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BSTRACT

 

Background

 

In 1996, the Food and Drug Adminis-
tration issued a regulation requiring all enriched grain
products to be fortified with folic acid to reduce the
risk of neural-tube defects in newborns. Fortification
(140 µg per 100 g) began in 1996, and the process was
essentially complete by mid-1997.

 

Methods

 

To assess the effect of folic acid fortifica-
tion on folate status, we measured plasma folate and
total homocysteine concentrations (a sensitive mark-
er of folate status) using blood samples from the
fifth examination (January 1991 to December 1994)
of the Framingham Offspring Study cohort for base-
line values and the sixth examination (January 1995
to August 1998) for follow-up values. We divided the
cohort into two groups on the basis of the date of
their follow-up examination: the study group con-
sisted of 350 subjects who were seen after fortifica-
tion (September 1997 to March 1998), and the control
group consisted of 756 subjects who were seen be-
fore fortification (January 1995 to September 1996).

 

Results

 

Among the subjects in the study group
who did not use vitamin supplements, the mean folate
concentrations increased from 4.6 to 10.0 ng per mil-
liliter (11 to 23 nmol per liter) (P<0.001) from the base-
line visit to the follow-up visit, and the prevalence of
low folate concentrations (<3 ng per milliliter [7 nmol
per liter]) decreased from 22.0 to 1.7 percent (P<
0.001). The mean total homocysteine concentration
decreased from 10.1 to 9.4 µmol per liter during this
period (P<0.001), and the prevalence of high ho-
mocysteine concentrations (>13 µmol per liter) de-
creased from 18.7 to 9.8 percent (P<0.001). In the
control group, there were no statistically significant
changes in concentrations of folate or homocysteine.

 

Conclusions

 

The fortification of enriched grain
products with folic acid was associated with a sub-
stantial improvement in folate status in a population
of middle-aged and older adults. (N Engl J Med
1999;340:1449-54.)
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N 1996, the Food and Drug Administration
(FDA) issued a regulation, to be effective by Jan-
uary 1998, requiring that all enriched flour, rice,
pasta, cornmeal, and other grain products con-

tain 140 µg of folic acid per 100 g in addition to the
thiamine, riboflavin, niacin, and iron already present
in such products.

 

1

 

 The goal of this folic acid fortifi-
cation was to increase the intake of folate by women
of childbearing age in response to the recommenda-
tion of the Public Health Service that “all women of
childbearing age in the United States who are capa-
ble of becoming pregnant should consume 0.4 mg of
folic acid per day for the purpose of reducing their
risk of having a pregnancy affected with spina bifida
or other NTDs (neural tube defects).”

 

2

 

 This recom-
mendation followed the release of the results of a
randomized, controlled clinical trial that found that
vitamin supplements containing folic acid prevented
many neural-tube defects.

 

3

 

 This outcome was consis-
tent with the results of other randomized trials,

 

4,5

 

nonrandomized trials,

 

6,7

 

 and observational studies

 

8-11

 

of periconceptional folate intake. It was estimated
that folic acid fortification at the level of 140 µg per
100 g would provide an additional 80 to 100 µg of
folic acid per day to the diet of women of childbear-
ing age and 70 to 120 µg to the diet of middle-aged
and older adults.

 

12

 

 Discussion continues regarding
the need for a higher level of fortification.

 

13 

 

Data to assess the initial effect of folic acid forti-
fication on plasma folate concentrations are available
from a population-based sample of middle-aged and
older adults who attended the fifth and sixth exam-

I
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ination cycles of the Framingham Offspring Study.
The fifth examination was completed before the im-
plementation of fortification and provides data on pre-
fortification folate status for all members of the Fra-
mingham Offspring cohort. The sixth examination
was started before fortification but continued until
after full implementation of fortification, thus provid-
ing a group of persons who were exposed to folic
acid fortification and a comparable group who were
not. We also used the plasma total homocysteine con-
centration, which is a sensitive functional marker of
cellular folate status,

 

14

 

 to assess the effect of fortifi-
cation.

 

METHODS

 

Subjects

 

The Framingham Heart Study, an epidemiologic study of heart
disease, was established in Framingham, Massachusetts, between
1948 and 1950 with a cohort of 5209 men and women who were
30 to 59 years of age.

 

15

 

 By 1971, the original cohort included
1644 married couples and 378 individuals in whom cardiovascu-
lar disease had developed. The offspring of these subjects and the
spouses of the offspring were invited to participate, and 5135 of
the 6838 eligible persons participated in the first examination
of the Framingham Offspring Study.

