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ABSTRACT
Background: Monitoring the folate status of US population groups
over time has been a public health priority for the past 2 decades, and
the focus has been enhanced since the implementation of a folic acid
fortification program in the mid-1990s.
Objective: We aimed to determine how population concentrations
of serum and red blood cell (RBC) folate and serum vitamin B-12
have changed over the past 2 decades.
Design: Measurement of blood indicators of folate and vitamin B-12
status was conducted in �23 000 participants in the prefortification
third National Health and Nutrition Examination Survey (NHANES
III; 1988–1994) and in �8000 participants in 3 postfortification
NHANES periods (together covering 1999–2004).
Results: Serum and RBC folate concentrations increased substan-
tially (by 119–161% and 44–64%, respectively) in each age group
in the first postfortification survey period and then declined slightly
(by 5–13% and 6–9%, respectively) in most age groups between the
first and third postfortification survey periods. Serum vitamin B-12
concentrations did not change appreciably. Prevalence estimates of
low serum and RBC folate concentrations declined in women of
childbearing age from before to after fortification (from 21% to �1%
and from 38% to 5%, respectively) but remained unchanged there-
after. Prevalence estimates of high serum folate concentrations in-
creased in children and older persons from before to after fortifica-
tion (from 5% to 42% and from 7% to 38%, respectively) but
decreased later after fortification.
Conclusions: The decrease in folate concentrations observed longer
after fortification is small compared with the increase soon after the
introduction of fortification. The decrease is not at the low end of
concentrations and therefore does not raise concerns about inade-
quate status. Am J Clin Nutr 2007;86:718–27.
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INTRODUCTION

Folate is essential for optimal growth, development, and
health maintenance throughout all stages of life. Low serum
concentrations of folate have been associated with atheroscle-
rotic diseases (1), various cancers (2), psychiatric disorders (3),
and cognitive impairment in the elderly (4, 5); a chronic defi-
ciency of folate in the diet can cause anemia (2). Vitamin B-12 is
an important cofactor in folate metabolism. Severe vitamin B-12

deficiency causes anemia; however, hematologic signs of defi-
ciency are not always present, and hematologic and neurologic
abnormalities are inversely correlated in vitamin B-12 defi-
ciency (6). There is some concern that high folate intakes could
mask vitamin B-12 deficiency, particularly in the elderly, who
often have vitamin B-12 malabsorption (7). Monitoring the fo-
late status of the US population over time has been a priority since
the results for serum and red blood cell (RBC) folate concentra-
tions from the second National Health and Nutrition Examina-
tion Survey (NHANES II; 1976–1980) suggested that the folate
status of some population groups may be a public health concern
(8, 9) and since data from the third NHANES (NHANES III;
1988–1994) confirmed these findings (10).

Subsequently, several initiatives to improve the folate status of
the US population were undertaken because it was shown that,
for women of childbearing age, dietary supplements containing
folic acid reduced the risk that a fetus would be affected by a
neural tube defect (NTD) (11). These initiatives included signif-
icantly increasing the folic acid content of the US food supply by
the mandatory fortification of enriched cereal–grain products
concurrent with the application of folate-related health and nu-
trient content claims on food and dietary supplement products
(12–15). In 1999, NHANES became a continuous survey pro-
viding the opportunity to monitor blood folate and vitamin B-12
concentrations over consecutive 2-y survey periods to assess the
net effect on folate status of changes in both folate composition
of the food supply and changes in consumer food and supplement
selection patterns. Since the introduction of fortification, several
reports from regional (16, 17) and nationally representative (18–
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20) populations have shown that serum and RBC folate concen-
trations have increased in the general US population and in
women of childbearing age (21) and that NTD rates have de-
clined (22).

The focus of this report is to document trends in folate and
vitamin B-12 status in the US population over a span of almost 2
decades that included a change in fortification practice. We ex-
tend the recent findings of Ganji and Kafai (20) by including a
third postfortification survey period, which allows the examina-
tion of time trends. This report provides a singular source of
comprehensive folate and vitamin B-12 data for multiple popu-
lation strata over the extended period noted above. In addition,
given that the same analytic technique was used throughout this
period and that it will be changed in the near future because of the
discontinuation of the Quantaphase II assay, the current time
offers a unique opportunity for evaluating the data. Changes over
time in blood concentrations of homocysteine and methylma-
lonic acid (MMA), which may be superior to serum vitamin B-12
as a marker of vitamin B-12 status, are not the subject of this
report, because methodologic changes across survey periods pre-
clude a direct comparison, and the 2003–2004 MMA data are not
yet available.

SUBJECTS AND METHODS

Survey design and subjects

NHANES constitutes a series of nationally representative
cross-sectional probability survey periods of the noninstitution-
alized civilian population of the United States. Conducted by the
National Center for Health Statistics (NCHS) at the Centers for
Disease Control and Prevention, NHANES obtains a stratified,
multistage probability sample designed to represent the US pop-
ulation on the basis of age, sex, and race-ethnicity. During each
survey period, certain subpopulations are oversampled to allow
for more precise estimates. The procedures for selecting partic-
ipants and conducting interviews and examinations for
NHANES 1999–2000, 2001–2002, and 2003–2004 were similar
to those used for NHANES III (1988–1994) (23). Race-ethnicity
categories [non-Hispanic white (NHW), non-Hispanic black
(NHB), and Mexican American (MA)] are based on self-reported
data (24). The biochemical indicators of B-vitamin status were
measured for participants aged �4 y in 1988–1994 (for vitamin
B-12 only in 1991–1994), �3 y in 1999–2000 and 2001–2002,
and �1 y in 2003–2004.

All respondents gave written informed consent. The
NHANES protocol for each survey period was reviewed and
approved by the NCHS Institutional Review Board.

Laboratory methods

All analyses were conducted on samples of venous serum
(folate for 1988–1994 and 1999–2004; vitamin B-12 for 1991–
1994 and 1999–2004) or whole blood hemolysate (RBC folate
for 1988–1994 and 1999–2004) that were frozen and shipped on
dry ice to the laboratory conducting the B-vitamin analyses (25).
A radioassay (Quantaphase I; BioRad, Hercules, CA) was used
for the serum and RBC folate measurements in NHANES 1988–
1991, and Quantaphase II was used in 1991–2004 for serum and
RBC folate and for serum vitamin B-12 measurements (25).
Appropriate adjustments have been made to NHANES 1988–
1991 folate data before their public release to account for method

differences between the Quantaphase I and II and to make the
data comparable to those from NHANES 1991–1994 (26). To
ensure unbiased results over time, our laboratory used well-
characterized quality-control pools to bridge the transition from
old to new quality-control material, analyzed World Health Or-
ganization reference material when available (RBC folate and
serum vitamin B-12), and continuously participated in profi-
ciency testing programs of the College of American Pathologists.
Long-term CVs for each 2-y postfortification period were 4–7%
for serum folate at 2.30–13.2 ng/mL, 3–6% for serum vitamin
B-12 at 381–1570 pg/mL, and 4–6% for RBC folate at 63.0–494
ng/mL.

