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Executive Summary
1. How big is the problem of neural tube defects in New Zealand?
The current prevalence of neural tube defects (NTDs) in New Zealand is not
precisely known and so there is no baseline from which estimates of the effects of folic
acid fortification can be made. All that can be said is that the prevalence had been
falling for several years until 2003 and, if this decline has continued, the prevalence
may by now have reached about 7 per 10,000 births per year. This is likely to be a floor
level, where folic acid may have no further effect. The lack of baseline data is a serious
problem because it is government policy to monitor closely the effects of fortification,
but in the current situation such monitoring will not be possible.

2. What impact would folic acid fortification have on the
prevalence of neural tube defects?
The general folate status of New Zealand women of child-bearing age is very
good. It is the same as, or better than, that of women in the USA after the introduction
of mandatory fortification. Notably, in the USA the folate status appears to be sufficient
to prevent all folate-sensitive NTDs. It is very difficult to estimate the effect of
fortification on the prevalence of NTDs in New Zealand because there is no reliable
data on the current prevalence of NTD pregnancies. Based on the best evidence
available, we suggest that fortification may prevent no more than 6 NTD pregnancies
per year, but quite possibly none.

3. Are there any other potential benefits of fortification?
a) Population studies
There are rather few population studies on other possible beneficial effects of
folic acid fortification. The data on other congenital defects is inconsistent and this may
in part be due to changes in diagnostic practice over time; some defects appeared to be
more common after fortification, while others (e.g. atrial septal defect) may have
decreased. There were significant and important decreases in stroke mortality, and also
in stroke incidence, following fortification in USA and Canada. Any associations with the
incidence of myocardial infarction are much less clear and, if they occurred, were
delayed. Causal links cannot be assumed, but the observations are of a similar kind to
those used to support the effect of fortification on the incidence of NTDs.
b) Randomized clinical trials
It should be recognised that the doses of folic acid used in randomized trials are
much in excess of the amounts that could be obtained from food after fortification.
Furthermore, many of the trials have used a combinations of vitamins, not only folic
acid. Randomized trials, together with some observational studies, indicate that the
periconceptual consumption of vitamin supplements containing folic acid prevent a high
proportion (about 70%) of NTDs. The evidence is less secure concerning the prevention
of other birth defects, but some cardiac malformations may be partly prevented. The
4

evidence that the supplements prevent other unwanted pregnancy outcomes is
inconsistent. Trials in patients with cardiovascular disease are inconsistent and there is
no evidence that ischaemic heart disease is prevented, but some studies appear to
show a preventive effect on stroke. Certain subgroups might benefit from B vitamin
treatment, but more studies are needed on this question. Trials of B vitamin mixtures
that include folic acid have shown a protective effect against age-related macular
degeneration, age-related hearing loss, and age-related cognitive decline. Furthermore,
the accelerated brain atrophy associated with cognitive impairment in the elderly can be
slowed by B vitamins. The effect of B vitamins on brain atrophy and cognitive decline is
limited to a subgroup that had high baseline levels of plasma homocysteine. The trials
showing beneficial effects of vitamin supplements are few and need to be confirmed.

4. Are there any possible harmful effects of fortification?
There is no doubt that consumption of folic acid can cause harm. In the elderly the most
concerning effect is the increased risk of anaemia and of cognitive deficit in those with
high folate status and low vitamin B12 status that has been shown in USA following
fortification. The ability of folic acid to interfere with the action of the widely-used antifolate drugs has not been thoroughly studied, but evidence that folic acid supplements
lead to a higher death rate of children treated with anti-malarial drugs in countries with
endemic malaria is of great concern. Women who are exposed to folic acid fortification
have a higher risk of twin pregnancy if they use artificial reproductive technology, but
there is no convincing evidence that normal pregnancy is affected. Unmetabolized folic
acid is present in the blood of about 40% of Americans and the levels vary greatly due
to differences between individuals in their metabolism. In elderly women, blood levels of
unmetabolized folic acid are related to decreased natural killer cell cytotoxicity, with
possible consequences for how the body deals with infections and cancer. Epigenetic
effects of folic acid, through which intake by the mother can affect the future health of
the child are possible. In India, high folate status in the mother was associated with an
increased risk of type 2 diabetes in the 6-year old child. Other studies indicate that
some allergic reactions may be enhanced in the children of mothers who were exposed
to folic acid late in pregnancy. It is nearly impossible to provide solid evidence in terms
of trial data for most of the suspected side effects. Such studies will always rejected by
ethical review boards.

5. Folate and cancer
The relationship of folate and cancer is complex. Folate has a dual role in cancer,
depending on the stage. For normal tissues folate is protective against factors that tend
to make the cells neoplastic. For pre-neoplastic cells and cancer cells, however, folate
can be harmful because it stimulates cell multiplication. Whether or not fortification with
folic acid will reduce, or increase, the risk of cancer depends upon the timing of the
exposure in an individual, the sensitivity of particular cancers to folate, the prevalence of
particular subgroups of the population at greater risk, and the baseline level of folate in
the population. It is quite possible for the overall effect of fortification to be neutral for
cancer risk in the whole population, but for certain subgroups, such as women with
particular classes of hormone receptors in breast tissue, or people with the TT
5

polymorphism of the gene for MTHFR, to show an increased risk. Population studies in
countries that have already fortified are difficult to interpret, but a recent meta-analysis
on 10 trials (38,000 people) in which folic acid (0.4 – 1 mg per day) was administered
show an overall 7% increased risk of new cancers, with a 24% increased risk in prostate
cancer.

6. What is the likely overall balance in public health benefit or
harm if fortification is introduced?
6.1 Possible benefits to public health of folic acid fortification are difficult to
quantify because a lot of factors remain unknown. The most likely benefits are a small
reduction in NTDs of up to 6 pregnancies per year and, perhaps, a reduction in cardiac
birth malformations amounting to approximately 20 births per year. Due to the already
very good folate status in New Zealand, any additional beneficial effect by fortification is
probably limited.
6.2 The possible harms to public health in New Zealand if fortification is
introduced are difficult to estimate with any precision. Quantitatively, the best
documented concerns will include: i) about 20,000 elderly (over 65) who may be at risk
of cognitive impairment and anaemia due to an imbalance between high folate and low
vitamin B12 status; ii) subjects with very high folate, likely to occur in at least 10% of the
population, who may have an increased risk of cancer, leading to up to an extra 1,000
cases a year; iii) prostate cancer is very sensitive to folate and raised levels of folate in
men may increase the incidence of prostate cancer by about 300 cases a year. iv)
certain subgroups of the population (e.g. those with a particular genotype, TT, of
MTHFR) who, when exposed to high folate, suffer from increased risk of being
diagnosed or dying from certain cancers.
There is increasing evidence that high intake of folic acid may cause harm.
On public health grounds, taking into account the precautionary principle, it is
difficult to justify exposing the whole population of 4.4 million to folic acid.
Although fortification might prevent up to 6 NTD pregnancies per year, thousands
of people may possibly suffer harm. Folic acid is a drug and there can be few
examples in the history of medicine where whole populations have been exposed
to a drug with such little research into the balance between beneficial and
harmful effects.
Appendix: Notes on recent official reports from other countries
The current situation is that no European country has introduced mandatory folic acid fortification. In
Ireland, a country originally strongly in favour of fortification, it is considered that the level of folate in the
population is sufficient to prevent most folate-sensitive NTDs. In other European countries, there is
concern about possible harmful effects of fortification, but insufficient data to decide if these harms are
important. However, since the above reports were published some new evidence, notably on cancer, has
been published and we consider it highly unlikely that the EU or any European government would
proceed with mandatory fortification in 2012, since policy decisions in public health are usually made with
the precautionary principle in mind.
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An update on folic acid fortification: benefits and risks 2012
A. David Smith and Helga Refsum
Rarely has there been a case where the science has been so unequivocal, uncontentious and
universally accepted, yet the development and implementation of appropriate policy continues to
be problematic. New Zealand Ministry of Health, 2003 (Ministry of Health, 2003)
Introduction
More than 60 countries have introduced mandatory fortification of flour with folic acid, with the
aim of reducing the prevalence of neural tube defects (NTDs) (Flour Fortification Initiative,
2011). But some countries, notably most European countries, have not followed this path,
although many of them permit voluntary fortification of foods with folic acid. Australia and New
Zealand, on the advice of Food Standards Australia New Zealand (FSANZ) (FSANZ, 2006),
planned to introduce fortification in September 2009. Although Australia went ahead, the New
Zealand government decided to defer the process until May 2012, but to encourage voluntary
fortification of certain foods.
The purpose of this report is to review scientific and clinical research on the public health
and safety aspects of the addition of folic acid to food and/or consumption by humans that has
been published in the period 2008-2011, with particular relevance to New Zealand. In the
context of the statement from the Ministry of Health at the start of this review, the following
questions will be discussed:
1. How big is the problem of NTDs in New Zealand?
2. What impact would folic acid fortification have on the prevalence of NTDs?
3. Are there any additional possible benefits of fortification?
4. Are there any possible harmful effects of fortification?
5. Folate and cancer
6. What is the likely overall balance in public health benefit or harm if fortification is
introduced?
We feel that it is important to start by reminding the reader that folic acid occurs rarely in nature
and that is not a significant component of our food. It is a synthetic compound, with different
pharmacodynamic and pharmacokinetic properties from the natural folates. From that
perspective, it would be better viewed as a drug with beneficial effects, but also with side effects.
Like a drug, it will be important to identify the optimum dose that gives benefit without
significant harm. We will examine the evidence for folic acid’s beneficial effects and ask
whether there are any important deleterious side effects.
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1. Neural tube defects in New Zealand
The reported prevalence of NTDs varies greatly across the world. In countries without
mandatory fortification the reported rate, including stillbirths and pregnancy terminations, varies
from 139/10,000 births in the Shanxi province of China (Li et al., 2006) to 2/10,000 births in
south Portugal (EUROCAT, 2009). New Zealand has a fairly low rate of NTDs and this rate
appears to have declined in recent years (Figure 1). Unfortunately, the data for New Zealand is
incomplete after 2003 since from this date NTD pregnancy terminations were not recorded and
there are also no published records of NTD stillbirths, but only records of live-birth NTDs. Livebirth NTDs are an unreliable indication of prevalence because the majority of NTDs are
diagnosed ante-natally and are frequently aborted. Thus there is no accurate data for NTD
prevalence in New Zealand after 2003. On scientific grounds, this situation is highly regrettable
for three reasons. First, it makes it difficult to draw any conclusions about trends and so we
cannot use the data to estimate future NTD prevalence in the absence of fortification. Second, it
will also make it difficult to detect an effect on prevalence if fortification is introduced. Third,
not knowing the precise rate of NTD pregnancies makes it difficult to estimate the benefits of

NTD rate per 10,000 births

fortification in relation to the risks to other sectors of the population.
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Figure 1. Reported NTD prevalence in New Zealand since 1998. Graph shows rate of NTDs per
10,000 births, with the actual number of NTD pregnancies up to 2003 beside each point. Data up to 2003 from
Baseline Report (Australian Institute of Health and Welfare, 2011). Data after 2003 from New Zealand Birth
Defects Registry (New Zealand Birth Defects Registry, 2011) and from Statistics New Zealand (Statistics, 2011).

