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Nutritional interpretation of folic acid interventions
Omar Dary
Folate is an essential micronutrient, and its nutritional inadequacy is widespread;
hence, programs to increase its intake are necessary. However, many concerns about
possible adverse eﬀects due to excesses have been raised. Serum folate levels are
directly correlated with intake and, when low, are associated with neural tube
defects (NTD), high blood homocysteine levels, and megaloblastic anemia. Serum
folate cutoﬀ points have been identiﬁed for each abnormality, and all can be
associated with intakes related to the current recommended dietary parameters.
Likewise, high intakes that overwhelm the physiological capacity to process folic
acid into biologically active folate derivatives are near the recommended tolerable
upper intake level. Although we do not know with certainty the minimum eﬃcacious
dose that prevents all folate-dependent NTD, it may actually be much lower than the
current recommendation, especially when provided through food fortiﬁcation;
supplemental intakes around 100 mg/day appear to be appropriate.
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INTRODUCTION
Folate deﬁciency is a strong risk factor for embryological
neural tube defects (NTD), and the additional intake of
this vitamin in the form of folic acid, either through
supplementation1 or through food fortiﬁcation2–8 has
proven to be an eﬃcacious intervention to reduce the
incidence of these abnormalities. However, since the
introduction of folic acid interventions, a strong polemic
has arisen between those who support small doses of folic
acid and including other essential micronutrients9–19 and
those who favor high doses of folic acid.20–22 Despite
advances in folate metabolism knowledge, disagreement
has remained.23–25
Researchers who back a cautious use of folic acid
support their arguments as follows. Folate assists in cell
replication that keeps people healthy; but cancer growth,
psoriasis,25 and parasite life cycles also depend on this
nutrient.26 Many anti-cancer and anti-malaria drugs have
anti-folate properties, and additional folate intake may
jeopardize their eﬃcacy. Furthermore, excessive intake of
folic acid has been associated with interruptions in the
continuous reduction of colon cancer rates in the United
States and Canada.27 When combined with vitamin B12