 

16

 

 The offspring cohort has
subsequently undergone follow-up examinations approximately
every three to four years. The fifth examination of the offspring
cohort began in January 1991 and was completed in December
1994. The sixth examination began in January 1995 and was
completed in August 1998.

 

Determination of Exposure to Folic Acid Fortification

 

The final regulation for folic acid fortification of grain products
was issued in March 1996, with an effective date of January 1, 1998.
The FDA established this two-year period to allow manufacturers
to exhaust packaging inventory and to update labels. However,
the FDA stated that compliance could begin immediately.

 

1

 

 To our
knowledge there was minimal, if any, fortification of foods before
September 1996. In New England, most of the targeted products
were fortified with folic acid by July 1997 (Watson J, Watson Foods,
New Haven, Conn.: personal communication).

The fifth examination of the cohort was completed before for-
tification began. The sixth examination began before the start of
fortification and continued until after fortification was in place.
We identified members of the cohort whose sixth examination
occurred after targeted foods began to be fortified (September
1997 to March 1998) and designated those subjects as the study
group. The availability of prefortification (base-line) data from
the fifth examination and postfortification (follow-up) data from
the sixth examination allowed us to assess any change in folate
status that occurred with fortification in the study group. Mem-
bers of the cohort whose sixth examination occurred before for-
tification began (January 1995 to September 1996) constituted
the control group, and we used data from the fifth and sixth ex-
aminations to estimate time-related changes in folate status unre-
lated to fortification over a three-year period. We further divided
the study and control groups into those who used vitamin sup-
plements containing folic acid and those who did not.

 

Measurements

 

As part of the fifth and sixth examinations, blood samples were
obtained after the participants had fasted (for >10 hours) to de-
termine the concentrations of homocysteine, folate, vitamin B

 

12

 

,
and pyridoxal 5'-phosphate (the active, circulating form of vita-
min B

 

6

 

). Analyses of the samples from the fifth examination are
complete.

The total homocysteine concentration in plasma was determined
by high-performance liquid chromatography with fluorometric de-
tection

 

17

 

; plasma folate was measured by a microbial (

 

Lactobacillus
casei

 

) assay in a 96-well plate

 

18,19

 

; plasma pyridoxal 5'-phosphate was
measured by the tyrosine decarboxylase apoenzyme method

 

20

 

; and
plasma vitamin B

 

12

 

 was measured by a radioimmunoassay (Quan-
taphase II, Bio-Rad, Hercules, Calif.). Coefficients of variation
for these assays were 8 percent for homocysteine, 13 percent for
folate, 16 percent for pyridoxal 5'-phosphate, and 7 percent for
vitamin B

 

12

 

.
The usual dietary intake of folate was assessed with a food-fre-

quency questionnaire.

 

21

 

 This questionnaire also identified nutrient
intake from dietary supplements and from fortified, ready-to-eat
breakfast cereals. We included folic acid from fortified cereals with
unfortified dietary sources of folate in these analyses, because we
wanted to examine the added contribution from the new sources
of fortification. The nutrient data base that was used for the ques-
tionnaire had not yet been modified to account for the folic acid
that had recently been added to foods as part of the fortification
program.

 

Statistical Analysis

 

We separated the data on subjects who reported use of supple-
ments containing folic acid from the data on those who did not.
For this reason it was necessary to exclude 242 subjects who
started taking supplements containing folic acid between the fifth
and sixth examinations and 95 who stopped taking them during
this period.

Because the measurements of plasma homocysteine and folate,
and folate intake, were positively skewed, we used log-transformed
values. Inverse transformations were used to provide geometric
means and their 95 percent confidence intervals. A plasma folate
concentration of less than 3 ng per milliliter (7 nmol per liter)
was defined as low.

 

22

 

 Because there is no standard definition of a
high total homocysteine concentration, we defined it for these
analyses as a value of more than 13 µmol per liter, which was the
85th percentile for the cohort at the fifth examination cycle.

We determined the age- and sex-adjusted geometric means and
prevalences and their 95 percent confidence intervals for the data
from the fifth and sixth examinations. Because the fifth examina-
tion was completed before the implementation of fortification,
measurements from this examination provided base-line values
for both the study and control groups. This allowed us to exam-
ine the comparability of the groups before the study group was
exposed to fortification. We used follow-up data from the sixth
examination to examine the differences between the study group
and the control group after the former was exposed to fortifica-
tion. We used combined data from the fifth and sixth examina-
tions to calculate the changes in folate status in the study group
after exposure to fortification and in the control group over a fol-
low-up period of similar length. We compared the base-line and
follow-up values between the two groups using the SAS PROC
GLM program.