The decrease of 1.3 cases/10,000 births per year in the rate of total NTD pregnancies between
1998 and 2003 is statistically significant (r = - 0.83, P = 0.04) and similar trends have occurred
in other countries without, or prior to, mandatory fortification, e.g. Australia (Australian Institute
of Health and Welfare, 2011), California (Chen et al., 2008), and several parts of Europe
(EUROCAT, 2009). If the declining trend in New Zealand has continued, the total number of
NTD pregnancies is likely to have reached a ‘floor level’ of about 7 NTDs per 10,000 births per
year by 2010 at which level folic acid is unlikely to have any further effect (see below).
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Conclusion. The current prevalence of neural tube defects (NTDs) in New Zealand is
not precisely known and so there is no baseline from which estimates of the effects of folic
acid fortification can be made. All that can be said is that the prevalence had been falling for
several years until 2003 and, if this decline has continued, the prevalence may by now have
reached about 7 per 10,000 births per year. This is likely to be a floor level, where folic acid
may have no further effect. The lack of baseline data is a serious problem because it is
government policy to monitor closely the effects of fortification, but in the current situation
such monitoring will not be possible.
2. What impact would folic acid fortification have on the prevalence of NTDs?
It is established that fortification of flour with folic acid has reduced the prevalence of NTDs in
many countries. Two recent meta-analyses have found a similar average degree of reduction in
NTD prevalence of 46% (Blencowe et al., 2010) and 41% (Imdad et al., 2011). However, it
should be noted that, in the latter report, 5 out of the 11 studies analysed were done in the same
country (Canada). Furthermore, the reductions in prevalence ranged from 0% in California to
78% in Newfoundland, Canada (Imdad et al., 2011). Some of the differences in the degree of
reduction can be explained by the fact that the effect of fortification depends upon the baseline
prevalence of NTDs in a population. This was strikingly shown for the different parts of China in
a large study on folic acid supplementation (Berry et al., 1999). In northern China, the baseline
prevalence of NTDs was 48/10,000 births while in southern China, the prevalence was
10/10,000. Women who took 0.4 mg of folic acid per day periconceptually showed an 85%
reduction in NTD pregnancies in northern China and a 41% reduction in southern China. A
similar strong effect of baseline prevalence has been reported on the response to fortification in
Canada, where the eastern provinces had a high rate of NTDs, while the western provinces had a
lower rate before mandatory fortification (De Wals et al., 2007). Between 2 and 4 years after
fortification the NTD rates had fallen in all parts of Canada, but the percentage decrease was
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greater in the eastern provinces than in the west (Figure 2).
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Figure 2. Reported NTD rates in Canadian provinces and in USA before and after
Plot shows rate of NTDs per 10,000 births, with the % decrease after fortification indicated.
fortification.
For Canada based on Table 4 in De Wals (De Wals et al., 2007) and for USA based on a CDC report on 8 districts
that recorded NTD pregnancy terminations as well as stillbirths and live births (CDC, 2004).

The figure also includes the data for the USA, which started with a rather low NTD prevalence
and shows a correspondingly small decline after fortification.
These results raise the question whether there is floor effect below which the prevalence
of NTDs can no longer be reduced by folic acid. This floor effect could simply be because larger
amounts of folic acid are required than are obtained from fortified foods in Canada and USA,
both of which added 140 μg/100g flour, estimated to provide an additional intake of 100 μg per
day on average. However, it has been pointed out that a floor effect is also apparent in clinical
trials in which much higher doses of folic acid have been given (Heseker et al., 2009). The latter
authors concluded that a floor effect for folic acid occurs at a prevalence of about 7 cases of
NTD per 10,000 births, depending to some extent on the racial mix of a population (Williams et
al., 2005). The existence of a floor effect has been acknowledged by authors from the Centers
for Disease Control and Prevention, USA, who wrote “The data suggest that a prevalence of 5-6
cases per 10,000 pregnancies represents the lowest prevalence that is achievable through current
folic acid fortification practices…” (Crider et al., 2011). An important report from the National
Birth Defects Prevention Study in the USA is consistent with a floor effect. A comparison of
mothers of 564 cases of NTDs and 3,963 controls in the period after the introduction of
mandatory fortification (1998-2003) found that additional periconceptional folic acid supplement
use did not reduce the risk of having a pregnancy affected by an NTD (Mosley et al., 2009).
Furthermore, maternal intake of dietary folic acid and natural folates was not significantly
associated with NTDs. One explanation for these findings suggested by the authors was that
“Folate intake among the US child-bearing population may have reached levels where nearly all
folate-sensitive neural tube defects have been prevented.” A similar result was reported from the
Slone Birth Defects Study (Ahrens et al., 2011) on mothers of 205 cases of NTDs compared with
6357 control mothers: there was no reduction in the incidence of spina bifida in mothers who
took folic acid-containing supplements periconceptually. However, in contrast to the National
Birth Defects Prevention Study, there was a dose-related association of dietary folate intake with
a reduced risk of spina bifida: for each 0.1 mg of dietary folate equivalents consumed, there was
a 13% reduction in risk of spina bifida. The authors’ conclusion was “In the era of dietary folic
acid fortification, our study findings raise the possibility that supplementation with folic acid
during the months immediately preceding neural tube closure does not offer further benefit in
reducing the risk of a spina-bifida-affected pregnancy.” (Ahrens et al., 2011).
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A floor effect for folic acid could arise if other factors are needed to prevent some NTDs.
There is observational evidence of the possible role of many other factors, but so far no clinical
trials to test these. Table 1 shows some of the factors, in addition to folate status, which have
been reported to influence the occurrence of NTDs.
Table 1. Other non-genetic factors associated with NTDs
Maternal risk factor for NTD
Low vitamin B12 status

Relative risk or Odds ratio
(95% C.I.)
2.41 (1.9-3.06)

Obesity
Influenza or fever
Use of antipyretic drugs
Influenza AND anti-pyretics
Hyperthermia
Tea consumption
Low serum choline concentration

1.87 (1.62-2.15)
3.93 (2.48-6.23)
4.86 (1.33-17.78)
13.91 (3.04-63.55)
1.92 (1.61-2.29)
3.4 (1.4-8.3)
2.4 (1.3-4.7)

Reference
(Molloy et al., 2009, Wang et al.,
2011)
(Stothard et al., 2009)
(Acs et al., 2005, Li et al., 2007)
(Li et al., 2007)
(Li et al., 2007)
(Moretti et al., 2005)
(Ye et al., 2011)
(Shaw et al., 2009)

It is clear that low folate status is not the only factor that causes NTDs and so it will not be
possible to prevent all NTDs by administering folic acid, in spite of a claim to the contrary
(Wald et al., 2001). Thus, the proportion of NTDs that is folate-dependent will depend not only
upon the existing NTD prevalence and upon the folate status of the population (Bell and Oakley,
2009, Wald et al., 2001), but also upon the population exposure to the other risk factors, which is
largely unknown. Estimates have been made that up to 85% (Wald et al., 2001), or up to 75%
(Bell and Oakley, 2006) of NTDs worldwide are preventable by folic acid. It would be a mistake
to apply these percentages to estimate the likely reduction in NTDs in New Zealand after
fortification since they do not take account of the baseline folate status of women of childbearing age, or of how close the baseline NTD prevalence is to the floor level, discussed above.
2.1 Folate status in New Zealand women
Folate intake of a sample from the New Zealand population has been reported in a survey carried
out in 1997 (Ministry of Health, 1999) but in this report no measurements of blood folate were
given. There is one report of folate measurements in 114 women of child-bearing age recruited
in 2000 into a clinical trial at the University of Otago (Norsworthy et al., 2004). Plasma folate
concentrations between 18 and 21 nmol/L and red blood cell concentrations between 608 and
637 nmol/L were found.
In the report on the most recent national nutritional survey in 2008 it was stated “Reliable
data on intake of naturally occurring folate and of folic acid (from fortified foods) are not
available due to limitations in analytical techniques” (Ministry of Health, 2011). However, the
latter survey did report blood levels of folate in a sample of > 4,000 people, which is particularly
13

relevant to our discussion. In women, the mean red blood cell concentration was 901 nmol/L and
the mean serum folate was 31 nmol/L. The extract in Table 2 shows red blood cell and serum
folate concentrations for different ages in all the women in the study group

Table 2. Folate status in NZ women in the 2008/9 nutrition survey (Ministry of Health, 2011)

Although the folate values given above for women in 2000 are probably not representative of the
population, it can be seen from Table 2 that there appears to have been a significant
improvement in folate status in New Zealand women of child-bearing age in the period up to
2008/9. A further improvement in folate status had occurred by 2011, as shown in the Folate and
Women’s Health Survey (Bradbury et al., 2011). In the latter study, 300 women of child-bearing
age from the cities of Dunedin and Wellington had mean red blood cell folate levels of 1096
nmol/L and mean serum levels of 35.6 nmol/L. These improvements in folate status may be one
of the reasons for the fall in prevalence of NTDs found since 1998 (Figure 1). The folate status
of NZ women is now the same as, or better than, that of women in the USA several years after
mandatory folic acid fortification. The most recent survey in the USA (2005-2006) showed that
women aged 20 to 59 years-old had a median serum folate concentration of 27 nmol/L and a
median red blood cell folate of 614 nmol/L (McDowell et al., 2008), compared with median
values of 29 nmol/L and 989 nmol/L , respectively, for NZ women in 2011 (Bradbury et al.,
2011).
In the report ‘Focus on Nutrition’ it was stated “Among women of child-bearing age,
27% had [folate] levels associated with a low risk of NTDs (> 906 nmol/L) and 4% had red
blood cell folate levels associated with a high risk of NTDs (< 339 nmol/L).” (Ministry of
Health, 2011). These proportions had changed by 2011: in the Folate and Women’s Health
Survey (Bradbury et al., 2011) 59% had red blood cell folate levels of > 906 nmol/L and 1% had
levels of < 339 nmol/L. Thus, a very small proportion of NZ women seem to be at high risk of a
folate-dependent NTD pregnancy in 2011. In contrast, almost 60% of women have red blood cell
folate levels (> 906 nmol/L) associated with a very low risk of NTD, the same as obtained by
14

taking a daily 400 μg folic acid supplement, which is considered to be “highly protective” (Daly
et al., 1997).