deﬁciency, excessive folic acid intake may provoke cognitive impairment in the elderly,28 and neuropathies due to
undiagnosed vitamin B12 may be exacerbated, with or
without the presence of megaloblastic anemia.29
Folate status follows a classical U-shaped pattern on
its metabolic functions. Thus, deﬁciency has negative
consequences, but excessive intake might also provoke
adverse eﬀects and show similar pathological manifestations. For example, additional folic acid intake protects
against some cancers, but excessive intake might exacerbate others.30 Therefore, the safe and eﬃcacious use of
folic acid interventions deserves to be optimized. From an
epidemiological perspective, knowing the minimum dose
that is able to reduce NTD incidence may help to minimize existing conﬂicts around folic acid interventions
and make them more acceptable and justiﬁed for wide
population coverage.
This paper reviews key publications on folic acid
intervention and attempts to answer the following questions: What minimum eﬃcacious dose reduces the NTD
rate? How can the population’s need for additional folate
intake be determined based on biomarkers? How can the
probable impacts (beneﬁcial and negative) of folic acid
interventions be predicted?
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MINIMUM USEFUL DOSES OF FOLIC ACID
Hibbard and Smithells31 were the ﬁrst to deﬁnitively
endorse the link between folate deﬁciency and NTD incidence after observing that the NTD rate was high if
dietary folate intake was low. Thus, the ﬁrst intervention studies were designed to correct a nutritional
deﬁciency.32–34 However, an inter-country study published in 1991 switched the focus from nutritional
improvement to pharmacological prevention.35 The
study aimed to measure whether a very large dose of folic
acid (given to women who had been previously pregnant
with an NTD-aﬀected fetus) would reduce the recurrence
of NTD. This study was not designed to determine a
minimum eﬃcacious dose but to ensure impact through
supplying suﬃciently high amounts of folic acid to
reduce NTD recurrence. The NTD rate decreased from
423/10,000 in the control group to 78/10,000 in the
treated group (82% reduction). Another group of women
receiving a multivitamin supplement without folic acid
also experienced a lower NTD rate of 272/10,000; (36%
reduction). The latter result suggested that factors beyond
folic acid also aﬀect NTD; however, those did not receive
equal attention. Evidence has only recently accumulated
showing that vitamin B12 deﬁciency is also an important
risk factor for NTD.36,37
Based on the impact of folic acid supplementation
alone in reducing recurrent NTD, women aﬀected with
NTD pregnancies were advised to take 4000 mg/day of
folic acid prior to any future conception. A smaller but
similar Irish research study, using a design comparable to
the inter-country study, supplied three doses of 120 mg
each per day (360 mg/day), alone or in combination with
other micronutrients, and was able to prevent NTD recurrence completely.13 This study also found that using a
multivitamin supplement without folic acid reduced the
recurrence rate from 291/10,000 to 112/10,000 (62%
reduction). This study has been rarely mentioned in this
ﬁeld. While the statistical power of the study may be
criticized, the fact that an 11-times lower dose eﬀectively prevented NTD recurrence deserves attention and
consideration.
The importance of the additional folic acid intake in
preventing the ﬁrst occurrence of NTD was conﬁrmed in
the now classic paper by Czeizel and Dudas,38 which
reported that the supply of 800 mg/day of folic acid as part
of a multinutrient supplement prevented NTD completely in ﬁrst pregnancies in Hungary. Based on the
results reported by the Medical Research Council35 and by
Czeizel and Dudas38, the Public Health Service of the
United States39 enacted a recommendation in 1992 saying
that “all women of childbearing age in the United States
who are capable of becoming pregnant should consume
0.4 mg of folic acid per day for the purpose of reducing
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their risk of having a pregnancy aﬀected with spina biﬁda
or other NTDs (neural tube defects).” The Expert Advisory Group of England40 took a similar position the same
year. However, the experimental evidence that 400 mg/
day in supplements was eﬃcacious for reducing NTD was
only obtained in a study carried out in China from 1993
to 1996, and published in 1999.1 In 1991, Scott et al.41
suggested that the proposed study in China should also
include an arm of 200 mg/day, because that dose might be
equally eﬀective as a larger dose. Nevertheless, the lower
dose was not included, so providing 400 mg/day of folic
acid through supplementation remained a ﬁxed recommendation that was adopted by other institutions, such as
the Institutes of Medicine of the National Academies of
Science in the United States.42 As in the recommendation
of 4000 mg/day to prevent recurrent NTD in aﬀected
women, the use of 400 mg/day to prevent NTD in a
genetically “normal” population is eﬃcacious, but not
necessarily the minimum eﬃcacious dose.
The eﬃcacy supplementation trial carried out in
China reported that women in the north of the country
experienced a NTD reduction from 67/10,000 to
7/10,000, (91% reduction), while the reduction in the
southern region was from 10/10,000 to 6/10,000, (40%
reduction).1 These data suggest that the magnitude of the
impact is highly dependent on the baseline and is not
necessarily continuous and proportional to the amount
of additional folic acid intake, because the ﬁnal NTD rate
reaches a plateau beyond which causes other than folate
status become more important. The NTD rates in China
were lower than in the inter-country study or the Irish
study because the latter two only included women who
had previously had pregnancies aﬀected by NTD. In
China, the rates were for occurrence, while in the other
studies, the rates reﬂected recurrence.
EFFORTS TO ESTABLISH DOSE-RESPONSE
RELATIONSHIPS WITH FOLIC ACID
Daly et al.43 tried to introduce a metabolic-base approach
in order to understand the association between folate
status and NTD. They studied the Irish population and
found a dose-response relationship between serum/
plasma folate or RBC-folate and the incidence of NTD.
Increasing levels of blood-circulating folate were associated with decreasing incidence of NTD. The phenomenon clearly follows a saturable pattern, as is common in
most metabolic reactions. This means that the magnitude
of the NTD reduction rate, although not linear, is relatively proportional to the initial level of blood folate.
However, this statement holds true only within the range
of the experimental data. Beyond the ﬁnal point at the
highest observed levels of folate nothing could be said,
because the rate of NTD may have reached a ﬁxed
Nutrition Reviews® Vol. 67(4):235–244
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Figure 1 Reduction of NTD rates at increasing intakes of
folic acid. The letters A to C show three possible trends after
the last experimental point.
Based on data from Daly et al.43,44
plateau, as the authors of the article stated, or it may even
start behaving as a U-shaped phenomenon.
The same research group measured changes in blood
folate level in response to folic acid intake and compared
the new blood levels with the prior established association
with NTD prevalence. They concluded that folic acid
intake produced proportional changes in blood folate
levels and that additional folic acid intakes of 100–
200 mg/day would signiﬁcantly reduce the NTD rate in
the population.44 In summary, using these two papers, it is
possible to predict the NTD rate reduction at increasing
additional intakes of folic acid, as shown in Figure 1.
Later, Wald et al.,45 using the prior-mentioned publications, calculated changes in serum/plasma folate in
response to diﬀerent folic acid intakes and predicted the
NTD reduction. They used logarithmic transformations
to present the associations as straight lines, but regrettably
without limiting their deductions to the range supported
by the data. As a consequence, they predicted a continuous and linear (logarithmic) reduction of NTD prevalence linked to increased folic acid intake. This approach
has driven the erroneous expectation that NTD reduction
has not reached the maximum possible beneﬁt because
the additional intake of folic acid has been insuﬃcient. It
has also prompted the impression that “more is better”.46
This position is neither technically nor metabolically supported and has unnecessarily fueled the debate among
public health professionals regarding the adequate recommendations of folic acid interventions from a public
health and population perspective.47–49
BIOMARKERS TO ESTIMATE FOLATE STATUS
AND INTAKE
The Irish researchers preferred using the levels of folate in
red blood cells (RBC) to deduce NTD reduction, because
RBC-folate is a biomarker that may reﬂect probable conditions that exist in other cells in the organism and thereNutrition Reviews® Vol. 67(4):235–244

fore explain the occurrence of NTD.43,44 The RBC-folate
level associated with the maximum prevention of NTD
estimated with the experimental data was 906 nmoles/L
(or 400 mg/L).43 However, the transformation of folic acid
into folate cofactors and coenzymes and their storage in
the RBC depend on many other nutritional and genetic
factors. RBC-folate may be a good indicator of the longterm folate status, but it is inﬂuenced by an individual’s
genetic composition, and the participation of adequate
amounts of other vitamins, especially niacin, vitamin B2,
vitamin B6, and vitamin B12, which inﬂuence reactions
that include folate.50,51 Furthermore, the synthesis of RBC
depends on good supply of iron, zinc, protein, and other
nutrients and is also aﬀected by the presence of parasites,
infectious diseases, and other pathologies.
If one cause of NTD is insuﬃcient folate intake, then
measuring folate intake at the population level would be
suﬃcient to predict NTD occurrence. To establish folate
intake, the serum/plasma folate level is a more robust
biomarker than RBC-folate because it is less aﬀected by
confounding factors. Serum/plasma folate reﬂects the
recent folate intake and, although it may vary from individual to individual on a daily basis, is satisfactory enough
to support population-base interventions that have
increasing folate intake as the main purpose. The serum
folate level that was associated with the prevention of
NTD in Ireland was 15.9 nmol/L (or 7.0 mg/L).43
Quinlivan and Gregory17 recognized the proportional association between the changes in serum /plasma
folate and the intake of folate in the diet. They gathered
information from several studies that reported these two
parameters and calculated the linear equation that
described their association. Recently, they adjusted their
equation using additional data.52 The reviewed equation
is as follows: change in serum folate (mg/L) = [intake
of folic acid as DFE (mg/day) ¥ 0.0145] + 0.132. The
formula considers the equivalence of folic acid in terms
of dietary folate equivalent (DFE) based on the approximated 70% better bioavailability of synthetic folic acid
over dietary sources of folate.42,53 The additional intake
of folate necessary to reach a speciﬁc higher serum folate
level can also be calculated using another form of the
same equation: intake of DFE (mg/day) = [change in
serum folate (mg/L) – 0.132]/0.0145]. Here, the calculated intake of DFE should be divided by 1.7 to transform the DFE into the equivalent amounts of folic acid.
Furthermore, the last equation also allows estimation of
the basal intake of DFE by simply placing the basal
serum folate level in the position reserved for the change
in serum folate. In this equation, serum folate level is
expressed in terms of mg/L. Most papers report folate
levels in nmol/L. Thus, to transform nmol/L into mg/L, it
is necessary to divide the nmol/L values by the conversion factor of 2.266.
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Table 1 Changes in serum folate level after 3 months of folic acid
supplementation.
Folic acid dose
Serum folate (nmol/L)†
Change in serum folate
(mg/day)
Baseline
3 months
(nmol/L)
(mg/L)‡
100
9.7
19.0
9.3
4.1
400
9.6
36.5
26.9
11.9
4000
9.7
68.9
59.2
26.1
4000/week
9.8
23.9
14.1
6.2
†
‡

