC folate concentrations and NTD risk. We used this
equation and RBC folate concentrations from the NHANES sur-
veys (8, 20) to calculate the NTD risk for each of the NHANES

surveys. NTD risk was expressed relative to the median prefor-
tification group.

RESULTS

Relation between changes in folate consumption and
changes in serum folate concentration

Changes in serum or plasma folate concentrations were plotted
against DFEs (Figure 1). Because the slope in the study of van
Oort et al (19) differed significantly [P � 0.01, as determined by
a coincidence test (22)] from the slope defined by the data points
from the other studies, it was excluded from the final analysis.
Because van Oort et al used a competitive binding assay (Immu-
lite 2000; Diagnostic Products Co, Los Angeles, CA) to calculate
the serum folate concentrations, it is possible that the elevated
folate concentrations observed were due to systematic error
within the assay. Such folate-binding assays can show a high
degree of variability (26), depending on the folate species
present, the calibrants, and the assay conditions. For instance, the
Immulite 2000 assay has been reported to give higher RBC folate
concentrations than does the microbiological assay (27).

The slope of the data from the remaining studies was linear (r
� 0.979, P � 0.001). Comparing the data points from our orig-
inal study (2) with those from the current, expanded study, we
found no significant (P � 0.6) difference in slope between the 2
sets of data. The age of the subjects in the intervention studies had
no significant effect on serum folate response (data not shown).

Red blood cell and serum folate concentrations

Both RBC (Table 2) and serum (Table 3) folate concentra-
tions increased between 1988–1994 and 1999–2000, and then
they decreased each year from 1999–2000 to 2003–2004. Be-
tween 1988–1994 and 1999–2000, the percentage increase in
serum and RBC folate concentration was smallest in the women
with the highest folate status. In contrast, the percentage decline
in serum and RBC folate concentrations between 1999–2000 and
2003–2004 was greatest in the women with the highest folate
status.
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FIGURE 1. Relation between controlled folate intake and the resulting
change in median or mean serum or plasma folate concentration. Data were
derived from intervention studies of the effect of longitudinal folate supple-
mentation or fortification with known daily amounts of folate on median or
mean serum or plasma folate concentrations. Intervention was with folic acid
or 5-CH3-THF. Daily folic acid intervention was converted to dietary folate
equivalents (DFE) by multiplying by 1.7 (20). Likewise, daily 5-CH3-THF
intervention was converted to DFE after adjustment for differences in mass
between 5-CH3-THF and folic acid. •••, the regression line derived in our
original study (2); - - - (with �), the regression line derived from van Oort et
al (19)—data that were excluded from the final analysis because the slope
was determined by a coincidence test (22) to be significantly different (P �
0.01) from the slope defined by the other data points; — (with f), the
regression line derived from all intervention studies except van Oort et al (y
� 0.0145x � 0.132; r � 0.979, P � 0.001).

TABLE 2
Change in red blood cell (RBC) folate concentrations between the third National Health and Nutrition Examination Survey (NHANES III) and the annual
NHANES surveys from 1999 through 2004

Percentile of red blood cell folate concentration

10 25 50 75 90

RBC folate (ng/mL)1

1988–1994 92 119 160 222 296
1999–2000 164 200 255 329 409
2001–2002 163 208 260 318 395
2003–2004 155 188 235 298 367

Change in RBC folate concentration from 1994 (%)
1988–1994 1002 1002 1002 1002 1002

1999–2000 180 171 164 155 146
Change in RBC folate concentration from 1999 (%)

1999–2000 1002 1002 1002 1002 1002

2001–2002 99 104 102 97 97
2003–2004 95 94 92 91 90

1 Values are from references 23 (1988–1994) and 8 (1999–2000, 2001–2002, and 2003–2004).
2 Reference group.
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Changes in folate consumption

Median folate consumption (Table 4) increased by 529 �g
DFE/d between 1988–1994 (before fortification) and 1999–2000
(after fortification); it then decreased by 135 �g DFE/d between
1999–2000 and 2003–2004. This overall decrease in folate con-
sumption was primarily the result of changes in subjects with the
highest folate status: eg, folic acidconsumptiondecreasedby20and
74 �g DFE/d in women in the 10th and 25th percentile of serum
folate, respectively, whereas the decrease was 215 and 417 �g
DFE/d for women in the 75th and 90th percentile, respectively.