Statistical analysis

Statistical analyses were performed by using SAS (version 9;
SAS Institute Inc, Cary, NC) and SUDAAN (version 9; RTI,
Research Triangle Park, NC) software. In each survey period,
sample weights were used to account for differences in nonre-
sponse or noncoverage and to adjust for planned oversampling of
some groups. The 95% CIs for all survey periods were estimated
with SUDAAN software by using Taylor series linearization, a
method that incorporates the sample weights and accounts for the
sample design. We used the following age breakdown: ages 4–11
y (children), 12–19 y (adolescents), 20–59 y (adults), and �60 y
(older persons). We did not exclude any participants from our
analyses. Sample sizes for the biochemical indicators of folate
and vitamin B-12 status in each of the 4 survey periods are shown
in Table 1. We evaluated the influence of fasting on serum folate
concentrations during the prefortification survey period and
found that length of fasting (�1 h to �12 h) had no appreciable
influence on serum folate concentrations, regardless of the ses-
sion (morning, afternoon, or evening) in which participants were
examined. During the postfortification period, slightly higher
serum folate concentrations were observed in the morning ses-
sion participants who fasted �4 h; however, this was no longer
true when data from all participants (regardless of the examina-
tion session) were compared for different durations of fasting.
Approximately 60% of all participants fasted for �9 h before
they were examined.

To illustrate changes in the distribution of folate concentra-
tions over time, we generated frequency distributions for serum
and RBC folate concentrations in the entire population for each
survey period (Figure 1). Because the distributions of these
biomarkers were skewed, medians or geometric means (log10-
transformed data) should be evaluated. We opted to present me-
dians and 95% CIs by sex, race-ethnicity, and age group for the
4 survey periods because those measures describe the population
better than do geometric means (Table 2). Prevalence estimates
(%) and 95% CIs of subjects at risk of low or high concentrations
of folate and vitamin B-12 were determined for specific groups
of public health interest who are at risk of either low or high
intakes, such as women of childbearing age (15–45 y old), chil-
dren, and older persons (Table 3). Prevalence estimates of per-
sons at risk of low or high concentrations of folate and vitamin
B-12 by standard subgroups of sex, race-ethnicity, and age are
shown elsewhere (See Table S1 under “Supplemental data” in the
current online issue at 222.ajcn.org.). We used the following
standard cutoffs: �3 ng/mL for low serum folate (27), �140
ng/mL for low RBC folate (27), and �200 pg/mL for low serum
vitamin B-12 (28). We used a cutoff of �20 ng/mL for high
serum folate. Although arbitrary, this concentration is the highest
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calibration point in the BioRad assays before samples need to be
diluted with protein diluent. Coincidentally, this concentration is
also close to the 95th percentile for the US population before
fortification in 1988–1994—ie, 17.1 ng/mL (10). In addition,
Lawrence et al (29) used this concentration when they evaluated
the effect of fortification by using data from Kaiser Permanente.

To assess whether blood folate and vitamin B-12 concentra-
tions (Table 2) and prevalence estimates (Table 3) changed be-
tween consecutive survey periods (ie, 1988–1994 compared
with 1999–2000, 1999–2000 compared with 2001–2002, and
2001–2002 compared with 2003–2004), we first tested for sex �
survey period, race � survey period, and age � survey period
interactions by using an analysis of variance model that included
age (4 age groups), sex (male or female), racial-ethnic group
(NHW, NHB, MA, or other), and the abovementioned interac-
tion terms. We used geometric means to test for significant dif-
ferences in our subgroup analysis (Table 2) because no satisfac-
tory parametric approach exists for a statistical analysis of

complex survey data that compares medians. We found a signif-
icant (P � 0.05) age � survey period interaction for serum and
RBC folate and significant age � survey period and race �
survey period interactions for serum vitamin B-12. Because of
the age � survey period interaction, neither crude nor age-
adjusted indexes can be used to summarize trends. We therefore
restricted our time trend analysis (using a 2-tailed, 2-group t test)
to age-specific subgroups (4–11, 12–19, 20–59, and �60 y old).
To adjust for multiple comparisons, the P value of each compar-
ison was considered significant if it was � 0.017 (0.05 divided by
3, the total number of comparisons). This Bonferroni multiple
comparison adjustment is known to be slightly conservative, but
alternative procedures are not applicable to complex survey data.
For subgroups that comprised the entire age range (all, males,
females, NHW, NHB, and MA), we reported only medians (Ta-
ble 2) or prevalence estimates (Table 3; also see Table S1 under
“Supplemental data” in the current online issue at www.ajcn.org)

TABLE 1
Sample sizes for biochemical folate and vitamin B-12 concentrations in children, adolescents, and adults examined during the National Health and
Nutrition Examination Survey (NHANES) 1988–1994, 1999–2000, 2001–2002, and 2003–2004 by sex, race-ethnicity, and age group1

Race-ethnicity Sex Age group

Survey period

1988–19942 1999–2000 2001–2002 2003–2004

y n

Serum folate
All Both All 23 361 7411 8242 7692
All M All 11 130 3613 3981 3793
All F All 12 231 3798 4261 3899
NHW Both All 8 534 2575 3575 3277
NHB Both All 6 813 1714 1994 2056
MA Both All 7 017 2525 2088 1887
All Both 4–11 4 627 1131 1317 1147
All Both 12–19 2 957 2124 2208 2058
All Both 20–59 10 726 2669 3189 2831
All Both �60 5 051 1487 1528 1656

Red blood cell folate
All Both All 23 402 7491 8336 7700
All M All 11 144 3644 4019 3792
All F All 12 258 3847 4317 3908
NHW Both All 8 574 2600 3611 3261
NHB Both All 6 869 1738 2032 2086
MA Both All 6 956 2545 2096 1885
All Both 4–11 4 660 1155 1348 1153
All Both 12–19 2 955 2136 2226 2063
All Both 20–59 10 720 2687 3217 2828
All Both �60 5 067 1513 1545 1656

Serum vitamin B-12
All Both All 11 860 7409 8245 7692
All M All 5 380 3611 3977 3793
All F All 6 480 3798 4268 3899
NHW Both All 3 989 2574 3579 3277
NHB Both All 3 903 1714 1991 2057
MA Both All 3 365 2525 2088 1886
All Both 4–11 2 204 1131 1316 1147
All Both 12–19 1 593 2123 2208 2059
All Both 20–59 5 556 2668 3193 2831
All Both �60 2 507 1487 1528 1655

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately.
2 In NHANES III, serum vitamin B-12 concentrations were measured only in persons aged �4 y for 1991–1994.
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without performing subgroup analysis to test for significant dif-
ferences between survey periods.

We determined selected population percentile values (2.5th,
50th, and 97.5th) and their 95% CIs for serum and RBC folate and
for serum vitamin B-12 from 6 y of data covering the postforti-
fication period 1999–2004 and from either 3 y (for serum vitamin
B-12) or 6 y (for serum and RBC folate) of data covering the
prefortification period 1988–1994 (Table 4). We determined
these values for the entire population and for population sub-
groups by sex, race-ethnicity, and age group. The outer tail per-
centiles are not necessarily comparable to clinical reference
ranges, but they enable us to estimate circulating concentrations
of folate and vitamin B-12 for 95% of the US population and to
compare the US population with other populations. For selected

population percentile values for various age-sex and age–race-
ethnicity combinations, see Table S2 under “Supplemental data”
in the current online issue at www.ajcn.org.