Data from Hao et al.54
Folate mg/L = folate nmol/L/2.266.

Although Quinlivan and Gregory’s equation52 is a
straight line, the association between intake and serum
folate is expected to be a saturation curve. The linearity
comes from using several sources of information, and the
lack of precision introduced by combining the data with
diﬀerent degrees of variation. In any case, the equation
used is simple and practical to use to design and evaluate
folic acid interventions as described below.
Recently, Hao et al.54 reported on the changes in
serum folate due to diﬀerent amounts of folic acid from a
large randomized study in China. Although very few
points (100, 400, and 4000 mg/day) of additional folic acid
intake were measured (Table 1), the association between
intake and change in serum folate clearly follows a saturation pattern, as is expected for a metabolic process. The
equation calculated for the available data is as follows:
change in serum folate (mg/L) = (5.9844 ¥ Ln (intake of
folic acid as DFE (mg/day)) – 26.826, which had an r2 of
0.9994. Interestingly, the slope of a straight line calculated
using only the values of 100 and 400 mg/day of folic acid
intake was very similar to the equation calculated by
Quinlivan and Gregory52; the slopes are 0.0153 and
0.0145, respectively. In the linear equation calculated with
the China study data, the intercept is high (1.5) because
the saturation pattern of the association reduces the slope
but increases the intercept when a straight-line equation
is used to ﬁt the data. This example illustrates that equations describing the association between folate intake and
serum folate level are justiﬁable to estimate baseline folate
intakes, the expected change in serum folate level in
response to speciﬁc additional intakes of folate, and additional folic acid intake needed to reach certain serum
folate levels.
The data presented in Table 1 show that taking
100 mg/day of folic acid was suﬃcient in the study population in northern China to reach a serum folate level
higher than 15.9 nmol/L; hence, the new condition has a
high probability to protect against NTD, as deduced by
Daly et al.43 This statement is also valid for the lowest
limit of the 95% CI, even as soon as the ﬁrst month of
treatment. The lowest 95% CI of the serum folate level at
baseline was 4 mg/L (9.0 nmol/L).54 If the goal was to
raise the serum folate level to 7 mg/L (16 nmol/L), then
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using the Quinlivan and Greogry equation,52 the estimated folic acid intake would be as follows: 116 mg/day
(i.e., [((7–4 mg/L) – 0.132)/0.0145]/1.7). The estimated
additional amount is 86 mg/day using the exponential
equation derived from the same paper’s data (i.e., [e
(((7–4 mg/L) + 26.826)/5.9844)]/1.7). In summary, for
the study population, an intake of approximately
100 mg/day of folic acid would produce an important
decrease in the NTD rate – a conclusion presented by
Daly et al.44 long ago. A few women may still need additional amounts of folic acid because of speciﬁc genetic
traits, but they should be treated on a case-by-case basis
after investigating the nutritional and metabolic reasons
behind the abnormality, and following clinical determination of RBC-folate, serum folate, holotranscobalamin for vitamin B12 status, homocysteine, and other
biomarkers.
In 2002, Venn et al.55 studied the relationship
between folic acid intake and changes in serum folate.
Here, the saturation pattern was clearly shown. The corresponding equation is as follows: change in serum folate
(mg/L) = (3.5871 ¥ Ln (intake of folic acid as DFE (mg/
day)) – 16.165, which had an r2 of 0.9953.
Without an experimental equation for a speciﬁc
target population, the Quinlivan and Gregory equation52
is simple enough to be used to estimate the baseline
dietary folate intake using the serum folate level. If more
precise results are desirable, then a short (around 3
months) experiment can be done supplying diﬀerent folic
acid doses (from 50 to 400 mg/day) to randomized experimental groups of the target population. The best equation
that ﬁts the data would be calculated and would be used
to estimate baseline folate intake and the additional folic
acid intake needed to reach speciﬁc serum folate levels. In
essence, this procedure is similar to the “spiking” method
commonly used in analytical chemistry when seeking the
content of an analyte in a complex matrix.
In October 2005, a WHO meeting on the topic of
folate and vitamin B12 reviewed the global prevalence,
causes, and consequences of the deﬁciencies of these two
vitamins and potential interventions.56 As part of that
activity, Green57 summarized the indicators and criteria
to identify the presence of a negative balance of the folate
Nutrition Reviews® Vol. 67(4):235–244

Table 2 Cutoﬀ points of serum/plasma folate to classify folate deﬁciency or excess and estimated associated
intakes of DFE or folic acid.
Parameters
Negative balance
Functional pathologies
Occurrence of
Supraphysiological
that may cause
associated with increase
NTD above the
level¶
megaloblastic
of homocysteine†
“normal”population
anemia†
plateau§
Serum level (nmol/L)
<7.0
<10.0
<15.9
ⱖ45.3
Serum level (mg/L)
<3.1
<4.4
<7.0
ⱖ20
<205
<294
<474
ⱖ1370
DFE (mg/day)††
<120
<173
<279
ⱖ806
Folic acid (mg/day)‡‡
†