 

23

 

 We also used this program to test for changes
between the fifth and sixth examinations within the two groups.

 

RESULTS

 

Table 1 shows the homocysteine and folate concen-
trations at the base-line (fifth) and follow-up (sixth)
examinations for the study and control groups. The
plasma folate and homocysteine concentrations at
base line were not substantially different between the
groups. Pyridoxal 5'-phosphate concentrations were
significantly lower among subjects in the study group
who did not use B vitamin supplements than among
those in the control group who did not use sup-
plements; vitamin B

 

12

 

 concentrations did not differ
significantly between the groups (data not shown).
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Among the subjects in the study group who did not
use B vitamin supplements, plasma folate concentra-
tions increased by 117 percent after the introduction
of folic acid fortification (P<0.001), the prevalence
of low folate concentrations decreased by 92 percent
(P<0.001), fasting total homocysteine concentrations
decreased by 7 percent (P<0.001), and the preva-
lence of high homocysteine concentrations decreased
by 48 percent (P<0.001) from the base-line to the
follow-up examination. Among the subjects in the
control group who did not take B vitamin supple-
ments, the only significant change was an increase in
reported dietary folate intake (P<0.001).

Among subjects in the study and control groups
who used B vitamin supplements, we found a signif-
icant increase in plasma folate concentrations from
the base-line examination to the follow-up examina-
tion. Plasma folate concentrations increased by 62 per-
cent in the study group (P<0.001) and by 24 per-

cent in the control group (P<0.001). There was also
an 8 percent increase in homocysteine concentra-
tions in the study group (P<0.006). 

At the follow-up examination, mean homocysteine
concentrations were 10 percent lower among those in
the study group who used supplements than among
those who did not use supplements (P<0.001), but
the prevalence of high homocysteine concentrations
was not significantly different between these two sub-
groups (P=0.62). The difference in mean homocys-
teine concentrations appears to be largely the result
of differences in vitamin B

 

12

 

 and pyridoxal 5'-phos-
phate status between those who used B vitamin sup-
plements and those who did not. Mean plasma vita-
min B

 

12

 

 concentrations were 351 pg per milliliter
(259 pmol per liter) in those who did not use sup-
plements and 475 pg per milliliter (350 pmol per li-
ter) in those who did (P<0.001). Similarly, the pyri-
doxal 5'-phosphate concentrations were 53 nmol per

 

*The study group was examined before exposure to foods fortified with folic acid (base line) and approximately three
years later, after exposure to fortification (follow-up). The control group was examined before fortification on two occa-
sions separated by approximately three years. Base line refers to the fifth examination of the Framingham Offspring cohort
(1991–1994), and follow-up to the sixth examination of the cohort (1995–1998). Folate and homocysteine values were
adjusted for age and sex. CI denotes confidence interval.

†To convert values for folate to nanomoles per liter, multiply by 2.266.

‡P<0.001 for the comparison with the control group.

§P<0.001 for the comparison with the base-line value.

¶P<0.006 for the comparison with the base-line value.

¿The folate intake does not include the folic acid added from fortification of grain products (other than previously
fortified ready-to-eat breakfast cereals).
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=248)
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(

 

N

 

=553)

 

STUDY

 

 

 

GROUP

 

(

 

N

 

=102)

 

CONTROL

 

 

 

GROUP

 

(

 

N

 

=203)

Male sex — % 55 53 45 44
Age at fifth examination — yr

Mean
Range

57
32–80

55
32–77

56
38–79

55
32–79

Plasma folate — ng/ml
(95% CI)†

Base line 4.6 (4.3–4.9) 4.6 (4.4–4.8) 11.7 (10.4–13.1) 11.4 (10.5–12.4)
Follow-up 10.0 (9.3–10.7)‡§ 4.8 (4.6–5.1) 18.9 (17.0–20.9)‡§ 14.1 (13.1–15.2)§

Plasma folate <3 ng/ml —
% (95% CI)

Base line 22.0 (17.3–26.7) 25.3 (22.1–28.4) 3.9 (0.0–11.2) 2.6 (0.0–7.7)
Follow-up 1.7 (0.0–5.4)‡§ 20.7 (18.3–23.2) 0.0 (0.0–5.9) 0.9 (0.0–5.0)

