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ABSTRACT Since January 2000 the Chilean Ministry of
Health has required the fortification of wheat flour with folic
acid (FA) at a concentration of 2.2 mg FA/kg in order to reduce
the risk of neural tube defects (NTD) in newborns. This policy
was expected to result in a mean additional intake of � 400 �g
FA/d. We assessed the effectiveness of the FA flour fortifica-
tion program on bread folate content and on blood folate
concentration in women of childbearing age in Santiago,
Chile. The prefortification folate status of 751 healthy women
of reproductive age was assessed. The folate content of 100
bread samples bought at retail bakeries was measured, av-
erage wheat flour consumption was estimated and postforti-
fication FA dietary intake was calculated. The effect of flour
fortification on blood folate concentration in this group of
women (n � 605) was evaluated in a follow-up study. Blood
folate concentrations of the 605 women in the follow-up
group increased (P < 0.0001) following fortification. Before
fortification the mean serum and red blood cell folate con-
centrations were 9.7 � 4.3 and 290 � 102 nmol/L, respec-
tively, compared with 37.2 � 9.5 and 707 � 179 nmol/L post-
fortification, respectively. The mean FA content of bread was
2020 � 940 �g/kg. The median FA intake of the group evalu-
ated postfortification was 427 �g/d (95% CI 409–445) based
on an estimated intake of 219 g/d (95% CI 201–229) of wheat
flour, mainly as bread. Fortification of wheat flour substan-
tially improved folate status in a population of women of

reproductive age in Chile. The effect of the FA fortification
program on the occurrence of NTD is currently being
assessed. J. Nutr. 133: 3166–3169, 2003.
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Periconceptional consumption of folic acid (FA)3 by
women significantly reduces the risk of neural tube defects
(NTD) in their infants 1,2). The addition of 400 �g of FA to
the daily diet in the form of supplements or fortified foods is
recommended to reduce the risk of NTD (3). In the United
States and Canada, mandated FA fortification has been asso-
ciated with significant increases in blood folate concentrations
(4–6) and reported reductions in the incidence of NTD
(7–10).

In Chile, wheat flour has been fortified with iron and B
vitamins by legislation since the 1950s, and in January 2000
the addition of 2.2 mg/kg of FA to wheat flour was mandated.
Based on estimates of wheat flour consumption, this interven-
tion was expected to result in an additional daily intake of
�400 �g FA by women of reproductive age. The effect of
consumption of FA-fortified wheat flour on blood folate con-
centrations of young women in Santiago, Chile was assessed
and is the focus of this report.

METHODS

Assay for total folate in bread. The Chilean wheat flour fortifi-
cation program monitors concentrations of iron and B vitamins but
not FA. To determine the FA content of the type of bread typically
consumed in Chile (770 g wheat flour/kg bread), 1 kg of FA-fortified
bread was purchased from each of 50 randomly selected retail bakeries
at 3 and 6 mo after initiation of the FA fortification program (i.e., 100
samples, 50 bakeries sampled twice). The samples, consisting of
�11.5 loaves of bread per sample (�87 g/loaf), were transported to
the laboratory for processing. The loaves of bread comprising each
sample were diced, and about 20 g from each loaf was put in a
preweighed paper bag to yield a representative composite. The 100
sample composites were then weighed, dried in an oven at 105°C for
24 h, cooled in a desiccator, reweighed, ground and transferred to
coded plastic bags in 30-g portions. The sample composites were
frozen and shipped to the Food and Science and Human Nutrition
Department at the University of Florida, where folate was extracted
from the samples in duplicate using a modification of the tri-enzyme
extraction method (11). Folate content was measured using the
microplate adaptation of the microbiological assay (12).

Subjects. The ethics committee of the Institute of Nutrition and
Food Technology approved the study protocol, and written informed
consent was obtained from each of the participants. Serum and RBC
folate concentrations in 751 women attending the Maternal and
Infant Health Program of the National Health Service at three
outpatient clinics in Santiago, Chile were measured before flour
fortification began (October to December 1999). The women were of
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reproductive age (29.6 � 7 y) with no history of an NTD-affected
pregnancy, and all were from low socioeconomic households. Other
characteristics of the group included the following: 1) mean body
mass index of 26.4 � 5.1, 2) multiparous reproductive history (2.2
� 1.2 children), 3) 12.6% were anemic (Hb � 120 g/L), 4) 75%
breastfed their last child � 6 mo, 5) 23% used an oral contraceptive
agent and 6) �60% did not smoke or consume alcohol. During the
postfortification follow-up period (October to December 2000), folate
status was reassessed in 605 women (81% of the initial group).