Serum levels from Green.57
Serum levels from Selhub et al.58
§
Serum levels from Daly et al.43
¶
Serum levels from Pfeiﬀer et al.;59 who suggested this cutoﬀ point because the presence of free folic acid in circulation starts to be
important at this level.
††
Using the linear equation of Quinlivan and Gregory.52
‡‡
It was assumed that micrograms DFE/1.7 = mg folic acid.
‡

status (in terms of serum folate as well as RBC-folate). If
a negative balance is kept for weeks and months, it might
show clinical/morphological evidence of folate deﬁciency, such as megaloblastic anemia. In the same
meeting, Selhub et al.58 proposed cutoﬀ points for serum
folate and RBC-folate that are associated with homocysteine level increases – a functional indicator of folate,
vitamin B12, and other micronutrient deﬁciencies. High
levels of plasma homocysteine are associated with cardiovascular diseases. Tables 2 and 3 summarize the criteria
recommended for interpreting folate status based on
serum and RBC-folate, respectively. The tables also
present the cutoﬀ points that Daly et al.43 determined as
linked to the point where NTD occurrence starts to
plateau in the Irish population. Table 2 also includes the
serum folate level associated with the detectable circulation of free folic acid.59 Although a folate level associated
with an adverse eﬀect due to excessive intakes has not yet
been established, the use of 45.3 nmol/L seems a reasonable option, because free folic acid in circulation means
that an organism’s capacity to process folic acid into
folate derivatives has been overwhelmed, and no reason
exists to increase the folic acid intake beyond that point.
An important reference is that serum folate levels above
59 nmol/L have been associated with cognitive impairment in the elderly.60

Table 2 also includes estimations of the DFE and folic
acid intake amounts needed to reach the diﬀerent cutoﬀ
point levels of serum folate. The intake estimates are calculated using the Quinlivan and Gregory equation52 and
assume no dietary folate intake at baseline. Estimating
folate intake as folic acid (Table 2) suggests that 279 mg/
day would be suﬃcient to reach the protective serum
folate level to prevent NTD, as identiﬁed by Daly at al.43
Indeed, the additional folic acid intake needed is smaller
when considering baseline serum folate.
Another interesting deduction in Table 2 is that
the DFE amounts needed to prevent functional (high
homocysteine level) and morphological (megaloblastic
anemia) consequences of folate deﬁciency are lower than
the current estimated average recommendation of 320 mg
DFE/day for adults. To prevent NTD, the needed DFE
intake is only 18% higher than the current recommended
nutrient intake or recommended daily allowance of
400 mg DFE/day for adults (or 235 mg/day in the form of
folic acid).
On the other hand, the excessive intake associated
with detectable increments of free folic acid in circulation
is 806 mg/day, which is lower than the 1000 mg/day actual
tolerable upper intake level (UL) of folic acid for adults.42
In summary, the current dietary parameters of folate
seem adequate to explain all the metabolic functions of

Table 3 Cutoﬀ points of RBC-folate to classify folate deﬁciency.
Criteria
Negative balance
Functional pathologies
that may cause
associated with
megaloblastic
increase of
anemia†
homocysteine‡
RBC level (nmol/L)
<305
<340
RBC level (mg/L)
<135
<150

Occurrence of
NTD above the
“normal”population
plateau§
<906
<400

†

RBC levels from Green.57
RBC levels from Selhub et al.58
§
RBC levels from Daly et al.43
‡
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†
Using the data presented in Table 1, and assuming that
microgram DFE/1.7 = mg folic acid.
‡
Using the exponential equation derived from the data of Hao
et al.;54 DFE (mg/day) = e [(change in serum folate (mg/
L) + 26.826)/5.9844].
§
Using the linear equation of Quinlivan and Greogry;52 DFE
(ug/day) = [change in serum retinol (mg/L) – 0.132]/0.0145.
¶
This is equivalent to 1029 mg per week (147 mg/day ¥ 7 days/
week).

folate, including NTD prevention. Perhaps some adjustments are needed, but those will be very close to the actual
values.
Table 4 presents the estimated folic acid intakes using
the exponential equation calculated with the China study
data,54 and Quinlivan and Gregory’s linear equation.52
Both equations calculated the experimental intakes below
400 mg/day reasonably well. The exponential equation,
which is more precise than the linear equation for this
data set, predicted the eﬀect of the 4000 mg/day intake.
Using this equation for the 4000 mg/week dose calculated
a biological response equivalent to a daily dose of 147 mg,
i.e., 1029 micrograms for the whole week. Therefore, the
4000 mg/week dose was 26% bioavailable. Thus, the transformed amounts from the 4000 mg/week dose of folic acid
– around 1000 mg/week – coincides with Kelly et al.’s
deduction61 that the human organism’s capacity to
metabolize folic acid into folate is overwhelmed after
800 mg/day. As a corollary, it is possible to assert that daily
doses higher than 1000 mg of folic acid provide little gain.
Nevertheless, although 1000 mg of folic acid may be
absorbed daily, it does not mean that this amount is either
necessary or useful.
Hao et al.54 concluded in their paper that a weekly
dose of 4000 mg folic acid was relatively ineﬀective in
increasing blood folate concentration. However, Table 4
shows something diﬀerent. The eﬀect of this weekly dose
was equivalent to a daily dose of 147 mg/day. The important point here is that serum folate in the weekly treatment produced a serum folate change higher than that of
the estimated protective level of 100 mg/day. Therefore, a
large NTD rate reduction may also be expected with this
weekly dose.
In summary, the study carried out in China54
to determine changes of serum and RBC-folate and
homocysteine in response to diﬀerent folic acid dosing
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Table 4 Predicted intakes using correlation
equations (folate intake versus serum folate levels).
Folic acid dose
Estimated folic acid intake (mg/day)
(mg/day)
based on serum folate changes†
Internal
Quinlivan and
equation‡
Gregory52 equation§
100
103
161
400
380
476
4000
4078
1054
247
4000/week
147¶