Fasting total homocysteine — 
µmol/liter (95% CI)

Base line 10.1 (9.8–10.5) 10.0 (9.8–10.2) 7.9 (7.5–8.4) 7.9 (7.6–8.3)
Follow-up 9.4 (9.1–9.7)‡§ 10.2 (10.0–10.5) 8.5 (8.0–9.0)¶ 8.0 (7.7–8.3)

Fasting total homocysteine >13
µmol/liter — % (95% CI)

Base line 18.7 (14.5–22.9) 17.6 (14.8–20.4) 4.2 (0.0–10.7) 3.8 (0.0–8.4)
Follow-up 9.8 (5.6–14.0)‡§ 21.0 (18.2–23.8) 7.8 (1.2–14.3) 4.2 (0.0–8.9)

Folate intake — µg/day 
(95% CI)¿

Base line 266 (253–280) 275 (266–285) 650 (600–704) 651 (616–689)
Follow-up 271 (258–285) 291 (281–301)§ 686 (634–743) 675 (638–714)
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liter in those who did not use supplements and 120
nmol per liter in those who did (P<0.001). After
we adjusted for vitamin B

 

12

 

 and pyridoxal 5'-phos-
phate concentrations, the difference in homocysteine
concentrations between those in the study group
who used supplements and those who did not was
reduced to 6 percent and was no longer statistically
significant (P=0.10). In the study group, the prev-
alence of high homocysteine concentrations was es-
sentially the same for those who used B vitamin sup-
plements and those who did not after adjustment for
vitamin B

 

12

 

 and pyridoxal 5'-phosphate concentra-
tions (P=0.83).

Figures 1 and 2 show the plasma folate and ho-
mocysteine concentrations, respectively, at the base-
line and follow-up examinations in the study group,
according to the use of B vitamin supplements. Fig-
ure 1 shows the upward shift in the distribution of
plasma folate concentrations from the base-line (pre-
fortification) examination to the follow-up (postfor-

tification) examination for both those who used sup-
plements and those who did not. Figure 2 illustrates
the decrease in the area of the upper tail of homocys-
teine distribution after fortification and the increase
in the height of the distribution of normal homocys-
teine concentrations (<10 µmol per liter) among
those who did not use supplements. There was a
slight upward shift in homocysteine concentrations
between examinations among those who used sup-
plements.

 

DISCUSSION

 

Our findings suggest that folic acid fortification has
had a substantial effect on plasma folate and homocys-
teine concentrations in a population-based sample of
middle-aged and older adults. Low folate concentra-
tions (<3 ng per milliliter) were largely eliminated
in this population after folic acid fortification was
implemented, and the prevalence of high homocys-
teine concentrations (>13 µmol per liter) was re-

 

Figure 1.

 

 Plasma Folate Concentrations in the Study Group be-
fore and after Folic Acid Fortification, According to the Use of
B Vitamin Supplements.
A total of 102 subjects used B vitamin supplements, and 248
did not. To convert values for folate to nanomoles per liter, mul-
tiply by 2.266.

 

Figure 2.

 

 Plasma Total Homocysteine Concentrations in the
Study Group before and after Folic Acid Fortification, According
to the Use of B Vitamin Supplements.
A total of 102 subjects used B vitamin supplements, and 248
did not.
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duced by approximately 50 percent among those
who did not take supplements. The differences in
values between those who were exposed to fortifica-
tion and those who were not exposed appear to be
specific for folate. Furthermore, these differences
cannot be attributed to changes in folate intake from
sources other than folic acid added to the diet as
part of fortification.

Although the apparent effect of fortification on
plasma folate and homocysteine concentrations was
striking, the concentrations of folate were signifi-
cantly higher, and concentrations of homocysteine
significantly lower, among subjects who used vita-
min supplements that contained folic acid. The con-
sequences of these differences are not entirely clear.
Although the mean folate concentrations among sub-
jects who were exposed to folic acid fortification were
higher among those who used supplements than
among those who did not, the prevalence of low
folate concentrations was very low in both groups
and was not significantly different between groups.
Among the subjects who were exposed to foods for-
tified with folic acid, mean homocysteine concentra-
tions were lower in those who used supplements
than in those who did not, but this difference did not
clearly translate into a difference in the prevalence of
high homocysteine concentrations. Approximately
10 percent of those who were not taking supple-
ments had high homocysteine concentrations in the
postfortification period, but this prevalence was not
significantly different from the approximately 8 per-
cent prevalence of high homocysteine concentrations
in those who used supplements.