2.2 Estimating the effect of fortification on NTDs.
We can use the latest folate data to estimate the percentage reduction in NTD
pregnancies that might occur in NZ after fortification, by means of the Wald model that was used
by FSANZ in Attachment 9 of their Proposal P295 (FSANZ, 2006). The Wald model relates
folate intake to blood folate levels and thus to NTD prevention. It was concluded that “the
relation between changes in serum folate and the risk of NTD is almost reciprocal; doubling
serum folate roughly halves the risk of NTDs.” (Wald et al., 2001). Applying the equation
introduced by Wald:
Relative odds = (new serum folate/old serum folate)-0.81
to the 2011 folate level of 15.7 ng/mL (35.6 nmol/L) in New Zealand women of child-bearing
age, we find that a 0.2 mg per day increase in folic acid intake, which would lead to about a 2
ng/mL increase (from 15.7 ng/mL to 17.7 ng/mL) in serum folate, would result in about a 9%
reduction in the risk of NTDs. This is likely to be a maximum figure since we have assumed that
fortification will increase folate intake on average by 0.2 mg per day, although FSANZ (FSANZ,
2006) estimated that the average increase due to mandatory fortification would be less, at 0.14
mg/day. It is not possible reliably to estimate what a 9% reduction in NTDs would mean in
actual numbers since there are no baseline prevalence figures for total NTDs later than 2003, as
pointed out in Section 1. Let us consider two scenarios. First, that the total number of NTDs will
be the same in 2012 as it was in 2003, i.e. 63. In this case, a 9% reduction would mean that there
would be about 6 fewer NTDs per year. The second scenario would use our estimate above that
the number of NTDs per year might have reached a floor level of 7 per 10,000 births by 2010,
corresponding to about 40 cases per year. In that case, a 9% reduction would theoretically mean
about 4 fewer NTD cases per year. But, in view of the floor effect for folic acid, there would in
fact probably not be any reduction in the number of cases. We can conclude that the effect of
fortification would be to decrease the total number of NTD pregnancies by between nil and 6 per
year.
Our estimates can be compared with those made by FSANZ (FSANZ, 2006) also using
the model proposed by Wald (Wald et al., 2001). The P295 report estimated a reduction in NTD
prevalence in New Zealand of between 5 and 20% (page 33), corresponding to a decrease in total
NTD cases of 8 (95% C.I. 4-14) and one less live birth NTD each year (Table 5, page 34). These
estimates differ from ours in part because P295 used a higher baseline prevalence of 72 NTDs
per year and also because the authors did not have access to the latest data for the folate status of
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the NZ population, using instead the data reported earlier by Norsworthy (Norsworthy et al.,
2004).
Conclusion. The general folate status of New Zealand women of child-bearing age is
very good. It is the same as, or better than, that of women in the USA after the introduction of
mandatory fortification. Notably, in the USA the folate status appears to be sufficient to
prevent all folate-sensitive NTDs. It is very difficult to estimate the effect of fortification on the
prevalence of NTDs in New Zealand because there is no reliable data on the current
prevalence of NTD pregnancies. Based on the best evidence available, we suggest that
fortification may prevent no more than 6 NTD pregnancies per year, but quite possibly none.
3. Are there any additional possible benefits of fortification?
Folates play a key role in metabolism, mainly as carriers of one-carbon groups for methylation
and for synthesis of nucleic acids. It is thus possible that extra folic acid in the diet, which is
converted to folates in the body, could have health benefits beyond the prevention of NTDs.
There is considerable evidence that raised concentrations of plasma total homocysteine (tHcy)
are associated with several different disease outcomes (Refsum et al., 2006) (Selhub, 2006) and,
since folic acid fortification has lowered tHcy in the population (Pfeiffer et al., 2005), it is
natural to ask whether fortification has had any impact on the diseases related to tHcy. In this
section we will briefly review recent evidence that fortification may have additional effects on
health outcomes. Because population studies are often difficult to interpret, we will also consider
randomized controlled trials in which folic acid has been administered.
3.1 Population studies in countries that already have mandatory fortification
Overall, there have been relatively few good quality studies at the population level on outcomes
other than NTDs in the countries that have introduced mandatory fortification. It is to be
regretted that not many countries have established proper monitoring systems in which the
accurate prevalence of a disease that might be linked to folate is established before the
introduction of fortification, and then monitored afterwards (Abeywardana et al., 2010,
Rosenberg, 2005).
With the successful prevention of one class of congenital defect by fortification, it was
natural to ask if any other birth defects might be prevented, especially as animal experiments
have suggested a role for folic acid in many developmental defects. We summarise the results
from the largest population studies in Table 3, from which it can be seen that there is relatively
little consistency in the findings. It should be noted that the studies from USA, South America
and Alberta were very comprehensive and so if they did not report an effect on any particular
defect they did not find one. Two studies reported reductions in atrial septal defects after
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fortification and these would have been included in a third study, from Quebec, which reported a
decreased prevalence of severe congenital heart defects (Figure 3). It is noteworthy that some
defects appeared to increase in prevalence after fortification, especially in the Alberta study. The
increase in obstructive genitourinary defects in Alberta was also noted in the USA study. The
poor overall agreement in these studies may in part be related to differences in diagnostic
practice and coding but also to the lack of power some studies may have had to detect small
changes in the prevalence of rare defects. In an editorial comment on the paper from Quebec
(Ionescu-Ittu et al., 2009), Gardiner and Fouron (Gardiner and Fouron, 2009) pointed out that
prenatal detection rates for congenital heart defects increased over the fortification period and so
some decrease in the prevalence of live births-defects may have occurred for this reason. These
considerations underline the difficulties in interpreting population studies, but of course the same
difficulties apply to the study of NTDs. We discuss below evidence from clinical trials.
Table 3. Folic acid fortification and birth defects other than NTDs: population studies
Study and size

Birth defect

National Birth
Defects Prevention
Network USA
ca. 6 million births

Transposition of great arteries
Cleft palate only
Pyloric stenosis
Renal agenesis
Obstructive genitourinary
Upper limb reduction
Omphalocele
Down’s syndrome
Atrial septal defect
Obstructive genitourinary
Abdominal wall
Gastroschisis
Pyloric stenosis
Severe congenital heart defects

Alberta Congenital
Anomalies
Surveillance System
ca. 400,000 births
Administrative databases from Quebec
1, 324,440 births
Estudio Colaborativo
Latino Americano de
Malformaciones
Congénitas
(ECLAMC)
3,347,559 births in
Chile, Argentina &
Brazil

52 defects checked; only spina
bifida, anencephaly and hipsubluxation changed in all 3
countries.
Hip-subluxation
Artial septal defect (2 countries)

Significant
% change
-12
-12
-5
-28
+12
-11
-21
+6
-20
+45
+40
+91
+49
-6% per year

Reference
(Canfield et al., 2005)

(Godwin et al., 2008)

(Ionescu-Ittu et al., 2009)

(Lopez-Camelo et al.,
2010)

-29, -58, -60
-31 and -44
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Figure 3. Changes in prevalence of severe congenital heart defects in Quebec
From (Ionescu-Ittu et al., 2009)

Raised concentrations of plasma total homocysteine (tHcy) are associated with several
adverse pregnancy outcomes (Murphy and Fernandez-Ballart, 2011) and so the question arises:
have pregnancy complications decreased in prevalence after fortification? There appear to have
been few studies of this question, but a Canadian report showed no change in the prevalence of
placental abruption after fortification was introduced (McDonald et al., 2005). On the other
hand, a large population-based observational Norwegian study suggested that the higher doses of
folic acid present in supplements taken in pregnancy appear to reduce the prevalence of placental
abruption (Nilsen et al., 2008).
Raised tHcy is a risk factor for stroke (Spence, 2007) and mortality from stroke appears
to have declined more rapidly after fortification in both USA and Canada (Yang et al., 2006).
The comparison with England and Wales, where fortification is only voluntary, is striking
(Figure 4), and makes it unlikely that the differences in USA and Canada are only due to
improved treatment methods.

Figure 4. Actual and estimated age-adjusted stroke mortality per 100,000 women in
Canada and in England and Wales, 1990-2002. The estimates are based on simple segmented log-linear
regression analysis of the observed data. From (Yang et al., 2006)
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The difference after mandatory fortification is important in public health terms, with
about 12,900 fewer deaths from stroke per year in the USA, and about 2,800 fewer in Canada,
than if the trend before fortification had continued. The decline in mortality could have been due
to a reduced incidence of stroke, or to a reduced case-fatality rate, or both. A recent report
indicates that there may have been a decrease in stroke incidence in Canada following
fortification, using hospital admissions for acute stroke as a measure (Figure 5)

Figure 5. Age and sex-standardized rates of hospital admissions because of acute stroke per
100,000 population over 20 y. Modified from (Tu et al., 2009). The dashed line and the shaded area were not
on the original figure.
There has also been an overall fall in hospitalizations for stroke in USA (see Figure 7, below),
although not all age groups showed this trend for ischaemic stroke (Lee et al., 2011). Population
studies such as these are open to many different interpretations, but, in view of the potential
public health implications, it is important that similar data are collected for other countries that
have introduced mandatory fortification to see if the association is consistent. If it is, then
prevention of stroke would be an argument in favour of fortification. We will discuss below
evidence from randomized clinical trials in stroke.
Raised tHcy is also an established risk factor for myocardial infarction (MI) and so it is of
interest to ask if there have been any changes in population statistics for MI in countries that
have fortified. Interpreting mortality data is difficult because changes in treatment practice can
have big effects. But the data for hospital admissions is a closer, though not perfect, reflection of
incidence. The same Canadian study described above reported trends in hospital admissions for
MI and these are shown in Figure 6. There is a fall in admissions that starts about 4 years after
fortification was introduced.
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Figure 6. Age and sex-standardized rates of hospital admissions in Canada because of acute
myocardial infarction, per 100,000 population over 20 y. Modified from (Tu et al., 2009). The
dashed line and the shaded area were not on the original figure.