80
60
Excessive

40

Negative balance: 7.0 nmol/L
Functional level: 10.0 nmol/L
NTD risk: 15.9 nmol/L
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Figure 2 Cumulative frequency distribution of plasma
folate levels before and after mass-fortiﬁcation with
folic acid was introduced in the United States59 and
Chile.62 The functional cutoﬀ point refers to increases in the
blood homocysteine levels if serum folate levels are below
that position.

regimens, suggests that even for populations with very
low folate status, the addition of about 100 mg/day (or
4000 mg/week) of folic acid might have important public
health implications in reducing NTD.
ANALYZING TWO FOOD FORTIFICATION PROGRAMS
Fortifying cereal, mainly wheat ﬂour, with folic acid and
other micronutrients has been well studied in the United
States and Chile. One paper about the US program
reported an NTD reduction per pregnancy from 11 to
7/10,000 as plausible consequence of the fortiﬁcation program,8 i.e., a 36% reduction. Other articles mention lower
percents of decline, but are based on NTD per birth; the
impact is smaller due to early termination of some pregnancies once fetal abnormalities were identiﬁed.3 In
Chile, where abortion is not allowed and pregnancy termination is rare, the NTD rate changed from 17 to
8/10,000 (53% reduction).4 This diﬀerence in percent of
reduction is better explained by the magnitude of the
NTD rate at baseline rather than the additional folic acid
intake, because in both countries the ﬁnal NTD rate was
very similar, as the China supplementation trials showed.1
Figure 2 summarizes the changes in plasma folate
from food fortiﬁcation in the United States and Chile. The
US data cover all populations older than 3–4 years of age,
as determined in the 1988–1994 and 1999–2000 National
Health and Nutrition Examination Surveys.59 The
Chilean data are speciﬁc to women of reproductive age.62
Although the inter-country comparison is not legitimate
because the study groups are not equivalent, at baseline,
16% of the US population and 25% of the population in
Chile had serum folate levels below the cutoﬀ point, indicating a negative folate balance (7 nmol/L). Approximately 30% and 45%, respectively, were below the cutoﬀ
point associated with functional deﬁciency, as identiﬁed
Nutrition Reviews® Vol. 67(4):235–244

by high homocysteine levels (10 nmol/L). Therefore, it is
valid to conclude that prior to these mass-fortiﬁcation
programs, folate intake for the general population of both
countries was inadequate. At the cutoﬀ point above the
“normal”-population plateau (<15.9 nmol/L) that may be
linked to increased possibility of NTD occurrence, nearly
70% of the population in the two countries did not reach
that serum folate level. In summary, a folic acid fortiﬁcation program with wide population coverage was justiﬁed
and necessary in the two countries.
In the United States, the mean level of serum folate
before and after fortiﬁcation changed from 12.0 to
29.7 nmol/L. This change may have been caused by the
additional intake of folic acid of 312 mg/day, as calculated
using the Quinlivan and Gregory equation.52 The population with the lowest serum folate level at baseline (5th
percentile) had a serum folate change from 5 nmol/L
(estimated from one ﬁgure in the US surveys)59 to
13 nmol/L. This change may be caused by the additional
144 mg/day intake of folic acid. These estimations coincide with those calculated by others using food-intake
data.63,64 These intakes have been eﬃcacious in reducing
NTD in the United States.
Based on the current lowest serum folate (5th percentile) of the US population, it is possible to estimate that
48 mg/day of folic acid would still be needed to increase
the serum folate level of women with the lowest intake to
reach the serum folate level of 16 nmol/L, which Daly
et al.43 identiﬁed as the level needed to protect against
NTD. In summary, these calculations show that the folic
acid-fortiﬁed cereal program in the United States is
working very well, and that widespread use of 400-mg
supplements is no longer needed. Perhaps, to ensure that
every woman has suﬃcient folate intake before conception, the preventive supplementation recommended may
be reduced from 400 to 50-mg/day as a non-medically
supervised measured to prevent NTD. In any case, the
current policy of 400 mg/day of folic acid during the periconceptional period should be reviewed, because fortiﬁed
foods are now providing large amounts of folic acid to the
entire population.
The cumulative distribution proﬁle of the serum
folate levels of the US population shows an abnormal
bend toward high levels (around 35 nmol/L) for 15% of
the population. This serum folate level may reﬂect a DFE
of 1054 mg/day (or 631 mg/day in terms of folic acid),
which suggests that the population showing those serum
folate levels might be regular consumers of folic acid
supplements or processed foods highly fortiﬁed with folic
acid. This deduction coincides with the results of Yang
et al.,64 who found that in the United States, 19–40% of
women, depending on ethnicity, consume 400 mg/day or
more of folic acid from supplements, highly enriched
foods (e.g., some breakfast cereals), or both, in addition to
Nutrition Reviews® Vol. 67(4):235–244

the folate they derive from the diet and products made
with fortiﬁed cereal ﬂours. The authors concluded that
most women still need to take folic acid supplements to
comply with the recommended current additional
400 mg/day of folic acid to prevent NTD. This recommendation, however, deserves to be reviewed and supported
with metabolic-based evidence; recommending an absolute additional intake of folic acid no longer makes sense.
Any recommendation should be supported by assessing
the usual folate status at baseline and the status associated
with NTD reduction, as found in the several studies
carried out so far.
In Chile, the serum folate level of women of reproductive age changed from 9.7 prior to fortiﬁcation to
37.2 nmol/L 10 months after fortiﬁcation was legally
mandated.62 This change may be due to the additional
intake of 487 mg/day of folic acid, as calculated with the
Quinlivan and Gregory equation.52 Hertrampf et al.62 estimated the average intake of 427 mg/day based on the folic
acid content of bread and the estimated bread intake.
Now, the women of reproductive age in Chile who have
the lowest serum folate levels (5th percentile) have a level
above the cutoﬀ point of 15.9 nmol/L. These results
suggest that in Chile the fortiﬁcation level may be adjusted
downwards to avoid providing too much folic acid (as
identiﬁed for serum folate levels above 45 nmol/L) to
certain segments of the Chilean population; this includes
around 30% of women, but probably more children and
adult males. This downward adjustment can be made
without compromising the program’s eﬃcacy, because
the additional intake of folic acid will remain higher than
that estimated to reach protective serum folate levels. In
any case, using folic acid supplements in Chile, and adding
this nutrient to foods other than wheat ﬂour is unnecessary, and perhaps even risky, given the current additional
intakes provided by fortiﬁed wheat ﬂour.