Total folate consumption

The following findings supported our hypothesis that total
daily folate intake can be estimated by using serum folate con-

centrations. As shown in Figure 2, we found a strong correlation
(r � 0.9761, P � 0.001) between total daily folate intakes,
estimated in this manner, and published intake values (3), esti-
mated by using food-frequency questionnaires (updated for ac-
tual folic acid concentrations in food).

As expected, total folate consumption increased in the year
after mandatory fortification (1999–2000), so that we estimate
that subjects in the 90th percentile consumed a total of 1666 �g
DFE/d. However, by 2003–2004, total folate consumed by sub-
jects in the 90th percentile had decreased to 1249 �g DFE/d.

Neural tube defect risk

Our analysis predicted a 43% decrease in NTD risk between
1988–1994 and 1999–2000. However, it also predicted that

TABLE 3
Change in serum folate concentrations between the third National Health and Nutrition Examination Survey (NHANES III) and the annual NHANES
surveys from 1999 through 2004

Percentile of serum folate concentration

10 25 50 75 90

Serum folate (ng/mL)1

1988–1994 2.3 3.1 4.8 7.8 11.7
1999–2000 6.3 8.9 12.6 17.3 24.7
2001–2002 6.4 8.5 11.4 15.2 19.7
2003–2004 6.0 7.8 10.6 14.1 18.5

Change in serum folate from 1988–1994 (ng/mL)2

1999–2000 4.0 5.8 7.8 9.5 13.0
2001–2002 4.1 5.4 6.6 7.4 8.0
2003–2004 3.7 4.7 5.8 6.3 6.8

Change in serum folate concentration from 1994 (%)
1988–1994 1003 1003 1003 1003 1003

1999–2000 274 287 263 222 211
Change in serum folate concentration from 1999 (%)

1999–2000 1003 1003 1003 1003 1003

2001–2002 102 96 90 88 80
2003–2004 95 88 84 82 75

1 Values are from references 23 (1988–1994) and 8 (1999–2000, 2001–2002, and 2003–2004).
2 Calculated by subtracting the NHANES III concentrations from the concentration in each of the annual NHANES surveys.
3 Reference group.

TABLE 4
Change in daily folate intake between the third National Health and Nutrition Examination Survey (NHANES III) and the annual NHANES surveys from
1999 through 2004 and total daily folate intake in each study year, stratified by percentile of serum folate concentration1

Percentile of serum folate concentration

10 25 50 75 90

Change in folate intake from 1988–1994 (�g DFE/d)2

1999–2000 273 394 529 643 879
2001–2002 280 368 448 502 542
2003–2004 253 320 394 428 462

Total folate consumed (�g DFE/d)3

1988–1994 159 213 327 529 791
1999–2000 428 603 852 1168 1666
2001–2002 435 576 771 1027 1329
2003–2004 408 529 717 953 1249

1 DFE, daily folate equivalents.
2 Calculated from the change in serum folate concentration between NHANES III (23) and the annual NHANES surveys (8) from 1999 through 2004 by

using a regression equation relating changes in serum folate concentration to changes in daily folate intake (derived from Figure 1).
3 Calculated from the total serum folate concentrations in NHANES III (23) and the annual NHANES surveys (8) from 1999 through 2004 by using a

regression equation relating changes in serum folate concentration to changes in daily folate intake (derived from Figure 1).
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NTD risk increased by 4–7% between 1999–2000 and 2003–
2004 (calculated by subtracting the relative NTD risk in 1999–
2000 from that in 2003–2004) (Table 5).