RESULTS

Trends in circulating folate and vitamin B-12
concentrations, 1988–2004

Frequency distributions for serum and RBC folate for the
entire population in each of the 4 survey periods illustrate how the
distribution in blood concentrations changed (Figure 1).
Whereas a remarkable upward shift occurred in the entire distri-
bution of serum and RBC folate concentrations from before
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FIGURE 1. Frequency distribution of serum and red blood cell (RBC) folate among the entire population of the United States according to the National
Health and Nutrition Examination Surveys spanning 1988–1994, 1999–2000, 2001–2002, and 2003–2004. The vertical dotted lines in the top and bottom panels
indicate the cutoff for low values of serum folate and RBC folate, respectively.
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fortification to the first postfortification survey period, an appar-
ent decline was seen mainly at the upper end of the distribution
in the 2 most recent postfortification survey periods with no
apparent decline at the lower end of the distribution. The lowest
postfortification distributions of serum and RBC folate concen-
trations were seen for 2003–2004, and yet the distribution curve

for that survey period was still much higher than that for the
prefortification survey. Frequency distributions for serum vita-
min B-12 for the entire population for each of the 4 survey
periods did not appear to change significantly (data not shown).

Median concentrations of serum and RBC folate and serum
vitamin B-12 by sex, race-ethnicity, and age group in 1988–

TABLE 2
Trends in biochemical folate and vitamin B-12 concentrations in the US population by sex, race-ethnicity, and age group during the National Health and
Nutrition Examination Survey (NHANES), 1988–20041

Race-ethnicity Sex Age group

Median (95% CIs)

1988–19943 1999–2000 2001–2002 2003–2004

P2

1988–1994
vs

1999–20004

1999–2000
vs

2001–20025

2001–2002
vs

2003–20046

y
Serum folate

(ng/mL)7

All Both All 5.5 (5.2, 5.7) 14.1 (13.3, 14.9) 13.0 (12.5, 13.4) 11.9 (11.4, 12.3) — — —
All M All 5.3 (5.0, 5.5) 13.3 (12.5, 14.2) 12.5 (12.0, 12.9) 11.5 (11.0, 11.9) — — —
All F All 5.7 (5.5, 6.0) 14.7 (14.0, 15.9) 13.5 (13.1, 13.9) 12.5 (11.9, 12.9) — — —
NHW Both All 5.8 (5.5, 6.1) 14.8 (13.8, 16.2) 13.5 (13.0, 14.0) 12.6 (12.0, 13.3) — — —
NHB Both All 4.6 (4.4, 4.7) 11.6 (10.9, 12.3) 10.8 (10.1, 11.3) 10.1 (9.30, 10.8) — — —
MA Both All 5.1 (4.7, 5.3) 13.4 (12.8, 13.9) 11.7 (10.9, 12.5) 11.1 (10.7, 11.6) — — —
All Both 4–11 8.8 (8.3, 9.3) 19.3 (18.5, 19.9) 17.0 (16.4, 17.7) 15.6 (15.0, 16.3) �0.001 �0.001 0.01
All Both 12–19 5.1 (4.9, 5.5) 13.3 (12.7, 14.0) 12.6 (11.9, 13.3) 11.0 (10.4, 11.4) �0.001 0.014 0.002
All Both 20–59 4.8 (4.5, 5.0) 12.5 (11.6, 13.6) 11.8 (11.2, 12.2) 11.0 (10.5, 11.3) �0.001 NS 0.011
All Both �60 6.9 (6.6, 7.3) 17.4 (16.4, 18.2) 16.6 (15.4, 17.5) 15.6 (14.8, 16.4) �0.001 0.009 NS

Red blood cell
folate (ng/mL)

All Both All 174 (169, 180) 276 (266, 289) 274 (265, 282) 254 (246, 262) — — —
All M All 172 (166, 176) 270 (258, 280) 265 (254, 276) 248 (239, 258) — — —
All F All 177 (169, 184) 286 (272, 299) 281 (273, 291) 262 (251, 271) — — —
NHW Both All 184 (177, 189) 293 (275, 308) 287 (282, 295) 268 (257, 279) — — —
NHB Both All 135 (132, 139) 226 (219, 232) 214 (209, 220) 210 (205, 214) — — —
MA Both All 164 (156, 170) 255 (250, 261) 252 (240, 264) 236 (230, 244) — — —
All Both 4–11 200 (190, 210) 287 (279, 292) 274 (263, 284) 256 (247, 266) �0.001 NS 0.002
All Both 12–19 150 (143, 156) 244 (237, 256) 237 (226, 248) 224 (215, 230) �0.001 NS 0.003
All Both 20–59 164 (160, 171) 269 (256, 285) 271 (260, 280) 248 (239, 258) �0.001 NS �0.001
All Both �60 211 (204, 220) 344 (323, 363) 335 (325, 349) 321 (310, 337) �0.001 NS NS

Serum vitamin
B-12 (pg/mL)

All Both All 466 (453, 478) 482 (472, 492) 483 (472, 492) 483 (466, 499) — — —
All M All 464 (449, 479) 484 (474, 497) 483 (467, 495) 483 (468, 497) — — —
All F All 466 (449, 484) 476 (465, 493) 484 (473, 493) 484 (462, 504) — — —
NHW Both All 444 (427, 460) 465 (452, 476) 471 (458, 485) 466 (447, 486) — — —
NHB Both All 567 (553, 579) 578 (566, 597) 551 (535, 566) 545 (520, 581) — — —
MA Both All 495 (471, 522) 525 (502, 539) 492 (465, 529) 517 (496, 535) — — —
All Both 4–11 667 (636, 703) 710 (677, 747) 714 (687, 745) 724 (708, 748) NS NS NS
All Both 12–19 480 (464, 507) 506 (494, 518) 515 (496, 537) 504 (481, 528) NS NS NS
All Both 20–59 436 (423, 456) 447 (438, 457) 449 (439, 459) 452 (435, 470) NS NS NS
All Both �60 413 (398, 430) 469 (458, 482) 480 (465, 493) 477 (453, 494) �0.001 NS NS

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately. Serum and red
blood cell folate concentrations were measured in ng/mL; serum vitamin B-12 concentrations were measured in pg/mL. SI conversion: to convert serum folate
to nmol/L, multiply by 2.266; to convert red blood cell folate to nmol/L, multiply by 2.266; to convert serum vitamin B-12 to pmol/L, multiply by 0.7378.

2 For serum and red blood cell folate, time trend analysis of groups comprising the entire age range could not be performed because of a significant age
� survey period interaction. For serum vitamin B-12, time trend analysis of groups comprising the entire age range and all races could not be performed because
of significant age � survey period and race � survey period interactions.