The pattern of hospitalization rates for acute myocardial infarction the USA is shown for
comparison in Figure 7.

Figure 7. Hospitalization rates for stroke and acute myocardial infarction in USA.
Data plotted from Charts 3-21 and 3-52 of (National Heart, 2009). The shaded area shows the period during which
fortification with folic acid was introduced.

These data are presented for information. Since many other factors could influence hospital
admissions for a disease, it is not possible to draw the conclusion that any (delayed) tendency for
rates of hospital admissions for MI to decline was a consequence of fortification, but similar data
should certainly be collected for other countries that have introduced, or plan to introduce,
fortification.
Studies on possible beneficial effects on cancer incidence will be discussed in the section
below on possible harmful effects of fortification.
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Conclusions. There are rather few population studies on other possible beneficial
effects of folic acid fortification. The data on other congenital defects is inconsistent, and this
may in part be due to changes in diagnostic practice over time; some defects appeared to be
more common after fortification, while others (e.g. atrial septal defect) may have decreased.
There were significant and important decreases in stroke mortality, and also in stroke
incidence, following fortification in USA and Canada. Any associations with the incidence of
myocardial infarction are much less clear and, if they occurred, were delayed. Causal links
cannot be assumed, but the observations are of a similar kind to those used to support the
effect of fortification on the incidence of NTDs.

3.2 Randomized controlled trials of folic acid supplements showing evidence of benefit
Randomized controlled trials (RCTs) are widely considered to be the ‘gold-standard’ for
establishing causality for an intervention. It was the UK MRC trial in 1991 that led a change in
public health policy and to the eventual introduction of folic acid fortification. In considering
other possible benefits, or harms, of fortification, it is natural to ask what RCTs show for the
different outcomes. We will be summarising this evidence below, but would like to point out
some caveats that should be born in mind. First, the dose of folic acid used in all trials is
considerably higher (800 – 2500 μg per day) than would be obtained from food in a country with
mandatory fortification (100 – 200 μg/day). Thus, the results of RCTs cannot be directly
extrapolated to a population but, if the outcome is clear, they indicate an effect of the
intervention at a particular dose. Further dose-effect studies would be necessary before any
conclusions could be drawn about causality in the population context. However, such RCTs
generate hypotheses that can be tested by looking retrospectively for population effects of
fortification over time. Second, many RCTs are carried out on people selected for a particular
reason and so the results can only be applied to people with these characteristics. An example is
the trials of folic acid-containing supplements in people with cardiovascular disease, where the
aim was to see whether the vitamins prevented a second cardiovascular event; this is called a
secondary prevention trial. For a population, what is needed are primary prevention trials in
people who do not have the disease in question, but these are very difficult to carry out. Third,
for practical reasons, most RCTs are of relatively short duration, a few years, which may not be
long enough for an effect of the treatment to become statistically significant. This situation
contrasts with fortification, where the exposure is permanent. Fourth, many of the trials included
several other vitamins/nutrients, and sometimes other drugs, thereby complicating the
interpretation in terms of folic acid.
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Following the initial trail-blazing RCTs in the UK on folic acid and the recurrence of
NTDs, and in Hungary on the first occurrence of NTD (reviewed (Botto et al., 1999, Pitkin,
2007), (Czeizel et al., 2011), and (Wald, 2011)), there have been few other trials on NTD
prevention for ethical reasons. A recent Cochrane review only found 5 RCTs, all conducted
before 2001, in 6,105 women and concluded that daily consumption of a folic acid-containing
supplement reduced the risk of an NTD pregnancy by 72% (De-Regil et al., 2010). A striking
large-scale study is a community-based intervention carried out in almost 250,000 women in
China, where reductions in NTD pregnancies of 79% in the high-prevalence area of North China
and 41% in the low-prevalence area of South China were obtained with daily supplements of 0.4
mg folic acid (Berry et al., 1999). A review of observational studies on the use of folate
supplements and NTDs revealed 4 articles of satisfactory quality, all of which found a reduction
in NTD prevalence in women who reported taking supplements containing folic acid (Wolff et
al., 2009).
Since ethically it is not possible to withhold folic acid from women planning to become
pregnant, all subsequent studies on possible preventive effects of folic acid on other pregnancy
outcomes have had to be observational and population based. Such studies have reported
beneficial effects of vitamin supplements containing folic acid, usually during the second
trimester, on the incidence of facial clefts, pre-eclampsia, placental abruption, spontaneous
abortion and gestational hypertension (for references see (Johnson and Little, 2008), (Nilsen et
al., 2008) and (Nilsen et al., 2010)). A population cohort study provided evidence that some of
the adverse effects of smoking in pregnancy, notably low birth-weight, may be partly prevented
by folic acid-containing supplements (Bakker et al., 2011). The use of folic acid containing
supplements, often including other vitamins, during pregnancy has been reported to be
associated with a reduction in the proportion of pre-term births in Hungary (Czeizel et al., 2010,
Czeizel and Banhidy, 2011), and in USA after fortification (Bukowski et al., 2009), but not in
Norway (Nilsen et al., 2010). Although the Norwegian study also found no association of blood
folate levels with infant birth size (Nilsen et al., 2010), a study from the Netherlands has reported
that periconceptual use of folic acid supplements reduced the risk of low birth weight
(Timmermans et al., 2009). As suggested in an editorial, the definitive answer to the role of
folate in pre-term birth requires a clinical trial, but this is unlikely to be done on ethical grounds
(Callaway et al., 2009).
A comprehensive meta-analysis of case-control or cohort studies and early randomized
trials has suggested a protective effect of multi-vitamin preparations containing folic acid against
several congenital anomalies, including NTDs, cardiovascular defects, and limb defects (Goh et
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al., 2006). The latter report is really only hypothesis-generating since there are many potential
confounders relating to the use of vitamins and because it is not possible to determine if it is the
folic acid and/or the other vitamins that are important. In the original Hungarian randomized trial
of a B vitamin supplement containing folic acid (0.8 mg), vitamins B2, B6 and B12, a reduction
of almost half in other major congenital abnormalities was observed, reviewed by (Czeizel and
Banhidy, 2011). The main abnormalities prevented were cardiovascular defects and this result
was confirmed in a subsequent cohort controlled trial in Hungary, where the biggest effect was a
reduction of 74% in ventricular septal defects in the B vitamin group (Czeizel and Banhidy,
2011). This finding was confirmed in a large population-based case-control study in the
Netherlands, which reported an overall reduction in risk of 18% for all congenital heart disease
with the largest reduction (38%) for isolated septal defects (van Beynum et al., 2010). Although
it is likely that the majority of women in the Dutch study who consumed vitamin supplements
took folic acid alone, the authors were not able to test whether the protective effect was
associated with folic acid and/or with the other vitamins in the multivitamin preparation. Thus, it
is difficult to use the studies described in this paragraph to predict possible effects of folic acid
fortification. Circumstantial evidence is consistent with the protective effect being due largely to
folic acid since women who take folate antagonists have a higher incidence of babies with heart
defects (Hernandez-Diaz et al., 2000), and animal experiments have shown that severe folate
deficiency in the mother is associated with heart defects in the progeny (Zhu et al., 2007). On
balance, these population studies, together with the studies described above of small but
significant decreases in the occurrence of some congenital heart defects in countries following
mandatory fortification, are consistent with a protective effect of folic acid against cardiac
malformations in infants. But it must be pointed out that the most recent Cochrane review of
randomized clinical trials (all performed before 2001) concluded that there was no effect of folic
acid supplementation on birth defects apart from NTDs (De-Regil et al., 2010).
Folate intake has been implicated in depression and a few RCTs have investigated the
effect of adding folic acid supplements to existing drug treatments; there is a hint of benefit, but
more trials are needed (Taylor et al., 2004). A prospective study in nearly 7,000 pregnant women
has found that use of folic acid during pregnancy did not seem to influence depression during
pregnancy or 8 months afterwards, but that it did reduce the risk of depression 21 months postpartum (Lewis et al., 2011). It is noteworthy that the association was only found in women who
had the TT genotype of the MTHFR gene, an example of a subgroup effect.
A number of observational studies, but no RCTs, have looked at the possible association of
maternal intake of folic acid during pregnancy and outcomes in the child. Such studies are
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particularly susceptible to multiple confounding and so the results must be treated with great