CONCLUSION
Folate is an essential micronutrient required in the synthesis and functional regulation of many macromolecules
in living beings, including humans. Nutritional folate
inadequacy may be more widespread than originally
thought, including in industrialized country populations.
Therefore, increasing folate intake seems a proper public
health intervention. However, introducing populationwide interventions, especially food fortiﬁcation, has
raised concerns because of possible risks associated with
excessive folate intake, such as exacerbating neuropathies
from masked vitamin B12 deﬁciency, and antagonism
against anti-folate drugs used as anti-cancer, as anti-acne,
and as anti-malaria agents, among others. Thus, a
minimum eﬃcacious level must be selected that prevents
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the consequences of folate deﬁciency yet minimizes the
adverse eﬀects associated with excesses.
A wealth of information in folate biochemistry,
molecular biology, human genetics, and population
genetics has been accumulated that can be used to guide
public health decisions on folate interventions. It seems
that serum/plasma folate level is a very useful indicator to
diagnose both deﬁcient and excessive status, and to estimate the needed additional folate intake, in the form of
folic acid, to reach speciﬁc cutoﬀ points associated with
reducing abnormalities in populations. Thus, 7 nmol/L
is required to prevent negative balance of folate that,
if untreated, might cause megaloblastic anemia;57
10 nmol/L is required to avert high blood homocysteine
levels that indicate favorable cardiovascular disease conditions;58 and 15.9 nmol/L is required to reduce NTD
occurrence above the plateau rate for “normal” populations.43 Although a criterion for determining an excessive
folate status has not yet been speciﬁed, a level above
45 nmol/L may be appropriate because free-circulating
folic acid is present and indicates that the organism’s
capacity to transform folic acid into folate derivatives has
been overwhelmed.59 Serum folate can be used to design
proper interventions by calculating the additional intake
needed to reach the speciﬁed cutoﬀ, using experimental
equations derived from observed changes of serum level
to diﬀerent amounts of folic acid intake, or simply by
applying the equation established by Quinlivan and
Gregory.52
In one-carbon metabolism, many pathologies (nutritional and genetic) beyond folate intake can cause abnormalities. Therefore, serum folate should be used along
with other biomarkers, such as RBC-folate, blood
homocysteine, holotranscobalamin, and others, to identify pathological causes and possible treatments for normalizing abnormal pathways.
Adequate folic acid intake can be eﬀectively and
safely ensured through mass-fortiﬁcation programs, such
as that applied to cereal ﬂours in Canada,2,5 Chile,4 Costa
Rica,7 South Africa,6 and the United States.3,8 Eﬃcacious
amounts of folic acid can also be supplied by daily folic
acid supplementation,1 and probably by weekly high-dose
folic acid supplementation.54,65,66 For food fortiﬁcation
and daily supplementation, amounts around 100 mg of
folic acid seem eﬃcacious; while for weekly supplementation a 4000 mg dose may be useful. However, the population dose should be adjusted based on the impact on
serum folate levels. If the interventions are carefully
monitored using this biomarker, the folate and folic acid
intakes of most individuals will remain within a safe
range. Larger doses of folic acid may be reserved for treating special cases, but not for population-based programs.
Once a mass-fortiﬁcation program is running well,
supplementation should be a complementary measure;
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therefore, the daily recommended supplement level
before pregnancy should be adjusted to ﬁll the unsatisﬁed
need – this should be the case in the United States. Likewise, folic acid content in industrially processed foods
should be regulated and closely monitored to complement mass-fortiﬁcation programs when needed. Adding
folic acid to commercially available foods and supplements without prescription should be limited if mass
programs have wide coverage and large supply such as
Chile’s fortiﬁcation of wheat ﬂour.
The recommendation to provide 400 mg/day of folic
acid, in addition to dietary folate, to women planning to
become pregnant deserves to be reviewed. This recommendation originated from studies that supplied this or
larger amounts of folic acid to women to prove the plausible association with NTD reduction; lower doses might
be eﬃcacious but were not included in any of these
studies. Although we do not know with absolute certainty
the minimum level that is eﬀective for reducing NTD
occurrence, it is logical to assume it might be much lower
with fortiﬁed food than the current recommendation,
because the additional folic acid intake occurs in a quasipermanent manner from childhood; additional intakes
around 100 mg/day appear to be appropriate.
Folate metabolism has very good biomarkers with a
clear dose-response relationship; this unique condition in
the micronutrient ﬁeld should be used to its full potential.
Continuing to advocate the adoption of additional folic
acid intake without using those biomarkers is unjustiﬁed;
they can be used to assess the need, to design the interventions, and to monitor and evaluate the program performance and outcomes.

Acknowledgment
The opinions expressed in this article do not necessarily
reﬂect the views of the Academy for Educational Development. The author thanks his colleague Renuka Bery for
assistance in reﬁning the language in this paper.