3 In NHANES III, serum vitamin B-12 concentrations were measured only for all persons aged �4 y in 1991–1994.
4 Pairwise comparison (t test) of geometric means from 1988–1994 and 1999–2000.
5 Pairwise comparison (t test) of geometric means from 1999–2000 and 2001–2002.
6 Pairwise comparison (t test) of geometric means from 2001–2002 and 2003–2004.
7 Folate measurements were performed by using the Quantaphase II radioassay (BioRad Diagnostics, Hercules, CA), which measures, on average, �35%

lower than does the microbiologic assay.
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1994, 1999–2000, 2001–2002, and 2003–2004 are shown in
Table 2. Because of the age � survey period interaction, we
present only the findings from time trend analysis for the age-
specific subgroups. Concentrations of serum and RBC folate
increased substantially in every age group after the introduction
of folic acid fortification in 1998: serum folate concentrations
more than doubled and RBC folate concentrations increased by
�50%. Serum vitamin B-12 concentrations showed a small in-
crease (14%) from before fortification to the first postfortifica-
tion survey period in older persons. From the first to the second
postfortification survey period, we saw a small decrease in serum
folate concentrations in children (12%), adolescents (5%), and
older persons (5%); from the second to the third postfortification
period, we saw a small decrease in children (8%), adolescents
(13%), and adults (7%). We saw no change in RBC folate from
the first to the second postfortification survey period, but we saw
a small decrease from the second to the third postfortification
period in children (7%), adolescents (6%), and adults (9%).
Overall, serum folate concentrations decreased more than did

RBC folate concentrations (by 10–20% and 7–11%, respec-
tively); however, decreases in both analytes were highest in chil-
dren and adolescents. Serum vitamin B-12 concentrations re-
mained unchanged between the first and third postfortification
survey periods.

Trends in prevalence estimates for persons at risk of low
or high blood folate and vitamin B-12 concentrations,
1988–2004

Prevalence estimates for the 4 survey periods covering 1988–
2004 in age-specific groups of special public health interest are
shown in Table 3. For prevalence estimates in subgroups by
standard sex, race-ethnicity, and age group breakdown, see Table
S1 under “Supplemental data” in the current online issue at
www.ajcn.org. The prevalence of low serum folate concentra-
tions (�3 ng/mL) decreased substantially for women of child-
bearing age (from 21% to �1%) after fortification was intro-
duced. No change occurred between the first and second or
between the second and third postfortification periods in women

TABLE 3
Trends in the prevalence of the risk of low or high blood folate and vitamin B-12 concentrations in the entire US population and in groups of special public
health interest during the National Health and Nutrition Examination Survey (NHANES), 1988–20041

Race-ethnicity Sex
Age

group

Prevalence (95% CI)

1988–19942 1999–2000 2001–2002 2003–2004

P

1988–1994
vs

1999–20003

1999–2000
vs

2001–20024

2001–2002
vs

2003–20045

y %

Serum folate � 3
ng/mL

All F 15–45 20.6 (18.6, 22.8) 0.8 (0.3, 1.7) 0.3 (0.1, 1.0) 0.6 (0.2, 1.5) �0.001 NS NS
NHW F 15–45 20.0 (17.4, 22.8) 1.1 (0.5, 2.4) 0.4 (0.1, 1.6) 0.7 (0.2, 2.1) �0.001 NS NS
NHB F 15–45 29.7 (27.6, 31.9) 0.4 (0.1, 2.7) 0.4 (0.1, 1.8) 0.8 (0.2, 3.2) �0.001 NS NS
MA F 15–45 21.7 (18.6, 25.2) 0.0 0.4 (0.1, 2.3) 0.3 (0.0, 2.4) �0.001 NS NS

Red blood cell folate
� 140 ng/mL

All F 15–45 37.6 (34.4, 40.9) 5.1 (3.4, 7.5) 4.0 (2.6, 5.9) 5.5 (4.5, 6.6) �0.001 NS NS
NHW F 15–45 34.5 (30.6, 38.6) 4.4 (2.3, 8.4) 2.7 (1.3, 5.7) 3.5 (2.7, 4.6) �0.001 NS NS
NHB F 15–45 59.6 (56.5, 62.6) 11.9 (7.6, 18.3) 14.1 (9.7, 20.1) 14.3 (10.8, 18.8) �0.001 NS NS
MA F 15–45 38.7 (33.4, 44.2) 1.6 (0.6, 3.8) 2.8 (1.4, 5.7) 4.7 (3.0, 7.5) �0.001 NS NS

Serum folate � 20
ng/mL

All Both 4–11 5.4 (3.7, 7.6) 42.4 (35.7, 49.3) 26.8 (23.4, 30.6) 18.6 (15.2, 22.5) �0.001 �0.001 0.002
All Both �60 7.1 (5.8, 8.8) 38.0 (34.5, 41.7) 31.5 (28.4, 34.9) 31.8 (28.2, 35.6) �0.001 0.009 NS
All M �60 5.0 (3.6, 6.9) 29.2 (25.2, 33.6) 25.3 (22.0, 28.9) 27.5 (22.8, 32.8) �0.001 NS NS
All F �60 8.8 (7.0, 11.1) 45.2 (41.2, 49.3) 36.2 (31.6, 41.0) 35.1 (31.5, 38.9) �0.001 0.005 NS

Serum vitamin B-12
� 200 pg/mL

All Both �60 4.8 (3.6, 6.2) 2.7 (2.0, 3.7) 3.6 (2.8, 4.6) 3.9 (2.9, 5.2) 0.012 NS NS
All M �60 5.2 (3.7, 7.4) 2.6 (1.7, 4.0) 3.4 (2.6, 4.5) 3.8 (2.4, 5.9) NS NS NS
All F �60 4.4 (2.9, 6.5) 2.8 (1.9, 4.1) 3.7 (2.3, 5.7) 4.0 (2.4, 6.4) NS NS NS
NHW Both �60 5.1 (3.8, 6.8) 2.7 (1.8, 4.1) 3.6 (2.8, 4.6) 4.1 (3.1, 5.3) NS NS NS
NHB Both �60 1.8 (0.9, 3.7) 1.4 (0.6, 3.2) 1.0 (0.3, 3.3) 2.0 (1.0, 3.9) NS NS NS
MA Both �60 6.3 (4.0, 9.8) 4.0 (2.0, 7.8) 1.9 (0.6, 5.9) 1.7 (1.1, 2.8) NS NS NS

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately. Folate measure-
ments were performed by using the Quantaphase II radioassay (BioRad Diagnostics, Hercules, CA), which measures, on average, �35% lower than does the
microbiologic assay.