caution. We will mention a few of these studies (for others see references cited by (Roth et al.,
2011)). Low intake (< 0.4 mg/day) of folate by 253 mothers in the first trimester of pregnancy
was associated with a lower mental development index in their one-year old infants, but only in
the mothers who had the TT genotype of the MTHFR gene (del Rio Garcia et al., 2009). Use of
supplements containing folic acid was associated with fewer behavioural problems in infants at
18 months (Roza et al., 2010) and in better verbal, motor, cognitive and behavioural scores at 4
years (Julvez et al., 2009). A large Norwegian study in 38,954 children found that severe
language delay at age 3 was less common in those whose mothers reported taking folic acid
supplements, or supplements containing folic acid, between 4 and 8 weeks gestation (Roth et al.,
2011). Studies in which mothers are questioned about their use of supplements are at risk of bias,
but two studies have assessed folate status by blood measurements: lower maternal red cell folate
levels at 14 weeks gestation were associated with hyperactivity and peer problems in 8-year old
children (Schlotz et al., 2010). A study in India on 536 women showed a concentrationdependent association between maternal serum folate levels, measured at 30 weeks gestation,
and cognitive measures of learning ability and long-term storage and retrieval, visuo-spatial
ability, and attention and concentration in 9 – 10 year-old children (Veena et al., 2010). It seems
that maternal folate status in pregnancy is important for the development of the child.
As mentioned above, plasma total homocysteine (tHcy) is an established risk factor for
cardiovascular disease (CVD) and, since administration of folic acid and two other B vitamins
(B12 and B6) can lower tHcy levels it is natural to ask if taking these vitamins will reduce the
incidence of CVD. This question has been extensively studied in a series of RCTs to see if B
vitamin mixtures including folic acid will prevent the recurrence of CVD in patients who have
either had a stroke or a myocardial infarction. A meta-analysis of trials on the effects of B
vitamins on stroke concluded that taking folic acid-containing supplements reduces the risk of a
first stroke by 18%, but that there was no effect on second strokes (Wang et al., 2007). However,
the most recent meta-analysis of 8 trials on a total of 37,485 patients concluded that folic acidcontaining supplements had no significant effects on cardiovascular events (stroke or myocardial
infarction) in a 5-year period (Clarke et al., 2010). In contrast to the meta-analysis by Wang et al
(Wang et al., 2007), that by Clarke et al. did not find any protective effect against first stroke. A
key question for any meta-analysis that claims lack of an effect of a treatment is: did the study
have sufficient power to detect an effect? The authors stated that their analysis had a more than
99% power to detect a 10%, or greater, reduction in cardiovascular events (Clarke et al., 2010).
There is an important difference between these RCTs and a population who would be exposed to
fortified food: the participants in the trials had all suffered a cardiovascular event and were all
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being treated with a host of drugs to protect them against further events. It is thus not correct to
conclude from the RCTs that folic acid supplements will also have no effect in a relatively drugfree population. A multi-centre RCT on patients with CVD that included countries with, and
countries without, mandatory fortification (HOPE-2) gave some important results. Overall, the B
vitamin treatment reduced the risk of a stroke by 25%, but examination of subgroups showed
that the treatment effect was greater in patients younger than 69 years, from regions without folic
acid fortification, with higher baseline cholesterol and homocysteine levels, and those not
receiving anti-platelet or lipid-lowering drugs at enrolment (Saposnik et al., 2009). The greater
effect in those not receiving anti-platelet drugs, like aspirin, is interesting in relation to an
analysis by Wald et al. A comparison of trials on heart disease patients in which the majority of
patients were receiving aspirin with trials in which a smaller proportion took aspirin, suggested
that aspirin use interfered with an apparent protective effect of folic acid against heart disease
(Wald et al., 2011). The authors suggested that folic acid might therefore have a role in the
primary prevention of heart disease, but not in secondary prevention where the use of aspirin is
routine. Such a conclusion is consistent with the apparent beneficial effects of fortification in
Canada and USA on hospital admissions for heart disease, described above. In conclusion, we
cannot exclude a protective effect of folic acid against CVD, but the evidence from RCTs is
largely negative, with the possible exception of stroke. It will be important to analyse the trial
results again by looking at subgroups according to whether or not they were receiving aspirin
and any future trials will need to consider more detailed subgroup analysis involving not only
aspirin but other factors, including polymorphisms in the MTHFR gene and those listed above
for the HOPE-2 trial.
Raised concentrations of tHcy have been associated in several studies with age-related
macular degeneration and an RCT in which daily folic acid, vitamins B6 and B12 were
administered for an average of 7.3 years to over 5,000 women showed a 34% reduction in risk in
the B vitamin group (Christen et al., 2009). The dose of folic acid was 2.5 mg per day and so this
result should not be extrapolated to populations with folic acid fortification.
Low folate status has been associated with hearing loss, especially in the elderly, and a
trial in the Netherlands of folic acid (0.8 mg per day) on over 700 elderly slowed down the
decline in hearing of the speech frequencies associated with aging (Durga et al., 2007).
Raised concentrations of tHcy have been associated in many studies with age-related
cognitive decline and dementia (vascular dementia and Alzheimer’s disease) (Smith, 2008) and
low folate levels (Ravaglia et al., 2005) and low folate intake (Luchsinger et al., 2007) have been
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associated with a greater risk of developing Alzheimer’s disease. There have been several RCTs
to test whether lowering tHcy levels by administering supplements of B vitamins, including folic
acid, will affect cognition. A meta-analysis of these trials concluded that there was ‘no effect of
folic acid, with or without other B vitamins, on cognitive function within 3 years of the start of
treatment.’ (Wald et al., 2010) However, as the authors admitted, the median length of the trials
reviewed was 6 months, which is probably too short to see any effect on cognition. Two trials of
longer duration have shown a beneficial effect of folic acid-containing supplements, but this was
related to the baseline concentration of tHcy. A trial of folic acid (0.8 mg per day) alone on over
800 volunteers who were recruited on the basis of a baseline tHcy level of >13 μmol/L was
carried out in the Netherlands, a country that does not have mandatory fortification. The folic
acid treatment lowered tHcy by 26% and slowed cognitive decline in those domains that tend to
decline with age (Durga et al., 2007). Elderly (168) with mild cognitive impairment, a precursor
stage for dementia, were recruited into a trial in the UK in which daily B vitamins (folic acid, 0.8
mg; vitamin B12; 0.5 mg vitamin B6, 20 mg) were given. The B vitamin treatment lowered tHcy
by 32% compared with placebo and slowed the rate of atrophy of the brain by an average of
almost 30%. The effect of B vitamins on brain atrophy was strongly related to the baseline level
of tHcy, such that those with >13 μmol/L showed a 53% slowing of brain atrophy (Smith et al.,
2010). In the same trial, the B vitamin treatment also slowed cognitive decline in several
domains and improved the clinical status, but only in those whose baseline tHcy was >13 μmol/L
(de Jager et al., 2011). These trials illustrate the crucial importance of studying subgroups, in this
case those with high baseline tHcy and/or those with cognitive impairment.
Conclusion. Randomized trials, together with some observational studies, indicate that
the periconceptual consumption of vitamin supplements containing folic acid prevent a high
proportion (about 70%) of NTDs. The evidence is less secure concerning the prevention of
other birth defects, but some cardiac malformations may be partly prevented. The evidence
that the supplements prevent other unwanted pregnancy outcomes is inconsistent. Trials in
patients with cardiovascular disease are inconsistent and there is no evidence that heart
disease is prevented, but some studies appear to show a preventive effect on stroke. Certain
subgroups might benefit from B vitamin treatment, but more studies are needed on this
question. Trials of B vitamin mixtures that include folic acid have shown a protective effect
against age-related macular degeneration, age-related hearing loss, and age-related cognitive
decline. Furthermore, the accelerated brain atrophy associated with cognitive impairment in
the elderly can be slowed by B vitamins. The effect of B vitamins on brain atrophy and
cognitive decline is limited to a subgroup that had high baseline levels of plasma
homocysteine. The trials showing beneficial effects of vitamin supplements are few and need
to be confirmed.
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4. Are there any possible harmful effects of fortification?
We discussed this question in our Commentary in 2008 ‘Is folic acid good for everyone?’ (Smith
et al., 2008) and refer the reader to this article for detailed comments. We will here outline the
evidence that has been published since the review, under the following headings:
a) interactions with vitamin B12; b) interactions with anti-folate drugs and folate-dependent
diseases; possible effects on twinning; d) possible epigenetic effects; e) possible harmful effects
of free folic acid. The topic of folate and cancer will be dealt with in Section 5. As with the
beneficial effects of fortification, we will discuss population studies in countries that have
fortified separately from studies using randomized controlled trials.