Procedures. In each outpatient clinic, potential participants were
asked to volunteer for the study by research staff. Dietary intake data
were obtained in the clinic using a combination of a 24-h recall and
a food frequency questionnaire specifically designed to assess the
intake of bread and other wheat flour–based foods, FA-fortified foods
and vitamin supplements. Estimated FA intake was calculated from
the mean bread folate content and bread consumption estimates
derived from the mean value of data obtained from both the 24-h
recalls and the food frequency questionnaires. Venous blood samples
were drawn, immediately placed on ice, transported to the laboratory,
processed and stored frozen. Contact with participants was main-
tained during the following month with three home visits. Follow-up
involved collection of the same food consumption data and blood
samples for status assessment after 1 y. Frozen blood samples were
shipped on dry ice to the Centers for Disease Control and Prevention
in Atlanta, GA, for analysis. Serum and RBC folate and serum
vitamin B-12 concentrations were analyzed using the Bio-Rad Lab-
oratories QuantaPhase II Folate Assay kit (Hercules, CA).

Statistical analysis. Statistica for Windows version 4.5 (StatSoft,
Tulsa, OK) was used, and results were expressed as mean � SD and
median (95% CI). Changes in blood folate concentration following
FA fortification were evaluated with Wilcoxon tests for continuous
variables. Proportions and correlations were compared using chi-
square and Pearson’s correlation. All tests for significance were two
tailed and performed at � � 0.05.

RESULTS

The mean folate concentration of the 100 bread samples
was 2020 � 940 �g/kg (range 220 to 4160 �g/kg). Of the
fortified bread samples, 18 contained less FA than the lower
limit set by law (1540 �g/kg), with 9 of them (2 from May and
7 from August) containing �370 �g/kg, suggesting they were
made from unfortified flour; 30 samples contained more FA
than the upper limit established by law (2610 �g/kg). Com-
parable estimates of bread consumption were obtained from
the 24-h recalls and the food frequency questionnaires. The
group consumed a median of 219.5 g of wheat flour (24-h

recall), 78% as bread, 14% as pasta, and the remaining 8% as
other domestic preparations. The estimated median bread in-
take was the same before and after fortification (245 vs. 239
g/d). These values correlate positively (r � 0.58, P � 0.001).
On a daily basis, 98% of the women consumed bread, and 89%
consumed �180 g/d. Of the bread consumed, 97% was indus-
trially processed, corresponding to the type of bread typically
consumed in Chile and analyzed for this study. None of the
subjects consumed other FA-fortified foods, and none took FA
supplements. Mean FA intake was 427 � 18 �g/d (95% CI
409–445), calculated from estimates of the daily intake of FA
from fortified bread based on reported consumption by the
women studied (Fig. 1). Almost half of the subjects (48%)
consumed �400 �g FA/d. Only 3% consumed �100 �g/d.
The intake of FA from bread for the rest of the group (49%)
ranged from 100 to 400 �g/d.

Both serum and RBC folate concentrations increased sig-
nificantly (P � 0.0001) between the pre- and postfortification
periods for the 605 women (2.8- and 1.4-fold, for serum and
RBC folate, respectively) (Table 1). As expected, vitamin
B-12 concentrations did not change during this time. Postfor-
tification, none of the women were classified as folate-deficient
compared to some evidence of low blood folate concentrations
prefortification.

The distribution curves for serum and RBC folate concen-
trations before and after fortification showed a striking shift to
the right (Fig. 2A and B), in contrast with the vitamin B-12
distribution curves, which showed little change (Fig. 2C).

The RBC folate concentration was significantly higher in
women consuming �400 �g FA/d than in women consuming
100 to 400 �g FA/d (689 � 170 vs. 732 � 159 nmol/L, P
� 0.006).

DISCUSSION

To our knowledge, this is the first study specifically designed
to measure the effect of an FA fortification program in a
population group. Furthermore, all available data are from
industrialized countries. Our findings demonstrate that regular

FIGURE 1 Estimates of daily folic acid intake from bread by 605
women in Chile after fortification of wheat flour, calculated from bread
folate content and daily bread consumption.

TABLE 1

Serum and RBC folate concentrations and serum vitamin
B-12 concentration in women of reproductive age in Chile

pre- and postfortification of wheat flour with folic acid1

Parameter Prefortification Postfortification

Status indicators2

Serum folate, nmol/L 9.7 � 4.32 37.2 � 9.5a

RBC folate, nmol/L 290 � 102 707 � 179a

Blood vitamin B-12, pmol/L 266 � 105 268 � 165
Below reference range, %

Serum folate,3 � 3.2 nmol/L 1.3 0
RBC folate,3 � 181 nmol/L 10.6 0
Low blood vitamin B-12,4

� 148 pmol/L 9.0 10.4
Borderline blood vitamin

B-12,4 149–185 pmol/L 12.8 13.0

1 The group was examined before exposure to flour fortified with
folic acid and 10 months after fortification was legally mandated, n
� 605.