2 In NHANES III, serum vitamin B-12 concentrations were measured only for all persons aged �4 y in 1991–1994.
3 Pairwise comparison (t test) of prevalence estimates from 1988–1994 and 1999–2000.
4 Pairwise comparison (t test) of prevalence estimates from 1999–2000 and 2001–2002.
5 Pairwise comparison (t test) of prevalence estimates from 2001–2002 and 2003–2004.
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TABLE 4
Selected population percentile values for biochemical folate and vitamin B-12 concentrations by sex, race-ethnicity, and age group during the National
Health and Nutrition Examination Survey (NHANES), 1988–1994 and 1999–20041

Race-ethnicity Sex Age group Survey Subjects

Percentile (95% CI)

2.5th 50th 97.5th

y n

Serum folate2

All Both All 1988–1994 23 361 1.7 (1.6, 1.8) 5.5 (5.2, 5.7) 21.3 (19.9, 22.6)
1999–2004 23 345 4.6 (4.5, 4.9) 13 (12.7, 13.2) 34.8 (34.1, 36.0)

All M All 1988–1994 11 130 1.8 (1.6, 1.9) 5.3 (5.0, 5.5) 18.6 (17.6, 20.2)
1999–2004 11 387 4.5 (4.3, 4.7) 12.3 (12.0, 12.7) 32.2 (31.2, 33.6)

All F All 1988–1994 12 231 1.7 (1.6, 1.8) 5.7 (5.5, 6.0) 23.2 (21.6, 25.7)
1999–2004 11 958 4.8 (4.6, 5.1) 13.6 (13.2, 13.9) 37.3 (35.7, 39.5)

NHW Both All 1988–1994 8534 1.7 (1.6, 1.8) 5.8 (5.5, 6.1) 22.4 (20.6, 24.2)
1999–2004 9427 4.9 (4.6, 5.1) 13.6 (13.1, 13.9) 36.5 (35.0, 37.8)

NHB Both All 1988–1994 6813 1.6 (1.5, 1.6) 4.6 (4.4, 4.7) 16.3 (15.3, 16.8)
1999–2004 5764 4.1 (3.8, 4.4) 10.7 (10.4, 11.1) 30.1 (27.7, 32.8)

MA Both All 1988–1994 7017 1.7 (1.7, 1.8) 5.1 (4.7, 5.3) 17.0 (15.1, 19.3)
1999–2004 6500 4.7 (4.2, 4.9) 11.9 (11.4, 12.2) 28.7 (27.2, 30.6)

All Both 4–11 1988–1994 4627 3.3 (3.1, 3.6) 8.8 (8.3, 9.3) 26.9 (22.6, 29.5)
1999–2004 3595 8.6 (8.2, 9.0) 17.2 (16.9, 17.6) 37.7 (34.7, 41.0)

All Both 12–19 1988–1994 2957 1.7 (1.6, 1.9) 5.1 (4.9, 5.5) 16.1 (14.3, 18.1)
1999–2004 6390 5 (4.8, 5.2) 12.1 (11.7, 12.5) 27.2 (25.6, 28.2)

All Both 20–59 1988–1994 10 726 1.6 (1.4, 1.6) 4.8 (4.5, 5.0) 18.5 (17.1, 20.4)
1999–2004 8689 4.4 (4.1, 4.5) 11.6 (11.3, 11.9) 31.0 (30.1, 32.6)

All Both �60 1988–1994 5051 2.1 (1.9, 2.3) 6.9 (6.6, 7.3) 28.1 (25.2, 30.3)
1999–2004 4671 5.6 (5.2, 5.9) 16.6 (16.0, 17.0) 45.8 (43.7, 48.4)

Red blood cell folate2

All Both All 1988–1994 23 402 77 (74, 79) 174 (169, 180) 438 (423, 456)
1999–2004 23 527 135 (131, 138) 269 (263, 274) 600 (581, 618)

All M All 1988–1994 11 144 79 (74, 82) 172 (166, 176) 412 (393, 439)
1999–2004 11 455 136 (131, 140) 260 (255, 266) 566 (545, 580)

All F All 1988–1994 12 258 75 (71, 77) 177 (169, 184) 455 (439, 473)
1999–2004 12 072 132 (128, 136) 276 (272, 282) 630 (598, 657)

NHW Both All 1988–1994 8574 79 (76, 84) 184 (177, 189) 455 (437, 473)
1999–2004 9472 145 (138, 150) 284 (277, 290) 636 (608, 657)

NHB Both All 1988–1994 6869 58 (53, 60) 135 (132, 139) 317 (305, 330)
1999–2004 5856 111 (108, 114) 216 (213, 219) 433 (411, 462)

MA Both All 1988–1994 6956 79 (74, 82) 164 (156, 170) 368 (342, 401)
1999–2004 6526 135 (129, 141) 247 (242, 252) 519 (494, 539)

All Both 4–11 1988–1994 4660 101 (95, 107) 200 (190, 210) 386 (358, 409)
1999–2004 3656 172 (164, 176) 271 (266, 275) 507 (473, 523)

All Both 12–19 1988–1994 2955 72 (67, 76) 150 (143, 156) 360 (332, 384)
1999–2004 6425 131 (127, 135) 235 (230, 240) 454 (425, 490)

All Both 20–59 1988–1994 10 720 74 (70, 77) 164 (160, 171) 414 (395, 433)
1999–2004 8732 131 (127, 134) 263 (256, 269) 567 (539, 595)

All Both �60 1988–1994 5067 83 (80, 88) 211 (204, 220) 573 (525, 611)
1999–2004 4714 145 (140, 152) 333 (325, 344) 744 (718, 789)

Serum vitamin B-123

All Both All 1991–1994 11 860 196 (181, 212) 466 (453, 478) 1070 (1020, 1120)
1999–2004 23 346 209 (206, 212) 483 (475, 490) 1180 (1150, 1210)

All M All 1991–1994 5380 200 (179, 220) 464 (449, 479) 1050 (993, 1100)
1999–2004 11 381 219 (212, 226) 484 (476, 491) 1100 (1080, 1140)

All F All 1991–1994 6480 196 (179, 214) 466 (449, 484) 1090 (1030, 1160)
1999–2004 11 965 202 (199, 207) 482 (473, 491) 1260 (1200, 1300)

NHW Both All 1991–1994 3989 200 (183, 213) 444 (427, 460) 986 (918, 1070)
1999–2004 9430 203 (201, 208) 469 (460, 476) 1100 (1080, 1140)

NHB Both All 1991–1994 3903 237 (218, 260) 567 (553, 579) 1280 (1200, 1360)
1999–2004 5762 238 (226, 252) 561 (547, 574) 1340 (1310, 1390)

MA Both All 1991–1994 3365 205 (193, 228) 495 (471, 522) 1290 (1160, 1470)
1999–2004 6499 234 (219, 243) 513 (498, 524) 1450 (1240, 1760)

All Both 4–11 1991–1994 2204 346 (321, 377) 667 (636, 703) 1350 (1250, 1460)
1999–2004 3594 337 (326, 350) 715 (700, 732) 1470 (1380, 1540)

All Both 12–19 1991–1994 1593 248 (224, 274) 480 (464, 507) 1010 (909, 1150)
1999–2004 6390 236 (228, 243) 508 (497, 520) 1050 (1000, 1080)

All Both 20–59 1991–1994 5556 188 (172, 207) 436 (423, 456) 935 (870, 1030)
1999–2004 8692 207 (203, 211) 451 (443, 458) 1060 (1010, 1100)

All Both �60 1991–1994 2507 158 (145, 179) 413 (398, 430) 1060 (977, 1200)
1999–2004 4670 184 (168, 194) 474 (467, 483) 1250 (1170, 1330)

1 NHW, non-Hispanic white; NHB, non-Hispanic black; MA, Mexican American; All, racial-ethnic groups were not shown separately.
2 Folate measurements (in ng/mL) were performed by using the Quantaphase II radioassay (BioRad Diagnostics, Hercules, CA), which measures, on

average, �35% lower than does the microbiologic assay.
3 In NHANES III, serum vitamin B-12 concentrations were measured (in pg/mL) only for all persons aged �4 y in 1991–1994.
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of childbearing age, whether they were considered as an entire
group or by racial-ethnic groups. Similarly, the prevalence of low
RBC folate concentrations (�140 ng/mL) decreased signifi-
cantly from 38% before fortification to 5% after fortification. As
with serum folate, we saw no change during the years spanning
the 3 postfortification survey periods.