4.1 Population studies in countries that already have mandatory fortification
a) Interactions with vitamin B12
A long-standing concern has been that increasing the folate status of the population might
mask the anaemia associated with vitamin B12 deficiency, which occurs in about 20% of the
elderly and in some other subgroups, notably vegans and pregnant women and their infants. This
could lead to irreversible damage to the nervous system since the B12 deficiency remains
uncorrected. Studies in North America have provided some support for this concern. In Canada,
the proportion of women with B12-deficiency and supraphysiological concentrations of folate (>
45 nmol/L) increased almost 7-fold after fortification (Ray et al., 2003) and in the USA, the
proportion of people with low serum B12 but not showing macrocytosis (a sign that alerts the
physician to B12 deficiency) increased from 70% to 87% after fortification (Wyckoff and Ganji,
2007). Functional implications of these changes were reported in a study on nearly 1,500 elderly
in USA, where it was found that after fortification those with high serum folate (> 59 nmol/L)
and low B12 had a greater risk of anaemia and of cognitive impairment (Morris et al., 2007).
The results are illustrated in Figure 8, from which it can be seen that people with normal B12 and
high folate had a reduced risk of cognitive impairment, while those with high folate and low
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Figure 8. Effect of fortification on anaemia and cognitive impairment in the elderly: the
interaction between folate and vitamin B12 (plotted from (Morris et al., 2007)).
vitamin B12 had a 5-fold greater risk of cognitive impairment and anaemia. This result illustrates
an important principle: Certain subgroups may be harmed by the high folate levels that occur
after fortification, in this case those who have low B12 status. In the USA, this subgroup
corresponds to about 4% of the elderly, close to 2 million people (Smith, 2007). A possible
reason for the interaction between high folate and low B12 was suggested by the finding that
markers of B12 insufficiency (methylmalonic acid, homocysteine and holotranscobalamin) were
exacerbated in people with high folate (Miller et al., 2009, Selhub et al., 2007). Two studies in
other countries claim to have failed to replicate the results obtained in the USA, but these studies
took place in countries without mandatory fortification, and so the proportion with high folate
was lower than in USA. A UK study found that the 17 elderly with low B12 and with folate > 60
nmol/L had an odds of cognitive impairment of 2.46 (0.9-6.7) which was not significant,
probably due to the small numbers involved (Clarke et al., 2008). A study from Ireland in young
students (Mills et al., 2011) found no evidence in this population that high folate (defined as
level > 30 nmol/L) was associated with markers of B12 insufficiency – but it should be noted
that not only were the subjects much younger, but the level of folate selected as a cut-off was
half that used in the study by Morris et al. (Morris et al., 2007). On balance, we think that the
USA studies are sufficiently clear-cut to raise concerns about the effect of very high folate levels
on the functioning of vitamin B12.
A common argument used in relation to these observations is that these high folate levels
are only observed in people who also take folic acid containing supplements. Even if this is the
case, it does not solve the problem in relation to fortification. If one has to start with large
information campaigns warning about the potential harm of too much folic acid intake and tell
people not to take supplements, but then add folic acid to flour by law the public will become
very confused.
b) Interactions with anti-folate drugs and folate-dependent diseases
Drugs that interfere with the functions of folate in the cell are widely used in medicine as
antibiotics, anti-malarial drugs, anti-cancer drugs, and to treat psoriasis and rheumatoid arthritis.
Basic pharmacology would suggest that increasing the level of folate in the body may reduce the
effectiveness of these drugs (Robien et al., 2005). Secondly, if these diseases can be treated by
anti-folates then presumably they thrive on folate and so the question arises: will increasing the
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folate level increase the prevalence and/or the severity of these diseases? These questions have
not been addressed in any systematic manner in a population setting, with the exception of
cancer, to be discussed below. The few reports in the literature were summarised in our earlier
review (Smith et al., 2008). There has since been a preliminary report based on case histories in
one hospital, which found that the mean doses of methotrexate being used to treat rheumatoid
arthritis in 36 patients rose by 34% from a period of 9 years prior to fortification compared with
3 years after fortification, implying reduced efficacy of the drug (Arabelovic et al., 2007). A
different conclusion was drawn by another group who studied the mortality rate for childhood
from acute lymphoblastic leukemia in countries with and without fortification. A decreasing
mortality trend was observed in all countries to a similar extent, and the authors concluded
“folate fortification does not appear to have caused an increase in therapeutic failure…”
(Kennedy et al., 2011). However, that is by no means the only interpretation of the data. Good
quality population-based studies are clearly needed on the questions raised above. Of particular
interest would be studies on the prevalence of folate-sensitive diseases over time.
c) Possible effect on twinning
There has been much debate about whether periconceptual exposure to folic acid increases the
frequency of twin pregnancies, which are an increased risk for mother and child. The consensus
appears to be that, when pregnancies achieved by assisted reproduction techniques are allowed
for (Vollset et al., 2005), there is an insignificant increase in twins after exposure to folic acid. A
maximum estimate from 5 retrospective studies in relation to fortification in the USA was an
increase of 4.6%, although the authors commented on the methodological shortcomings of the
primary studies (Muggli and Halliday, 2007). In contrast to natural conceived twin pregnancies,
it has been noted that the incidence of multiple embryos in pregnancies achieved by assisted
reproduction techniques increased by 11 – 13% after fortification in USA (Figure 9).
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Figure 9. Multiple births in USA in pregnancies from assisted reproduction techniques.
Circles show pregnancies with two embryos transferred; triangles show those with three. From
web appendix in paper by Haggarty et al. (Haggarty et al., 2006).
The temporal relationship between the increase in multiple embryos and the introduction of folic
acid fortification is striking. Implications will be discussed in Section 6.
d) Possible epigenetic effects
Since folate carries one-carbon units that are required for the methylation of DNA and
histones, it has been suggested that modulating folate levels might cause epigenetic changes and
that such effects might occur in the fetus in utero and so impact on the child’s health. Direct
evidence that fortification has such effects is not available, but there are a number of
observations that are consistent with the idea of epigenetic effects of folic acid in humans, as has
been shown in animals (for a short summary see our previous review (Smith et al., 2008)). Most
of the reports relate to increasing folate status by giving supplements and so will be discussed
below. For a recent introductory review see Hussain (Hussain, 2012).
e) Possible harmful effects of free folic acid
Insignificant amounts of folic acid occur in our natural foods, which contain folate in the reduced
form, coupled to several glutamate residues. Folic acid is in an oxidised state and has to be
reduced by the enzyme dihydrofolate reductase in the liver (Wright et al., 2007) before it can
enter into metabolism in the body. Folic acid is a very poor substrate for the enzyme and
furthermore, in man, the activity of this enzyme is very low compared with laboratory animals
and varies about 5-fold between individuals (Bailey and Ayling, 2009). This finding may in part
explain why unmetabolized folic acid is found in 40% of blood samples from the elderly in the
USA (Bailey et al., 2010) , and also occurs in human blood in countries where there is no
mandatory fortification (Obeid et al., 2010, Sweeney et al., 2005, Sweeney et al., 2009).
Relatively small doses, around 400 μg, can lead to unmetabolized folic acid in serum (Sweeney
et al., 2007) and fasting blood levels went up after fortification in the USA even in those who did
not take supplements (Kalmbach et al., 2008). Some of the wide variation in levels of folic acid
in blood may be related to a common polymorphism in dihydrofolate reductase (Kalmbach et al.,
2008) that reduces its activity and leads to higher levels of unmetabolized folic acid in plasma
and to lower levels of red cell folate. The existence of subgroups of the population with different
levels of unmetabolized folic acid in spite of similar exposure to dietary folic acid is likely to be
important since it defines a subgroup that may respond differently to fortification. A strong hint
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that unmetabolized folic acid matters was provided by the seminal study of Troen et al. (Troen et
al., 2006) who found a concentration-related inhibition of Natural Killer Cell cytotoxicity by
folic acid in plasma in fasting samples taken after fortification. Natural Killer Cells are an
important component of the non-specific immune response and are involved in killing virusinfected cells and tumour cells. Another study in the elderly found that the consumption of more
than 400 μg of folic acid a day from supplements was associated with subsequent cognitive
decline in the elderly (Morris et al., 2005). In a cohort where 33% of elderly Americans (mean
age 70y) had detectable unmetabolized folic acid in their serum, it was found that folic acid
levels were associated with an increase in anaemia and with lower cognitive test scores in those
with poor vitamin B12 status (Morris et al., 2010). These authors speculated that circulating
unmetabolized folic acid might harm the nervous system. More studies are needed on possible
adverse effects of unmetabolized folic acid.
4.2 Randomized controlled trials of folic acid supplements, and some observational studies
showing evidence of harm
Apart from studies on cancer (see Section 5), there have been relatively few randomized trials in
which the harmful effects of folic acid were studied. Hence, we will also consider here selected
observational studies related to this question, in which supplements containing folic acid were
administered.
a) Interactions with anti-folate drugs
Resistance to the therapeutic effects of anti-folate drugs is a serious problem, especially in cancer
and antimalarial chemotherapy. Two randomized trials, one in Tanzania and one in Nepal,
looked at outcomes after giving young children supplements containing folic acid. In Nepal, an
area without malaria, there were no adverse effects, but in Tanzania, where children are routinely
given anti-folates to protect against endemic malaria, there was a greater death rate in those
given folic acid. An editorial stated “The conclusion must be that the risks of death or severe
illness of routine iron plus folic acid supplementation…. in young children exposed to high rates
of malaria infection seem to outweigh any immediate benefits.” (English and Snow, 2006).
Methotrexate, an anti-folate, is one of the most widely used drugs in medicine and is used in
therapy for cancer, rheumatoid arthritis, psoriasis and ectopic pregnancy. A post-hoc analysis of
two randomized trials found that patients taking 1 – 2 mg of folic acid per day had a poorer
clinical response to methotrexate (Dervieux et al., 2005). Evidence that folic acid can interfere
with the therapeutic effect of methotrexate in psoriasis is proved by an open-label trial (Chladek
et al., 2008) from which the authors concluded: “The antipsoriatic effect of methotrexate during
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the remission-induction phase of treatment is influenced by folate status and may be significantly
less if combined treatment with folic acid is used, irrespective of pre-treatment folate levels.”
Significantly, the reduced efficacy of methotrexate occurred at serum folate levels between 20
and 40 nmol/L, which include levels present in almost the entire US population after fortification
(Pfeiffer et al., 2005). Further discussion of this question can be found in our earlier review
(Smith et al., 2008) and in the following articles (Assaraf, 2007, Chattopadhyay et al., 2007,
Montaudie et al., 2011, Porcelli et al., 2011, Prey and Paul, 2009).
b) Possible effect on twinning
Since any effect of folic acid on the incidence of multiple births is thought be a result of its
influence on pregnancies resulting from assisted reproduction techniques, it is important to
establish how big this effect might be. A prospective cohort study (Haggarty et al., 2006) found
that the mother’s folate intake or plasma folate level was not related to the probability of a
successful pregnancy, but that both were significantly related to an increased incidence of twins.
A striking concentration-dependent effect was found between plasma folate and likelihood of
twins, depending on the age of the mother (Figure 10).