DISCUSSION

Changes in serum and red blood cell folate concentration

Women with the lowest percentiles of folate status had the
largest percentage increase in RBC (Table 2) and serum (Table 3)
folate concentrations between 1988–1994 and 1999–2000. In
contrast, women in the same percentiles had the smallest per-
centage decrease in folate concentrations between 1999–2000
and 2003–2004. This disproportionate change in folate status
cannot be attributed solely to changes in a single factor. For
instance, if folic acid fortification causes a relatively large in-
crease in folate concentrations, withdrawal of fortification can-
not then cause a relatively small decrease in folate concentration
in the same women. Several factors must have combined to give
this disproportionate response.

Other factors that may have affected folate status include the
changing use of folic acid supplements and the increasing pop-
ularity of diets low in enriched-grain products and breakfast
cereal (eg, fortified products). For instance, the popularity of
low-carbohydrate diets (low in grain products) has increased in
recent years (7). Daily folic acid supplement use has increased

over this period from 25% in 1995 to 29% in 1998 (28) and to
31% in 2003 (29). We estimate that supplement use increased
average folate consumption by 164 �g DFE/d more than did
fortification alone [ie, average folate consumption increased by
529 �g DFE/d (Table 4)] in all women in the NHANES cohort,
but by only 365 �g DFE/d [215 �g folic acid/d (2)] in supplement
nonusers in the Framingham Offspring Cohort (529 �g DFE/d �
365 �g DFE/d � 164 �g DFE/d).

Risk of folate overconsumption

The Food and Drug Administration’s upper safe limit for total
folate (folic acid plus natural folate) is 1 mg/d. This value is
somewhat arbitrary and makes no allowances for the differences
in bioavailability between folic acid and natural folates. Natural
food folates, because of their polyglutamyl tails, may be less
bioavailable than are folate monoglutamates (21), and folic acid
is 1.7 times as bioavailable as are natural food folates. Therefore,
when setting upper tolerable limits for total folate consumption,
a better measure may be total bioavailable folate � DFE � 1.7.
Using this definition and the data from Table 4, we estimated that,
soon after fortification (1999–2000), 10% of women (ie, those
above the 90th percentile) were consuming �980 �g bioavail-
able folate/d (1666 �g DFE/d � 1.7). However, by 2003–2004,
the amount of bioavailable folate consumed by women in the
90th percentile had decreased by almost 25%, to 687 �g/d (1168
�g DFE/d � 1.7), which suggested that the number of women
consuming �1 mg bioavailable folate/d had decreased signifi-
cantly.

Neural tube defect risk

There is some confusion concerning the extent to which folic
acid fortification reduced the incidence of NTDs in the United
States. One widely cited study (30) suggested that NTD occur-
rence decreased by 19%, whereas the Centers for Disease Con-
trol and Prevention (CDC) estimated a slightly higher value of
26% (31). However, both of these studies used post-partum med-
ical records in their analysis and may have underestimated NTD
frequency by excluding cases of spontaneous or medical abor-
tion. More thorough estimates that included prenatal diagnosis
data suggested that NTD incidences decreased by 40% (32).
Such a value would be in line with the 43% decrease predicted in
Table 5. Thus, assuming the validity of our estimates in Table 5,
we predict that the NTD risk would have increased by 4–7%
between 1999 and 2004 (relative to the 43% decrease between
1989–1995 and 1999).

FIGURE 2. Relation between total daily folate intake calculated by
regression (see Figure 1) versus intakes calculated by using corrected food-
frequency questionnaires (y � 1.106x � 10.387; r � 0.9761, P � 0.001).