The prevalence of high serum folate concentrations (�20 ng/
mL) increased substantially—from 5% to 42% in children and
from 7% to 38% in older persons—after fortification was intro-
duced. We saw a significant decrease in the prevalence of high
serum folate concentrations from the first to the second postfor-
tification survey period in children and older persons (women
only) but a further decrease from the second to the third period
only in children. Overall, children experienced a greater decrease
in the prevalence of high serum folate concentrations between
1999 and 2004 (from 42% to 19% prevalence) than did older
persons (from 38% to 32% prevalence). The prevalence of low
serum vitamin B-12 concentrations (�200 pg/mL) changed only
for older persons from before fortification to after fortification
(from 5% to 3%).

Selected population percentile values for blood folate and
vitamin B-12 concentrations in the prefortification and
postfortification periods

The 2.5th, 50th, and 97.5th percentiles for 6 y of prefortifica-
tion and postfortification survey periods by sex, race-ethnicity,
and age group are shown in Table 4. The same percentiles by
sex–age group and race-ethnicity–age group combinations are
shown in Table S2 under “Supplemental data” in the current
online issue at www.ajcn.org. The upward shift in the entire
distribution after fortification is readily apparent.

DISCUSSION

We present here the history of blood folate and vitamin B-12
concentrations in a nationally representative sample of the US
population over a long enough period of time and across enough
different survey periods that both the trends associated with
implementation of folate fortification and the subsequent trends
unrelated to this fortification program can be assessed. The
present study offers a unique opportunity to assess these trends,
because the same analytic technique was used from 1988 to 2004,
but a new technique will, of necessity, be introduced later in
2007.

Our analyses significantly expand on an earlier report by Ganji
and Kafai (20) by including a third postfortification survey pe-
riod, which allows the assessment of time trends; presenting the
results in a format more useful to practitioners and the public
health community (medians rather than geometric means); and
providing selected population percentile values for sex-age
groups to document the skewed nature of the distributions and
how they changed over time. Modeling of fortification scenarios
before the implementation of fortification suggested that it would
have a greater effect on intakes at the upper end of the distribution
curve than at the lower end (30). Our results are consistent with
this prediction. The prefortification (1988–1994) to postfortifi-
cation (1999–2000) increases in serum folate were 2.7, 8.7, and
15.9 ng/mL at the 2.5th, 50th, and 97.5th percentiles, respec-
tively, and the corresponding increases in RBC folate were 59,
102, and 182 ng/mL (data not shown). Comparisons of postfor-
tification trends show that the changes in serum folate from the

first to the third survey period at the same percentiles were 0.1,
�2.3, and �4.2 ng/mL, respectively; corresponding changes in
RBC folate were �4, �23, and �63 ng/mL (data not shown). We
saw no changes in the prevalence of low serum folate concen-
trations during the overall downward trend from 1999–2004 but
substantial changes in high serum folate concentrations. It is also
noteworthy that we did not see appreciable changes in vitamin
B-12 status over this extended period. Because there is contro-
versy as to whether the serum vitamin B-12 concentration is a
sensitive indicator of vitamin B-12 status, that question should be
revisited when the 2003–2004 MMA data become available.

The marked increase in blood folate concentrations after for-
tification has generated considerable interest. Before implement-
ing folate fortification, FDA noted that the effect of fortification
on folate intakes likely was underestimated because of survey
participants’ underreporting of foods consumed, food-
composition table underestimates of the folate content of foods,
increased consumer selection of folate-rich foods because of
health claims and other publicity, and increasing availability of
the numbers and types of nonstandardized folate-fortified
foods—eg, breakfast cereals (13). The effects of these factors
likely are cumulative and interactive in nature, which illustrates
the value of monitoring the prefortification and postfortification
biochemical indicators of folate status that reflect the net effect of
a number of uncertainties surrounding the fortification decisions.

The recent decreases in blood folate concentrations may be
due in part to changes in consumer behaviors. For example, US
per capita data on the disappearance of wheat flour from the US
food supply showed steady increases from �1985 to 2000 (from
124.6 pounds per capita in 1990 to 146.3 pounds in 2000) and a
reversal of this trend after 2000, to 134.3 pounds per capita in
2004 (31). This change may have been a response to publicity
about the purported benefits of low-carbohydrate diets in weight
loss or due to more general concerns about calorie reduction
because of publicity about the obesity epidemic. The number of
low-carbohydrate products introduced increased year-by-year
from 15 products in 2000 to 661 through 9 April 2004 (32). There
has been no recent systematic analysis of enriched cereal–grain
products, but one study suggested that the mean folate content of
enriched breads may have been reduced during 2000–2003 (33).

Currently, we do not know whether the slight downward post-
fortification trend in serum and RBC folate concentrations is
functionally important. In evaluating this question, method dif-
ferences between the BioRad and the microbiologic assay have
to be considered. The BioRad assay gives results that are, on
average, �35% lower than those obtained with the microbio-
logic assay (26). Therefore, when cutoffs derived from the mi-
crobiologic assay are applied to results produced by the BioRad
assay, the prevalence of the risk of folate inadequacy is overes-
timated. In the present analyses, we used cutoffs for low serum
and RBC folate that were based on microbiologic assay results
derived through an expert consultation process (27). When we
applied adjusted cutoffs (10) to our prevalence analysis (ie, cut-
offs of �2 ng/mL for low serum folate and of �95 ng/mL for low
RBC folate), we found �4 participants with low serum folate and
�40 participants with low RBC folate out of �8000 participants
in each of the 3 postfortification survey periods. Thus, from the
perspective of nutritional adequacy relative to generally ac-
cepted nutritional status criteria, the slight downward trend after
fortification seems unlikely to be functionally important.
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An evaluation of whether this slight downward trend after
fortification may have any effect on the risk of NTDs is con-
founded by observations that the rank order of NTD incidence
rates among racial-ethnic groups—ie, NHB � NHW � MA
(34)—differs from that for serum and RBC folate concentra-
tions—ie, NHW � MA � NHB—which makes it problematic to
use RBC folate concentrations to predict NTD rates for the US
population. Moreover, there was no apparent decline in blood
folate concentrations at the low end of the distribution curves,
where women are presumably at the greatest risk of suboptimal
folate status. Even after the modest decrease in biochemical
folate concentrations, serum folate concentrations in 2003–2004
were still approximately twice prefortification concentrations,
and RBC folate concentrations were �50% higher.