Figure 10. Plasma folate and twin births in assisted reproduction in infertile women.
Conditional effects plot, from (Haggarty et al., 2006)

c) Possible epigenetic effects
We are not aware of any randomized trials that concern possible epigenetic effects of folic acid,
but there are several observational studies. We include in this discussion any effects of
consumption of folic acid by the mother on the child.
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One population study comes from India. High erythrocyte folate levels in mothers at 28
weeks gestation were predictive of increased adiposity and increased insulin resistance in their
children at the age of 6 years (Yajnik et al., 2008); the authors speculated that this might be
mediated by epigenetic changes in the baby brought about by high maternal folate status. There
was a concentration-dependent relationship between erythrocyte folate and increased risk of
insulin resistance, starting from a level around 800 nmol/L, which is similar to the levels in
women of childbearing age in New Zealand (see Table 2).
Allergic airways disease, of which asthma is the prime example, are increasingly
common in children and it is therefore of interest that a leading researcher made this statement in
2008: “One cannot ignore the observation that the increase in asthma prevalence over recent
decades approximately coincides with worldwide campaigns that recommend periconceptional
dietary folate supplementation.” (Miller, 2008) This comment was made in relation to an animal
study in which it was shown that feeding the mother mouse a diet enriched in folic acid and
several other methyl donors led to enhanced allergic inflammation in the progeny. This
paralleled changes observed in promoter DNA methylation in many genes, some of which are
known to be involved in the regulation of allergic responses (Hollingsworth et al., 2008). The
levels of folic acid and other methyl donors were very high in this study and so it is of particular
importance that a study from Norway on 32,077 children has found that the at 18 months of age
the children of mothers who reported taking folic acid supplements in the first trimester of
pregnancy showed increased risk for wheeze, lower respiratory tract infections and
hospitalizations for respiratory tract infections (Haberg et al., 2009). The latter risk was
increased by 24%. The authors suggested “that methyl donors in the maternal diet during
pregnancy may influence respiratory health in children, consistent with epigenetic mechanisms.”
A prospective cohort study in Australia supported this hypothesis, reporting that children of
mothers who took supplements containing folic acid late in pregnancy had a 26% greater risk of
asthma at age 3.5 years (Whitrow et al., 2009). It is noteworthy that this association was only
found for folic acid in supplement form and not for intake of natural folates from the diet. A
Dutch study on 3,786 children has also reported that use of folic acid supplements by the mother
is associated with an increased risk of wheeze at 1 year of age, but overall over 8 years there was
no association with adverse allergic or respiratory problems (Bekkers et al., 2011). An valuable
follow-up study to the earlier Norwegian report showed that maternal plasma folate levels
measured at 18 weeks gestation were related to an increased risk of asthma in the child at age 3:
children whose mothers’ folate was in the top quintile; these children had a 66% increased risk
of asthma compared with those in the bottom quintile of folate. There was a concentration
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relationship between maternal plasma folate and risk. The top quintile of folate were levels
above 18 nmol/L, which levels are present in more than 95% of New Zealand women of
childbearing age (Table 2).
An Australian study found that intake of 500 μg/day of folic acid from supplements by
the mother in the third trimester was associated with an 85% increased risk of eczema in the
child at 1 year old, compared with mothers who consumed < 200 μg/day (Dunstan et al., 2011),
but there was no relationship to folate intake from the diet. However, there was no association
between maternal or cord blood serum folate and eczema. But there was a relationship between
cord folate and the risk of allergic sensitization: at both low (<50) and high (>75 nmol/L) levels
the child was at greater risk of allergic sensitization. These complex relationships indicate that
the association between maternal folate status and the child’s immune status is not
straightforward. It seems that the timing of the exposure in pregnancy may be critical, as noted in
the excellent review by Sharland et al. (Sharland et al., 2011), and two recent studies have failed
to find any relationship of children’s allergic status and folic acid use early in pregnancy
(Magdelijns et al., 2011, Martinussen et al., 2011). It is noteworthy that, in these studies, it was
only folic acid from supplements that was related to the outcomes in children, which might
explain why the detailed study on the ALSPAC cohort found no association with maternal
dietary folate intake (Granell et al., 2008).
Possible mechanisms of hypothetical epigenetic effects of folic acid in humans have been
explored in a Dutch study (Steegers-Theunissen et al., 2009). Periconceptual consumption of 400
μg folic acid per day by the mother was associated with an increase in the methylation of the
gene for IGF2, an embryonic growth factor, in the child aged 12 – 18 months. This study is
consistent with the basic hypothesis, that folic acid in the mother can influence key genes in the
child.
d) Possible harmful effects of free folic acid
We have discussed this matter in Section 4.1e above. We know of no intervention studies
designed to compare the potential harmful effects of folic acid with that of reduced folates. We
would like to draw attention, however, to reports that seem to show that the source of folate is
important. In the study by Troen et al. on the effect of unmetabolized folic acid on natural killer
cell activity it was found that the association was only found between plasma unmetabolized
folic acid and the outcome, and not with plasma reduced folates (Troen et al., 2006). A
prospective study on a large Danish cohort of more than 56,000 found a protective effect of
reported dietary folate intake on colon cancer, but no protective effect of supplementary folic
acid (Roswall et al., 2010). A difference was also observed for lung cancer in the same cohort: in
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this case, dietary folate increased the risk, while supplementary folic acid had no effect (Roswall
et al., 2010). In the studies on maternal folate and childhood allergy, two of the reports noticed
that the association was only found for supplementary folic acid and not for dietary folate
(Dunstan et al., 2011, Whitrow et al., 2009). A large observational study in USA on 25,400
women found that intake of folates from food was not associated with a risk of breast cancer,
while women taking folic acid supplements (> 400 μg/day) did have an increased
risk(Stolzenberg-Solomon et al., 2006). An Australian study reported that intake of food folates
was protective against oesophageal cancer but that consumption of folic acid supplements
increased the risk, especially of precancerous dysplasic Barrett’s oesophagus (Ibiebele et al.,
2011). A similar finding was reported in a trial on prostate cancer (Figueiredo et al., 2009).
Baseline plasma folate levels in non-users of multivitamins were protective against the
development of prostate cancer (Hazard Ratio 0.41 [0.18-0.96]) whereas those treated with 1 mg
of folic acid per day had an increased risk of prostate cancer (HR 2.63 [1.23 – 5.65]). All these
observations are consistent with important biological differences between folic acid and the
natural folates, as is likely from their chemical properties (see Section 4.1e and our earlier review
(Smith et al., 2008)). One way of looking at this complex picture was suggested by Ulrich
(Ulrich, 2007), who argued that the relationship between folate status and risk of cancer was
non-linear (Figure 11) with a higher risk in those taking folic acid supplements compared with
natural folates. Another likely scenario is that folic acid has unique effects that differs from the
natural folates. Indeed, based on the available data, both mechanisms appear probable.

Figure 11. Hypothesized non-linear relationship between folate status and breast cancer
risk. From (Ulrich, 2007)
Conclusion. There is no doubt that consumption of folic acid can cause harm. In the elderly
possibly the most concerning effect is the increased risk of anaemia and of cognitive deficit in
those with high folate status and low vitamin B12 status that has been shown in USA
following fortification. The ability of folic acid to interfere with the action of the widely-used
anti-folate drugs has not been thoroughly studied, but evidence that folic acid supplements
lead to a higher death rate of children treated with anti-malarial drugs in countries with
endemic malaria is of concern. Women who are exposed to folic acid fortification have a
higher risk of twin pregnancy if they use artificial reproductive technology, but there is no
convincing evidence that normal pregnancy is affected. Unmetabolized folic acid is present in
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the blood of about 40% of Americans and the levels vary greatly due to differences between
individuals in their metabolism. In elderly women, blood levels of unmetabolized folic acid are
related to decreased Natural Killer Cell cytotoxicity, with possible consequences for how the
body deals with infections and cancer. Epigenetic effects of folic acid, through which intake
by the mother can affect the future health of the child, are possible. In India, high folate
status in the mother was associated with an increased risk of type 2 diabetes in the 6-year old
child. Other studies indicate that some allergic reactions may be enhanced in the children of
mothers who were exposed to folic acid late in pregnancy. It is nearly impossible to provide
solid evidence in terms of trial data for most of the suspected side effect; such studies would
always rejected by ethical review boards.
5. Folate and cancer
5.1 Population studies
A landmark article by Kim (Kim, 2004) was entitled “Will mandatory folic acid fortification
prevent or promote cancer?”. In this article Kim postulated that folate plays a dual role in cancer:
a good folate status protects against the development of cancer by reducing the risk of neoplastic
transformation of normal tissue, while at the same time high folate status stimulates the
conversion of pre-neoplastic cells into cancer cells and promotes the growth of existing cancer
cells. The different levels at which folate might act are shown in Figure 12.

Figure 12. Postulated dual modulatory role of folate in carcinogenesis.
IEN, intraepithelial neoplasia. From (Smith et al., 2008)
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Kim’s ‘dual role hypothesis’ is consistent with a great deal of evidence and it clarifies our
understanding of the possible effects of folic acid fortification on cancer, while at the same time
presenting us with a major dilemma. What the hypothesis predicts is that the effects of extra
folate will depend upon the stage at which the cell transformations have reached. This is likely to
vary according to the type of tissue, genetic polymorphisms and other environmental factors, of
which the most common are smoking and alcohol consumption. The dilemma is that we cannot
predict whether folic acid will be a ‘good thing’ or a ‘bad thing’ in a population. Rather, it is
likely to be good for some people and bad for others. Thus, studies on the whole population may
not tell us much if only a subset is affected by fortification. Nevertheless, let us look at the
evidence from population studies to see if there are some hints.
In 2007 Mason et al. (Mason et al., 2007) published a paper with the title “A temporal
association between folic acid fortification and an increase in colorectal cancer rates may be
illuminating important biological principles: a hypothesis.” In this report they showed that the
incidence rate of colorectal cancer in both the USA and Canada had significantly increased in
the period immediately following the introduction of fortification. The data are shown in Figure
13. As can be seen, in both countries there was a trend for the incidence of colorectal cancer to

Figure 13. Age-adjusted incidence of colorectal cancer in USA (A) and Canada (B). From
(Mason et al., 2007)
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decrease after 1985, but this trend was interrupted in about 1996 or 1997 by a sharp rise. The
authors stated: “In each instance, the sudden increase in cancer incidence represents a highly
statistically significant deviation from the pre-1996/1997 trend, resulting in an excess of about 4
to 6 additional cases per 100,000 individuals.” This would correspond to about an additional
15,000 cases per year in the USA. The authors’ hypothesis was that this change might have been
related to the introduction of fortification, in view of the known effects of folic acid on the
growth of cancer cells. The paper caused a lot of discussion, with arguments that the apparent
changes in incidence may have been the consequence of new screening methods for diagnosis.
The authors had considered this explanation and showed that an expansion in endoscopy
screening came a few years later. A longer timespan can be seen from official statistics plotted in
Figure 14A, from which it appears that the change was permanent so that the additional 15,000
cases per year continued. In comparison, we have plotted the data on the incidence of colorectal
cancer in the UK over the same time period and using the same scale (Figure 14B), from which it
can be seen that an apparent increase in the rate occurred at roughly the same time in the UK, but
to a smaller extent; this needs to be examined statistically to see if it is significant. Two
differences can be seen between the USA and UK data: the UK rate did not show an obvious
steady decline before 1995 and the steep increase after 1995 was not maintained in the same way
as in the USA.
A.