2 Values are means � SD. Means with a superscript differ signifi-
cantly from prefortification values (P � 0.0001).

3 Reference ranges from the National Health and Examination Sur-
vey (6).

4 Reference ranges from IOM report.
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consumption of an FA-fortified staple food is highly effective
in improving folate status in women of childbearing age.
Serum and RBC folate concentrations significantly increased
after consuming FA-fortified wheat flour for 10 mo.

Estimated daily FA consumption in Chile after mandatory
wheat flour fortification (2.2 mg FA/kg) was 427 �g. The
changes in blood folate concentrations measured in our study
group before and after fortification were similar to the changes
observed in all U.S. women of reproductive age monitored by
the third National Health and Nutrition Examination Survey
(NHANES 1994–1998) compared with NHANES 1999, in
which the mean serum folate concentration increased from
14.3 to 36.7 nmol/L, and the mean RBC folate concentration
increased from 410 to 714 nmol/L (12). The corresponding

blood folate concentration increases in this study were 9.7 to
37.2 nmol/L and 290 to 707 nmol/L for serum and RBC folate,
respectively. The blood folate analyses for both this study and
NHANES were done in the same laboratory (CDC, Atlanta,
GA) using the same analytical technique. This is an important
consideration when comparing folate data from different stud-
ies due to the recognized variability of analytical methodology
(13).

In the United States, mandatory FA enrichment of all
cereal grain products was expected to result in an average
increased intake of �100 �g FA/d (14). However, recent
estimates indicate that the actual increase due to fortification
was approximately twice that figure (�200 �g/d) (15). This
apparently relates to the fact that a considerable number of
enriched products contain significantly higher concentrations
of FA than required by law (16). Other factors that may
contribute to the increase in postfortification blood folate
concentrations in the United States are the increased avail-
ability and consumption of FA-fortified ready-to-eat breakfast
cereals (17–18) and the small increase in the number of
women using vitamin supplements containing folic acid during
those years (12). In contrast, in Chile, the increase in blood
folate concentration was mostly attributable to the increase in
consumption of FA fortified wheat flour. The study group in
Chile did not consume other FA-fortified foods, such as break-
fast cereals, because they are not culturally accepted, are scarce
and are economically out of reach. In addition, none of the
study subjects took FA supplements because they have not
been mandated or made available to this low-income popula-
tion group by the Chilean public health service. Therefore, the
FA-fortified wheat bread was the main source of folate in the
population studied.

Significant increases in serum folate levels after 6 mo of
fortification were also reported in a group of Chilean elderly
who were the subjects of a follow-up to another study at the
same time that the FA fortification program was begun (19).
Elderly populations are considered to be at a higher risk of
presenting with masked vitamin B-12 deficiency—deficiency
in vitamin B-12 without anemia because of the masking effect
of FA—when they increase their consumption of FA, because
of their higher overall rate of low blood vitamin B-12 concen-
tration. Interestingly, in a recent study, a group of 1573 U.S.
elderly showed no evidence of an increase in low blood vita-
min B-12 concentration without anemia after fortification of
cereals with folic acid (20). In Chile, based on data suggesting
that the elderly population (19) and women of fertile age (this
study) are at risk of vitamin B-12 deficiency, fortification of
wheat flour with this vitamin has been proposed.

The results of this evaluation of the impact of FA fortifi-
cation on folate intake and blood folate concentrations lead us
to expect that this intervention will significantly reduce the
risk of NTD-affected pregnancies from January 2001 onward
(21,22). To measure the effect of FA fortification of wheat
flour in the prevention of NTD, we are comparing the fre-
quencies of NTD in all births in the nine public hospitals in
Santiago, 2 y before and 2 y after fortification (60,000 births
per year).
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Letelier and Antonieta Vicentelo for the management of the samples
and follow-up of subjects.

LITERATURE CITED
1. Czeizel, A. E. & Dudas, I. (1992) Prevention of the first occurrence of

neural tube defects. N. Engl. J. Med. 327: 1832–1835.

FIGURE 2 Serum folate, red cell folate, and serum vitamin B-12
distribution curves for women of reproductive age in Chile, before and
after folic acid fortification of wheat flour.

HERTRAMPF ET AL.3168

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/133/10/3166/4687491 by guest on 20 August 2022



2. MRC Vitamin Study Research Group. (1991) Prevention of neural tube
defects. Lancet 338: 131–137.

3. Institute of Medicine, Food and Nutrition Board. (1998) Folate. In:
Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,
Vitamin B12, Pantothenic Acid, Biotin, and Choline, pp. 8.1–8.59. National Acad-
emy Press, Washington, D.C.