REFERENCES
1. Berry RJ, Li Z, Erickson JD, et al. Prevention of neural-tube
defects with folic acid in China. N Engl J Med. 1999;341:1485–
1490.
2. De Wals P, Tairou F, Van Allen MI, et al. Reduction in neuraltube defects after folic acid fortiﬁcation in Canada. N Engl J
Med. 2007;357:135–142.
3. Honein MA, Paulozzi LJ, Mathews TJ, Erickson JD, Wong L-YC.
Impact of folic acid fortiﬁcation of the US food supply on the
occurrence of neural tube defects. JAMA. 2001;285:2981–
2986.
4. Lopez-Camelo JS, Orioli IM, da Graca Dutra M, et al. Reduction
of birth prevalence rates of neural tube defects after folic acid
fortiﬁcation in Chile. Am J Med Genet. 2005;135A:120–125.
Nutrition Reviews® Vol. 67(4):235–244

5. Ray JG, Meier C, Vermeulen MJ, Boss S, Wyatt PR, Cole DEC.
Association of neural tube defects and folic acid food fortiﬁcation in Canada. Lancet. 2002;360:2047–2048.
6. Sayed A, Bourne D, Pattinson R, Nixon J, Henderson B. Decline
in the prevalence of neural tube defects following folic acid
fortiﬁcation and its cost-beneﬁt in South Africa. Birth Defects
Res Part A Clin Mol Terol. 2008;82:211–216.
7. Tacsan L, Rivera MA. The Costa Rican experience: reduction of
neural tube defects following food fortiﬁcation programs.
Nutr Rev. 2004;62:(II)S40–S43.
8. Williams LJ, Mai CT, Edmons LD, et al. Prevalence of spina
biﬁda and anencephaly during the transition to mandatory
folic acid fortiﬁcation in the United States. Teratology. 2002;
66:33–39.
9. Cuskelly G, McNulty H, Scott JM. Fortiﬁcation with low
amounts of folic acid makes a signiﬁcant diﬀerence in
folate status in young women: implications for the prevention of neural tube defects. Am J Clin Nutr. 1999;7:234–
239.
10. Czeizel AE. Folic acid prevention of neural-tube defects (correspondence). N Engl J Med. 2004;350:2210.
11. Daly S, Scott JM. The prevention of neural tube defects. Rapid
Sci. 1998;10:85–89.
12. Evans JG, Clarke R. Reply to NJ Wald et al. Am J Clin Nutr.
2004;80:1665–1669.
13. Kirke PD, Daly LE, Elwood JH. A randomized trial of low dose
folic acid to prevent neural tube defects. Arch Dis Child.
1992;67:1442–1446.
14. Mills JL. Fortiﬁcation of foods with folic acid – How much is
enough? N Engl J Med. 2000;342:1442–1445.
15. Mills JL, Signore CC. Neural tube defect rates before and after
food fortiﬁcation with folic acid. Birth Def Res (A). 2004;
79:844–845.
16. Mills JL, Signore CC. Folic acid prevention of neuraltube defects (correspondence). N Engl J Med. 2004b;350:
2209.
17. Quinlivan EP, Gregory JF. Eﬀect of food fortiﬁcation on folic
acid intake in the United States. Am J Clin Nutr. 2003;77:221–
225.
18. Shane B. Folate fortiﬁcation: enough already? Am J Clin Nutr.
2003;77:8–9.
19. Smithells RW, Shephard S, Schorah CJ, Wild J. Folic acid to
prevent neural tube defects. (Letters to the editor). Lancet.
1991;338:379–380.
20. Oakley GP. Inertia on folic acid fortiﬁcation: public health
malpractice. Teratology. 2002b;66:44–54.
21. Wald NJ. Folic acid and the prevention of neural-tube defects.
N Engl J Med. 2004;350:101–103.
22. Wald NJ, Law M, Hoﬀbrand AV. Folic acid fortiﬁcation in the
prevention of neural tube defects. Am J Clin Nutr. 2004;
80:1665.
23. Hubner RA, Houlston RD, Muir KR. Should folic acid fortiﬁcation be mandatory? No. BMJ. 2007;334:1253.
24. Wald NJ, Oakley GP. Should folic acid fortiﬁcation be mandatory? Yes. BMJ. 2007;334:1252.
25. Smith D, Kim Y-I, Refsum H. Is folic acid good for everyone?
Am J Clin Nutr. 2008;87:517–533.
26. Metz J. Folic acid metabolism and malaria. Food Nutr Bull.
2007;28(Suppl):S540–S549.
27. Mason JB, Dickstein A, Jacques PF, et al. A temporal association between folic acid fortiﬁcation and an increase in colorectal cancer rates may be illuminating important biological
principles: a hypothesis. Cancer Epidemiol Biomarkers Prev.
2007;16:1325–1329.