Moreover, the differences in mean homocysteine
concentrations between those who used supple-
ments and those who did not cannot be attributed
readily to folate status. There were substantial differ-
ences between these two groups in concentrations
of vitamin B

 

12

 

 and pyridoxal 5'-phosphate (the ac-
tive, circulating form of vitamin B

 

6

 

), which are the
other important vitamins that determine the con-
centration of homocysteine. Such a difference can
be expected, because all the supplements containing
folic acid were either multivitamins or B-complex vi-
tamins that contained vitamins B

 

12

 

 and B

 

6

 

. Thus, any
unadjusted comparison of homocysteine concentra-
tions as a measure of folate status between those who
used supplements and those who did not is con-
founded. When we controlled for vitamin B

 

12

 

 and
pyridoxal 5'-phosphate concentrations in the analyses,
the difference in homocysteine concentrations be-
tween those who used supplements and those who
did not was reduced substantially and was no longer
statistically significant. These data suggest that the
higher mean homocysteine concentrations in those
who did not use supplements and who were seen
during the postfortification period were probably
not a consequence of inadequate folate intake. These

data provide little evidence that the addition of
400 µg of folic acid per day from supplements to the
amount provided by fortification and diet further re-
duced homocysteine concentrations, but our ability
to detect small differences resulting from the addi-
tional folic acid is limited by the small number of
persons who used supplements and who were ex-
posed to fortification.

It was predicted that folic acid fortification at a
level of 140 µg per 100 g would provide an addi-
tional 70 to 120 µg of folic acid per day for middle-
aged and older adults.

 

12

 

 A recent study examined the
effect of three levels of folic acid added to breakfast
cereal on plasma total homocysteine and folate con-
centrations

 

24

 

 and concluded that an additional 100 µg
of folic acid per day was not sufficient to minimize
total homocysteine concentrations. However, features
of that study may limit the applicability of the ob-
servation to the general population with long-term
exposure to folic acid fortification. The length of
treatment was only five weeks, which was probably
insufficient to approach a new steady-state concen-
tration at a dose of 100 µg per day,

 

25

 

 and the study
was performed in patients with coronary artery dis-
ease, who may require a higher folate intake to min-
imize total homocysteine concentrations.

 

26

 

 The is-
sue of the length of exposure to foods fortified with
folic acid was highlighted in a report by Schorah and
colleagues.

 

27 They found that folate concentrations
in serum and red cells continued to increase and that
homocysteine concentrations continued to decrease
8 weeks after the addition of 200 µg of folic acid per
day to breakfast cereal, and possibly up to 24 weeks
afterward. We must also consider the possibility that
enriched grain products are being fortified at levels
above the minimum required by the FDA (140 µg
per 100 g of cereal or grain product). However, pre-
liminary data on the folic acid content of enriched
grain products suggest that this is probably not the
case.28 Tests of common national brands of enriched
flour, pasta, and rice that are available in the Fra-
mingham area revealed that folic acid concentrations
ranged from 125 to 136 µg per 100 g in flour, 180
to 205 µg per 100 g in pasta, and 66 to 176 µg per
100 g in rice.

Folic acid fortification was undertaken to reduce
the risk of neural-tube defects,1,2 but it may also have
a beneficial effect on vascular disease because of the
relation between inadequate folate intake and higher
circulating homocysteine concentrations.29,30 Elevat-
ed fasting total homocysteine concentrations are clear-
ly amenable to treatment with folic acid,31-34 and
elevated concentrations of circulating total homocys-
teine,30,35-39 as well as lower folate intake and status,40-42

are associated with an increased risk of occlusive vas-
cular disease. If a high concentration of homocys-
teine ultimately proves to be a risk factor for vascular
disease, our data indicate that folic acid fortification
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would have a measurable effect on the rates of cere-
brovascular and coronary heart disease in the United
States. Only a small proportion of our population was
made up of women younger than 40, so we were not
able to assess directly the effect of fortification on
women of reproductive age. However, we have no
reason to believe that the effect of fortification on
folate status in women of reproductive age differs from
the effect in older adults.

Supported in part by an agreement (58-1950-9-001) with the Depart-
ment of Agriculture and by a contract (N01-HC-38038) with the National
Heart, Lung, and Blood Institute. Any opinions, findings, conclusions, or
recommendations expressed in this article are those of the authors and do
not necessarily reflect the views of the Department of Agriculture.
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