4. Jacques, P. F., Selhub, J., Bostom, A. G., Wilson, P.W.F. & Rosenberg,
I. H. (1999) The effect of folic acid fortification on plasma folate and total
homocysteine concentrations. N. Engl. J. Med. 340: 1449–1454.

5. Lawrence, J. M., Petitti, D. B., Watkins, M. & Umekubo, M. A. (1999)
Trends in serum folate after food fortification. Lancet 354: 915–916.

6. Anonymous. (2000) Folate status in women of childbearing Age—
United States, 1999. Morb. Mortal. Wkly. Rep. 49: 962–965.

7. Ray, J. G., Vermeulen, J. J., Boss, S. C. & Cole, D.E.C. (2002) In-
creased red cell folate concentrations in women of reproductive age after Cana-
dian folic acid food fortification. Epidemiology 13: 238–240.

8. Honein, M. A., Paulossi, L. J., Mathews, T. J., Erickson, J. D.& Wong,
L. Y. C. (2001) Impact of folic acid fortification of the US food supply on the
occurrence of neural tube defects. J. Am. Med. Assoc. 285: 2981–2986.

9. Williams, L. J., Mai, C. T., Edmonds, L. D., Shaw, G. M., Kirby, R. S.,
Hobbs, C. A., Sever, L. E., Miller, L. A., Meaney, F. J. & Levitt, M. (2002)
Prevalence of spina bifida and anencephaly during the transition to mandatory
folic acid fortification in the United States. Teratology 66: 33–39.

10. Persad, V. L., Van den Hof, M. C., Dube, J. M. & Zimmer, P. (2002)
Incidence of open neural tube defects in Nova Scotia after folic acid fortification.
Can. Med. Assoc. J. 167: 241–245.

11. Martin, J. I., Landen, W. O. Jr., Soliman, A. G. & Eitenmiller R. R. (1990)
Application of a tri-enzyme extraction for total folate determination in foods. J.
Assoc. Off. Anal. Chem. 73: 805–808.

12. Tamura, T. (1990) Microbiological assay of folates. In: Folic Acid
Metabolism in Health and Disease. Contemporary Issues in Clinical Nutrition

(Picciano, M. F., Stokstad, E.L.R. & Gregory, J. F., III, eds.), pp. 121–137, Wiley-
Liss, New York.

13. Gunter, E. W., Bowman, B. A., Caudill, S. P., Twite, D. B., Adams, M. J.
& Sampson, E. J. (1996) Results of an international round robin for serum and
whole-blood folate. Clin. Chem. 42: 1689–1694.

14. Anonymous. (2002) Folate status in women of childbearing age. Race/
ethnicity—United States, 1999–2000. Morb. Mortal. Wkly. Rep. 51: 808–810.

15. Food labeling: health claims and label statements; folate and neural tube
defects. (1993) Federal Register 58:53254–53295.

16. Choumenkovitch, S. F., Selhub, J., Wilson, P.W.F., Rader, J. I., Rosen-
berg, I. H. & Jaques, P. F. (2002) Folic acid intake from fortification in the
United States exceeds predictions. J. Nutr. 132: 2793–2798.

17. Rader, J. I., Weaver, C. M. & Angyal, G. (2000) Total folate in enriched
cereal-grain products in the United States following fortification. Food Chem. 70:
275–289.

18. Whittaker, P., Tufaro, P. R. & Rader, J. I. (2001) Iron and folate in
fortified cereals. J. Amer. Col. Nutr. 20: 247–254.

19. Hirsch, S., de la Maza, P., Barrera, G., Gattas, V., Petermann, M. &
Bunout, D. (2002) Chilean flour folic acid fortification program reduces serum
homocysteine levels and masks vitamin B12 deficiency in elderly people. J. Nutr.
132: 289–291.

20. Mills, J. L., Von Kohorn, I., Conley, M. R., Zeller, J. A, Cox, C., Williamson,
R. E. & Dufour, R. (2003) Low vitamin B-12 concentrations in patients without
anemia: the effect of folic acid fortification of grain. Am. J. Clin. Nutr. 77: 1474–
1477.

21. Daly, S., Mills, J. L., Molloy, A. M., Conley, M., Lee, Y. J., Peadar, N. K.,
Weir, D. G. & Scott, J. M. (1997) Minimum effective dose of folic acid for food
fortification to prevent neural-tube defects. Lancet 350: 1666–1669.

22. Wald, N. J., Law, M. R., Morris, J. K.& Wald, D. S. (2001) Quantifying
the effect of folic acid. Lancet 358: 2069–2073.

FOLIC ACID FORTIFICATION OF WHEAT FLOUR IN CHILE 3169

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/133/10/3166/4687491 by guest on 20 August 2022