Nutrition Reviews® Vol. 67(4):235–244

28. Morris MC, Evans DA, Bienias JL, et al. Dietary folate and
vitamin B12 intake and cognitive decline among communitydwelling older persons. Arch Neurol. 2005;62:641–645.
29. Lindenbaum J, Healton EB, Savage DG, et al. Neuropsychiatric
disorders caused by cobalamin deﬁciency in the absence of
anemia or macrocytosis. N Engl J Med. 1988;318:1720–1728.
30. Ulrich CM. Folate and cancer prevention: a closer look at a
complex picture. Am J Clin Nutr. 2007;86:271–273.
31. Hibbard ED, Smithells RW. Folic acid metabolism and human
embryopathy. Lancet. 1965;i:1254.
32. Laurence KM, James N, Miller MH, Tennant GB, Campbell H.
Double-blind randomised controlled trial of folate treatment
before conception to prevent recurrence of neural-tube
defects. Br Med J. 1981;282:1509–1511.
33. Smithells RW, Sheppard S, Schorah CJ, et al. Possible prevention of neural-tube defects by periconceptional vitamin
supplementation. Lancet. 1980;i:339–340.
34. Smithells RW, Seller MJ, Harris R, et al. Further experience of
vitamin supplementation for prevention of neural tube
defect recurrences. Lancet. 1983;i:1027–1031.
35. MRC Vitamin Study Research Group. Prevention of neural
tube defects: results of the Medical Research Council Vitamin
Study. Lancet. 1991;338:131–137.
36. Ray JG, Wyatt PR, Thompson MD, et al. Vitamin B12 and the
risk of neural tube defects in a folic-acid fortiﬁed population.
Epidemiology. 2007;18:362–366.
37. Candito M, Houcher B, Boisson C, et al. Neural tube defects
and vitamin B12: a report of three cases. Ann Biol Clin.
2004;62:235–238.
38. Czeizel AE, Dudas I. Prevention of the ﬁrst occurrence of
neural-tube defects by periconceptional vitamin supplementation. N Engl J Med. 1992;327:1832–1835.
39. Public Health Service of the United States. Recommendations
for the use of folic acid to reduce the number of cases of spina
biﬁda and other neural tube defects. MMWR Morb Mortal Wkl
Rep. 1992;41(RR-14):1–7.
40. Expert Advisory Group. Folic Acid and the Prevention of Neural
Tube Defects. London, England: Department of Health;
1992.
41. Scott JM, Kirke P, O’Broin S, Weir DG. Folic acid to prevent
neural tube defects. Lancet. 1991;338:505.
42. 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.
43. Daly LE, Kirke PN, Molloy A, Weir DG, Scott JM. Folate levels
and neural tube defects. Implications for prevention. JAMA.
1995;274:1698–1702.
44. Daly S, Mills JL, Molloy AM, et al. Minimum eﬀective dose of
folic acid for food fortiﬁcation to prevent neural-tube defects.
Lancet. 1997;350:1666–1669.
45. Wald NJ, Law MR, Morris JK, Wald DS. Quantifying the eﬀect
of folic acid. Lancet. 2001;358:2069–2073.
46. Oakley GP. Global prevention of all folic acid-preventable
spina biﬁda and anencephaly by 2010. Community Genet.
2002;5:70–77.
47. Abramsky L, Noble J. Eﬀects of folic acid (correspondence).
Lancet. 2002;359:2039.
48. Davis RE. Eﬀects of folic acid (correspondence). Lancet.
2002;359:2038–2039.
49. Reynolds E. Eﬀects of folic acid (correspondence). Lancet.
2002;359:2039.
50. Bailey LB, Gregory JF. Folate metabolism and requirements. J
Nutr. 1999;129:779–782.

243

51. Mc Nulty H, Scott JM. Intake and status of folate and related
B-vitamins: considerations and challenges in achieving
optimal status. Br J Nutr. 2008;99(Suppl):S48–S54.
52. Quinlivan EP, Gregory JF. Reassessing folic acid consumption
patterns in the United States (1999–2004): potential eﬀect in
neural tube defects and overexposure to folate. Am J Clin
Nutr. 2007;86:1773–1779.
53. Bailey LB. Dietary reference intakes for folate: the debut of
dietary folate equivalents. Nutr Rev. 1998;56:294–299.
54. Hao L, Yang Q-H, Li Z, et al. Folate status and homocysteine
response to folic acid doses and withdrawal among young
Chinese women in a large-scale randomized double-blind
trial. Am J Clin Nutr. 2008;88:448–457.
55. Venn BJ, Mann JI, Williams SM, et al. Assessment of three
levels of folic acid on serum folate and plasma homocysteine:
a randomized placebo-controlled double-blind dietary intervention trial. Eur J Clin Nutr. 2002;56:748–754.
56. de Benoist B, Allen LH, Rosenberg IH. Supplement: folate and
vitamin B12 deﬁciencies: Proceedings of a WHO Technical Consultation held 18–21 October, 2005, in Geneva, Switzerland.
Food Nutr Bull. 2008;29(Suppl):S1–S246.
57. Green R. Indicators for assessing folate and vitamin B12 status
and for monitoring the eﬃcacy of intervention strategies.
Food Nutr Bull. 2008;29(Suppl):S52–S63.
58. Selhub J, Jacques PF, Dallal G, Choumenkovitch S, Rogers G.
The use of blood concentrations of vitamins and their respective functional indicators to deﬁne folate and vitamin B12
status. Food Nutr Bull. 2008;29(Suppl):S67–S73.
59. Pfeiﬀer CM, Caudill SP, Gunter EW, Osterloh J, Sampson EJ.
Biochemical indicators of B vitamin status in the US population after folic acid fortiﬁcation: results from the National

244

60.

61.

62.

63.

64.

65.

66.

Health and Nutrition Examination Survey 1999–2000. Am J
Clin Nutr. 2005;82:442–450.
Morris MS, Jacques PF, Rosenberg IH, Selhub J. Folate
and vitamin B12 status in relation to anemia, macrocytosis,
and cognitive impairment among older Americans in the age
of folic acid fortiﬁcation. Am J Clin Nutr. 2007;85:193–200.
Kelly P, McParlin J, Goggins M, Weir DG, Scott JM. Unmetabolized folic acid in serum: acute studies in subjects consuming
fortiﬁed food and supplements. Am J Clin Nutr. 1997;65:
1790–1795.
Hertrampf E, Cortes F, Erickson JD, et al. Consumption of folic
acid-fortiﬁed bread improves folate status in women of
reproductive age in Chile. J Nutr. 2003;133:3166–3169.
Choumenkovith SF, Selhub J, Wilson PWF, Rader JI,
Rosenberg IH, Jacques PF. Folic acid intake from fortiﬁcation
in United States exceeds predictions. J Nutr. 2002;132:2792–
2798.
Yang Q-H, Carter HK, Mulinare J, Berry RJ, Friedman JM,
Erickson JD. Race-ethnicity diﬀerences in folic acid intake in
women of childbearing age in the United States after folic
acid fortiﬁcation: ﬁndings from the National Health and
Nutrition Examination Survey, 2001–2002. Am J Clin Nutr.
2007;85:1409–1416.
Adank C, Gree TJ, Skeaﬀ CM, Briars B. Weekly high-dose folic
acid supplementation is eﬀective in lowering serum
homocysteine concentrations in women. Ann Nutr Metab.
2003;47:55–59.
Norsworthy B, Skeaﬀ CM, Adank C, Green TJ. Eﬀects of oncea-week or daily folic acid supplementation on red blood cell
folate concentrations in women. Eur J Clin Nutr. 2004;58:548–
554.

Nutrition Reviews® Vol. 67(4):235–244