Fortification programs must balance the need to increase the
intakes of target groups (eg, women of childbearing age) with the
need to guard against excessive intakes for other consumers (eg,
children and older persons). Yet, fortification decisions almost
always have to be made with some uncertainties in the available
data. We still lack population-based data on dose-response rela-
tions between folate intake and the risk of NTDs, systematic
evaluations of potential safety problems, and data on the poten-
tial role of folate intakes and status with respect to the risk of
certain chronic diseases. Observational studies have suggested
potential benefits of folic acid fortification with respect to de-
clines in the incidence of stroke (35) and neuroblastoma (36).
Conversely, early results from randomized clinical trials on folic
acid supplements and reduced risk of cardiovascular disease
have not been promising (37–41). Potentially greater risks as-
sociated with very high folic acid intakes have also been sug-
gested. In a preliminary cross-sectional study of postmenopausal
women, an inverse U-shaped relation was found between plasma
folic acid from dietary sources and supplements and natural killer
cell toxicity (42). Folate appears to possess dual modulatory
effects on colorectal carcinogenesis, depending on the timing
and dose of the folate intervention (43, 44). There is controversy
over the effects of folate and vitamin B-12 as they relate to
cognition. In a prospective cohort of elderly who participated in
the Chicago Health and Aging Project, those in the highest quin-
tile of folate intake (who mostly were supplement users) had a
significantly more pronounced cognitive decline over the course
of 6 y than did those in the lowest quintile (45). Among seniors
participating in NHANES 1999–2002, a high serum folate con-
centration was associated with anemia and cognitive impairment
in those with low vitamin B-12 status, whereas it was associated
with protection against cognitive impairment in those with nor-
mal vitamin B-12 status (46). In the Folic Acid and Carotid
Intima-media Thickness trial, daily oral folic acid supplementa-
tion for 3 y beneficially affected global cognitive function in
older adults (47). Finally, in the Sacramento Area Latino Study
on Aging, the risk of cognitive decline increased in subjects with
elevated baseline homocysteine concentrations, especially in
conjunction with low serum vitamin B-12 concentrations (48).
Results from ongoing research on the relation between folate
intake, folate and vitamin B-12 status, and an altered risk of some
chronic diseases should be carefully considered within the con-
text of population-monitoring results.

We have presented a detailed history of folate and vitamin
B-12 status in the US population from the years before and after
folate fortification. After the relatively large initial increase in
serum and RBC folate concentrations that followed fortification,

blood concentrations decreased by �10% between 1999 and
2004, mainly at the high end of the distribution curves. It is too
early to tell whether concentrations will stabilize. However,
these changes underscore the need for further monitoring of the
fortified-food supply as well as blood concentrations.

We thank Jocelyn Kennedy-Stephenson (of the National Center for Health
Statistics) for statistical data analysis and Irene Williams, Donna LaVoie,
Lily Jia, and Della Twite (of the National Center for Environmental Health)
for performing the folate and vitamin B-12 assays.

The authors’ responsibilities were as follows—MP and CLJ: the study
concept and design and the collection of data; RBJ, CMP, and CLJ: the
statistical data analysis; CMP, CLJ, EAY, MFP, JIR, JDO, and RBJ: the
analysis and interpretation of data; CMP: writing of the manuscript draft;
CMP, CLJ, EAY, MFP, JIR, JDO, KDF, JM, and RBJ: critical revision of the
manuscript; and all authors: contributions to the final manuscript. None of the
authors had any personal or financial conflict of interest.

REFERENCES
1. Selhub J. Jacques PF, Wilson PWF, Rush D, Rosenberg IH. Vitamin

status and intake as primary determinants of homocysteinemia in an
elderly population. JAMA 1993;270:2693–8.

2. Selhub J, Rosenberg IH. Folic acid. In: Ziegler EE, Filer LJ Jr, eds.
Present knowledge in nutrition. 7th ed. Washington, DC: ILSI Press,
1996:206–19.

3. Sauberlich HE. Relationship of vitamin B6, vitamin B12, and folate to
neurological and neuropsychiatric disorders. In: Bendich A, Butterworth
CE Jr, eds. Micronutrients in health and disease prevention. New York:
Marcel Dekker, Inc, 1991:187–218.

4. Riggs KM, Spiro A III, Tucker K, Rush D. Relations of vitamin B-12,
vitamin B-6, folate, and homocysteine to cognitive performance in the
Normative Aging Study. Am J Clin Nutr 1996;63:306–14.

5. Duthis SJ, Whalley LJ, Collins AR, Leaper S, Berger K, Deary IJ.
Homocysteine, B vitamin status, and cognitive function in the elderly.
Am J Clin Nutr 2002;75:908–13.

6. Baik HW, Russel RM. Vitamin B12 deficiency in the elderly. Annu Rev
Nutr 1999;19:357–77.

7. Institute of Medicine. Dietary reference intakes for thiamin, riboflavin,
niacin, vitamin B6, folate, vitamin B12, pantothenic acid, biotin and
choline. Washington, DC: National Academy Press, 1998.

8. Senti FR, Pilch SM. Analysis of folate data from the second National
Health and Nutrition Examination Survey (NHANES II). J Nutr 1985;
115:1398–402.

9. Life Sciences Research Office. An update report on nutrition monitoring
in the United States. Prepared for the US Department of Agriculture and
the US Department of Health and Human Services. Washington, DC: US
Government Printing Office, 1989. [DHHS Publication no. (PHS) 89-
1255.]

10. Wright JD, Bialostosky K, Gunter EW, et al. Blood folate and vitamin
B12: United States, 1988–1994. Vital Health Stat 11 1998;(243):1–78.

11. Recommendations for the use of folic acid to reduce the number of cases
of spina bifida and other neural tube defects. MMWR Morb Mortal Wkly
Rep 1992;41(no. RR-14):1–7.

12. Yetley EA, Rader JI. The challenge of regulating health claims and food
fortification. J Nutr 1996;126(suppl):765S–72S.

13. Food and Drug Administration. Food labeling: health claims and label
statements; folate and neural tube defects. Final Rule. Fed Regist 1996;
61(44):8752–81.

14. Food and Drug Administration. Food standards: amendment of stan-
dards of identity for enriched grain products to require addition of folic
acid. Final rule. Fed Regist 1996;61(44):8781–97.

15. Food and Drug Administration. Food additives permitted for direct ad-
dition to food for human consumption; folic acid (Folacin). Fed Regist
1996;61(44):8797–807.

16. Jacques PF, Selhub J, Bostom AG, Wilson PWF, Rosenberg IH. The
effect of folic acid fortification on plasma folate and total homocysteine
concentrations. N Engl J Med 1999;340:1449–54.

17. Choumenkowitch SF, Jacques PF, Nadeau MR, Wilson PWF, Rosenberg
IH, Selhub J. Folic acid fortification increases red blood cell folate
concentrations in the Framingham Study. J Nutr 2001;131:3277–80.