TABLE 5
Relative risk of having a child with a neural tube defect (NTD) by percentile of red blood cell folate concentration during the third National Health and
Nutrition Examination Survey (NHANES III) and each of the annual NHANES surveys from 1999 through 20041

Percentile of red blood cell folate concentration

10 25 50 75 90

Relative NTD risk versus prefortification median (%)
1988–1994 196 143 1002 67 47
1999–2000 97 76 57 42 32
2001–2002 98 73 55 43 33
2003–2004 104 82 63 47 36

1 RCF, red (blood) cell folate. The risk was estimated by fitting red blood cell concentrations into an equation from reference 23: NTD risk �
exp

(0.6489�1.2193 � ln[RCF (mg/L)]
.

2 Reference group.
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Moore et al (33) conducted an NTD risk assessment similar to
that of Daly et al (23) but using daily folate intake, calculated
from food-frequency questionnaires, rather than RBC folate con-
centration. An estimate of the change in NTD risk, based on our
estimates for daily folate intakes, and the regression equation of
Moore et al are included elsewhere (See Supplemental Data,
including Table S1, under “Supplemental data” in the current
online issue at www.ajcn.org).

Conclusions

The recent decrease in serum and RBC folate concentrations in
the United States has resulted primarily from changes in women
with the highest folate concentrations. Consequently, we esti-
mate that the effect on NTD occurrence would be less than that
seen if a uniform decrease in folate concentrations had occurred.
In addition, the large decrease in folate consumption in women
with the highest folate status may limit the potential danger from
folate overconsumption. This change in folate consumption pat-
terns is in accordance with the FDA’s aim of maximizing folate
intake in women with low folate status (and thus reducing the
incidence of NTDs) at the same time that the incidence of folate
overconsumption is minimized. However, the manner in which
this change in folate consumption occurred is entirely fortuitous,
and the mechanism remains unregulated. It is quite conceivable
that the events leading to this trend, particularly the decrease in
folate overconsumption, could easily be reversed or could even
become exacerbated.

Of concern is the effect that the decrease in serum and RBC
folate concentrations may have on the monitoring of the potential
risks of folic acid fortification. Some models of cancer develop-
ment predict that, whereas folic acid fortification may prevent
precancerous cells from turning cancerous, it may also promote
the proliferation of neoplastic cells—ie, cells that already are
cancerous (34). Thus, folic acid fortification may decrease can-
cer rates by preventing noncancerous cells from turning neoplas-
tic but also may increase cancer rates by increasing neoplastic
cell proliferation. An extension of this model is the possibility
that an increase in cancer rates due to fortification may be tran-
sitory, because fortification also reduces the transformation of
normal cells to neoplastic cells. Such a model may explain the
recent report by Mason et al (35) showing that rates of colorectal
cancer in the United States increased between 1995 and 1998,
coincident with the introduction of folic acid fortification. How-
ever, there are 	2 possible explanations for the subsequent de-
crease in colorectal cancer rates observed by Mason et al between
1998 and 2002. First, as predicted by the model, folic acid for-
tification may have prevented noncancerous cells from becom-
ing neoplastic. Second, serum and RBC folate concentrations
also decreased over this period, however, and thus it is possible
that colorectal cancer rates decreased because folate concentra-
tions were no longer sufficient to sustain the elevated cancer
proliferation rates. The possibility of this second scenario, al-
though unlikely, is of concern, because it presents the possibility
that colorectal cancer rates may increase again if folate concen-
trations revert to 1999 levels.

We, therefore, call for the continued monitoring of the way in
which fortification is implemented—particularly with regard to
the monitoring of food consumption patterns. Furthermore, a
better understanding of this phenomenon may provide informa-
tion on ways in which we may increase folate consumption in

women with low folate status and, at the same time, limit folate
overconsumption. It should be noted that the present study did
not address changes in folate consumption by men. Such an
analysis should be conducted before any further changes are
made in fortification programs.

The authors’ responsibilities were as follows—EPQ: developed the orig-
inal concept and conducted the statistical analysis; JFG (principal investiga-
tor): provided input on the execution of the concept; and EPQ and JFG: wrote
the report. Neither author had a personal or financial conflict of interest.
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