726 PFEIFFER ET AL

 by on D
ecem

ber 16, 2008 
w

w
w

.ajcn.org
D

ow
nloaded from

 

http://www.ajcn.org


18. Pfeiffer CM, Caudill SP, Gunter EW, Osterloh J, Sampson EJ. Biochem-
ical indicators of B vitamin status in the US population after folic acid
fortification: results from the National Health and Nutrition Examination
Survey 1999–2000. Am J Clin Nutr 2005;82:442–50.

19. Dietrich M, Brown CJP, Block G. The effect of folate fortification of
cereal-grain products on blood folate status, dietary folate intake and
dietary folate sources among adult non-supplement users in the United
States. J Am Coll Nutr 2005;24:266–74.

20. Ganji V, Kafai MR. Trends in serum folate, RBC folate, and circulating
total homocysteine concentrations in the United States: analysis of data
from National Health and Nutrition Examination Surveys, 1988–1994,
1999–2000, and 2001–2002. J Nutr 2006;136:153–8.

21. Folate status in women of childbearing age, by race/ethnicity—United
States, 1999–2000, 2001–2002, and 2003–2004. MMWR Morb Mortal
Wkly Rep 2007;55:1377–80.

22. Honein MA, Paulozzi LJ, Mathews TJ, Erickson JD, Wong LYC. Impact
of folic acid fortification of the US food supply on the occurrence of
neural tube defects. JAMA 2001;285:2981–6.

23. National Center for Health Statistics. 1999—Current National Health
and Nutrition Examination Survey (NHANES). Internet: http://www.
cdc.gov/nchs/about/major/ nhanes/currentnhanes.htm (accessed 21 Jan-
uary 2007).

24. National Center for Health Statistics. NCHS definitions. Internet: http://
www.cdc.gov/ nchs/datawh/nchsdefs/race.htm (accessed 21 January
2007).

25. National Center for Health Statistics. Laboratory procedures used for the
third National Health and Nutrition Examination Survey (NHANES III),
1988-1994. Internet: http://www.cdc.gov/nchs/data/nhanes/nhanes3/
cdrom/nchs/manuals/labman.pdf (accessed 21 January 2007).

26. Life Sciences Research Office. Assessment of folate methodology used
in the third National Health and Nutrition Survey (NHANES 1988–
1994). Prepared for the Center for Food Safety and Applied Nutrition,
Food and Drug Administration, Department of Health and Human Ser-
vices. Washington, DC: US Government Printing Office, 1994.

27. Life Sciences Research Office. Assessment of the folate nutritional sta-
tus of the U.S. population based on data collected in the second National
Health and Nutrition Examination Survey, 1976–1980. Prepared for the
Center for Food Safety and Nutrition, Food and Drug Administration.
Rockville, MD: Federation of American Societies for Experimental Bi-
ology, 1984.

28. Gibson RS. Principles of nutritional assessment. New York: Oxford
University Press, 1990.

29. Lawrence JM, Petitti DB, Watkins M, Umekubo MA. Trends in serum
folate after food fortification. Lancet 1999;354:915–6.

30. Crane NT, Wilson DB, Cook A, Lewis CJ, Yetley EA, Rader JI. Eval-
uating food fortification options: general principles revisited with folic
acid. Am J Public Health 1995;85:660–6.

31. USDA. Appendix Table 23—wheat flour: supply and disappearance,
United States, 1964-2005. Internet: http://usda.mannlib.cornell.edu/
MannUsda/viewDocumentInfo.do? documentID�1295 (accessed 21
January 2007).

32. Hursh H, Martin J. Low-carb and beyond: the health benefits of inulin.
Cereal Foods World 2005;March-April:57–61.

33. Johnston KE, Tamura T. Folate content in commercial white and whole
wheat sandwich breads. J Agric Food Chem 2004;52:6338–40.

34. Williams LJ, Rasmussen SA, Flores A, Kirby RS, Edmonds LD. Decline
in the prevalence of spina bifida and anencephaly by race/ethnicity:
1995–2002. Pediatrics 2005;116(3):580–6.

35. Yang Q, Botto LD, Erickson JD, et al. Improvement in stroke mortality
in Canada and the United States, 1990 to 2002. Circulation 2006;113:
1335–43.

36. French AE, Grant R, Weitzman S, et al. Folic acid food fortification is
associated with a decline in neuroblastoma. Clin Pharmacol Ther 2003;
74:288–94.

37. Toole JF, Malinow MR, Chambless LE, et al. Lowering homocysteine in
patients with ischemic stroke to prevent recurrent stroke, myocardial
infarction, and death: the Vitamin Intervention for Stroke Prevention
(VISP) randomized controlled trial. JAMA 2004;291(5):565–75.

38. Spence JD, Bang H, Chambless Le, Stampfer MJ. Vitamin intervention
for stroke prevention trial: an efficacy analysis. Stroke 2005;36(11):
2404–9.

39. Lonn E, Yusuf S, Arnold MJ, et al. Heart Outcomes Prevention Evalu-
ation (HOPE) 2 Investigators. Homocysteine lowering with folic acid
and B vitamins in vascular disease. N Engl J Med 2006;354(15):1567–
77.

40. Bonaa KH, Njolstad I, Ueland PM, et al; NORVIT Trial Investigators.
Homocysteine lowering and cardiovascular events after myocardial in-
farction. N Engl J Med 2006;354(15):1578–88.

41. Bazzano LA, Reynolds K, Holder KN, He J. Effect of folic acid supple-
mentation on risk of cardiovascular diseases. JAMA 2006;296:2720–6.

42. Troen AM, Mitchell B, Sorensen B, et al. Unmetabolized folic acid in
plasma is associated with reduced natural killer cell cytotoxicity among
postmenopausal women. J Nutr 2006;136:189–94.

43. Guelpen BV, Hultdin J, Johansson I, et al. Low folate concentrations
may protect against colorectal cancer. Gut 2006;55:1461–6.

44. Kim YI. Folate: a magic bullet or a double edged sword for colorectal
cancer prevention? Gut 2006;55:1387–9 (commentary).

45. Morris MC, Evans DA, Bienias JL, et al. Dietary folate and vitamin B12
intake and cognitive decline among community-dwelling older persons.
Arch Neurol 2005;62:641–5.

46. Morris MS, Jacques PF, Rosenberg IH, Selhub J. Folate and vitamin
B-12 status in relation to anemia, macrocytosis, and cognitive impair-
ment in older Americans in the age of folic acid fortification. Am J Clin
Nutr 2007;85:193–200.

47. Durga J, van Boxtel MPJ, Schouten EG, et al. Effect of 3-year folic acid
supplementation on cognitive function in older adults in the FACIT trial:
a randomized, double blind, controlled trial. Lancet 2007;369:208–16.

48. Haan MN, Miller JW, Aiello AE, et al. Homocysteine, B vitamins, and
the incidence of dementia and cognitive impairment: results from the
Sacramento Area Latino Study on Aging. Am J Clin Nutr 2007;85:
511–7.

US TRENDS IN FOLATE AND VITAMIN B-12 CONCENTRATIONS 727

 by on D
ecem

ber 16, 2008 
w

w
w

.ajcn.org
D

ow
nloaded from

 

http://www.ajcn.org