B.
90
80
70

50
40
30

UK
USA

20
10

2008

2003

1998

0
1993

Rate
per 100,000

60

Year of diagnosis

38

Figure 14. Colorectal cancer incidence rates in men.
A. USA. From the Surveillance, Epidemiology and End Results (SEER) database of the National Cancer Institute
(http://seer.cancer.gov/). Red line shows the data for 9 SEER areas and blue line for 13 SEER areas. Blue bar was
added to show period when fortification was introduced. The dashed line was added to show how the trend would
have continued without the step increase in 1996-7. B. USA (SEER) and UK. UK data plotted from Cancer
Research UK database: (http://info.cancerresearchuk.org/cancerstats/types/bowel/incidence/?vi)

These results make it very difficult to argue that the step increase in colorectal cancer incidence
in USA and Canada around 1996 was solely related to folic acid fortification. The same caution
should apply to a report from Chile which used hospital discharge rates as an indirect measure of
incidence and found a sharp rise in rates for colorectal cancer a few years after mandatory
fortification was introduced (Hirsch et al., 2009).
Let us look at one other example of this approach: the incidence of prostate cancer. The data for
the USA are shown in Figure 15. Dramatic changes in the incidence are shown after 1989, but
these are most probably due to the introduction of the prostate-specific antigen (PSA) test. After
1992, the incidence fell sharply but stopped falling in 1996, when manufacturers started adding
folic acid to flour products. This was followed by second increase in incidence that slowed
around 2001. Very similar changes were found in Canada, notably the increase in incidence
starting around 1997. But, as with colorectal cancer, we cannot conclude that the latter increase

Prostate

Prostate

Lung

Figure 15. Prostate cancer incidence rates in USA (left) and Canada (right).
Left: prostate cancer in blue, lung cancer in red (from SEER reports, see Fig, 11). Right: the uppermost line shows
the data for prostate cancer, the middle line for lung cancer and the lowest line for colorectal cancer (from Canadian
Cancer Statistics 2011, Canadian Cancer Society http://www.cancer.ca). Blue bars added to show the period during
which mandatory folic acid fortification was introduced.

is solely, or even at all, a consequence of mandatory fortification because a similar rise in
prostate cancer incidence occurred in the UK, starting about 1999, as can be seen from the
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Cancer Research UK database
(http://info.cancerresearchuk.org/cancerstats/types/prostate/incidence/#trends). It is noteworthy
that a similar temporary rise also occurred at this time period in New Zealand – See Figure 2 in
(Ministry of Health, 2011).
These examples show how hazardous it is to draw inferences from population data of this type.
Perhaps a similar degree of caution should be used in looking at the data on the incidence of
NTDs in countries that have fortified? For instance, the modest decline in NTD incidence in the
USA following introduction of fortification is difficult to isolate from the already declining NTD
prevalence that occurred in the 1990’s.
5.2 Randomized controlled trials
The scientifically most rigorous way of finding out if increasing exposure to folic acid
will increase the risk of developing cancer is to carry out randomized controlled trials. Such
trials are ethically rather difficult to justify because the hypothesis being tested is one that may
harm the participants. Hence, most trials have been based on answering other questions and the
outcome of cancer has been a secondary aim. Most of the trials of homocysteine-lowering B
vitamins mentioned in Section 3.2 had cancer incidence as a subsidiary endpoint, and 8 of these
trials including 37,485 people have been reviewed in a meta-analysis (Clarke et al., 2010). The
authors concluded “folic acid allocation had no significant effect on the rate ratios
(95% confidence intervals) for overall cancer incidence (1.05 [0.98-1.13]), or cancer mortality
(1.00 [0.85-1.18])”. In fact, the analysis showed a possible 5% increase in cancer that was not
quite significant (the lower C.I. was 0.98) in the folic acid group. The authors did not give an
estimate of the power of their analysis, i.e. how many subjects in each group would have been
needed in order to obtain a significant effect of folic acid on cancer. We have done this estimate:
in order to detect a significant increase of 5%, about 70,000 subjects would be needed in each
arm. Thus, this meta-analysis cannot be used to conclude that there was no significant effect on
cancer, as has been widely done in the media. Another short-coming of the meta-analysis is that
the only certain pre-specified subgroups were examined, where no significant effect was found.
As we will show below, further subgroup analysis may be critical.
An important study in Norway, in which the data from two trials were combined to give a
total of 6,837 patients with heart disease, has shown that treatment for a median of 39 months
with folic acid (0.8 mg) combined with vitamin B12 (0.4 mg) significantly increases the
incidence of cancer and cancer mortality. The median follow-up period was a total of 77 months
and the national registries were used to identify cases. There was a 21% increase in overall
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cancer incidence and a 38% increase in deaths from cancer in the folic acid group (Ebbing et al.,
2009). The risk of developing cancer and of dying from cancer was related to the level of folate
in the blood during the trial, with those having the highest folate level being most at risk.
Notably, the serum folate level in those at highest risk was > 60 nmol/L, which is a level found
in 10 – 15% of Americans after fortification (Pfeiffer et al., 2005). Although the trial was not
powered to detect changes in the different subtypes of cancer, it is of interest that the estimated
hazard ratio for colorectal cancer incidence was 1.00 while those for other major cancer types
(lung, prostate, haematological, other) were all greater than 1, though not reaching significance.
The increase in overall cancer incidence was mainly driven by increased lung cancer incidence.
The results on overall cancer incidence are shown in Figure 16.

Figure 16. Cumulative incidence of cancer in 6,837 heart disease patients treated with
placebo or a combination of folic acid (0.8mg) and vitamin B12 (0.4mg). Kaplan-Meier curves
from Ebbing et al. (Ebbing et al., 2009).

Analysis of subgroups gave an important result: patients with the TT genotype of the MTHFR
gene were at the greatest risk of death from cancer, with a hazard ratio of 4.57 (1.55-13.9) for the
folic acid groups compared with placebo. This result shows that other studies that do not look at
such subgroups might miss a significant effect.
A recent meta-analysis of trials in which folic acid was administered and cancer was one
of the outcomes, has confirmed and extended the findings of the Norwegian trials (Wien et al.,
2012). This meta-analysis was based on a systematic review and included 10 trials in a total of
38,233 people. There was a significant overall risk ratio for cancer incidence in the folic acid
groups of 1.07 (1.00-1.14). In other words, there was a relative increase in risk of 7%. When an
additional trial was included in which methyl-tetrahydrofolate was used instead of folic acid, the
increased risk was 8% and the confidence intervals were 1.01-1.14. Subgroup analysis revealed
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four studies in which folic acid consumption particularly increased the risk of cancer: studies in
which the dose was between 0.4 and 1.0 mg per day; studies with >30% of smokers; studies with
> 70% of men; and studies with follow-up greater than 5 years. In looking at the different types
of cancer, the only one that reached significance was prostate cancer, where there was an
increased risk of 24% in the folic acid groups (RR 1.24, CI 1.03,1.49). This meta-analysis did
not look at MTHFR genotypes, probably because many trials did not report these results.
The significant increased overall risk of cancer of 7%, or 8% including the trial with
methyl-THF, obtained in this meta-analysis is quite similar to the non-significant increased risk
of 5% reported by Clarke (Clarke et al., 2010), but the authors draw a very different conclusion.
The 24% increased risk of prostate cancer is striking, and will be further discussed below. The
possible public health significance of these findings will be discussed in Section 6.
Some observational studies on folate and cancer
There is a vast literature describing observational studies on folate and cancer in which
folate intake is estimated from food frequency questionnaires or folate status is estimated from
blood levels. Some selected recent reviews and observational studies are: on multiple types of
cancer (Larsson et al., 2006, Smith et al., 2008, Wien et al., 2012); colorectal (Gibson et al.,
2011, Hubner and Houlston, 2009, Kennedy et al., 2011, Kim et al., 2010, Kim, 2007) (Stevens
et al., 2011) (Lee et al., 2011); pancreatic (Bao et al., 2011, Oaks et al., 2010); prostate (Collin et
al., 2010); breast (Stevens et al., 2010); ovarian (Webb et al., 2011). There is no consistency in
these studies, some reporting that high folate status is protective against cancer, while others
report the opposite, and others report no association. We suggest that, apart from the possibility
that there are genuine differences between different cancer types in their response to folate, these
discrepancies probably reflect at least two main factors: first, the different stages of pre-cancer
and cancer in the populations studied and, second, the different prevalence of particular
subgroups at risk in the population studied.
A good example of the importance of subgroups is provided by the observational study
on breast cancer in the Malmö Diet and Cancer Cohort of 11,699 women. In the first paper,
entitled “High folate intake is associated with lower breast cancer incidence in postmenopausal
women in the Malmö Diet and Cancer cohort”, the authors reported that women in the highest
quintile of total folate intake (including supplements) had a 44% lower risk of breast cancer than
those in the bottom quintile (Ericson et al., 2007). The Swedish media and public reacted with
demands that mandatory folic acid fortification be introduced immediately (Jagerstad, 2007).
Two years later, the authors reported that the association of high folate intake with protection
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against breast cancer was limited to a subgroup of the women in the cohort, those who had the
677CT/1298AC genotype of the MTHFR gene. In contrast, women who had the 677TT genotype
or the 677CT/1298AA actually showed an increased risk of breast cancer with higher folate
intake (Ericson et al., 2009). In the same year, the authors reported a nested case-control study in
which they measured plasma folate: they found that the women with high plasma folate and the
677TT or 677CT genotypes had an increased risk of post-menopausal breast cancer, while the
CC genotype showed no association with cancer and folate levels (Ericson et al., 2009). Finally,
to add another level of complexity, the authors reported that the association of high plasma folate
with increased risk of breast cancer was limited to those whose breast cancer type was negative
for estrogen receptor-beta (Ericson et al., 2010). They concluded their last report with the
statement “…the observations may be especially valuable in the on-going discussions, in many
countries, concerning folic acid fortification”. This important series of papers on the same cohort
of women began by advocating increasing folate intake in order to prevent breast cancer, then
found an adverse effect of folate on women with certain MTHFR genotypes, and finally
concluded with a warning that women with breast tissue negative for estrogen receptor-beta
might be at increased risk of cancer if they consume too much folic acid. We have here, in a
microcosm, the same situation that is faced by society as a whole: high folate status is good for
the population as a whole, but subgroups within the population may be suffer serious harm.
The importance of subgroups in analysing the biological effects of folic acid is being
increasingly recognised. An excellent review includes this statement about genetic subtypes: “It
is highly probable…..that studies seeking to define the relationship between folate intake and
colorectal cancer risk that do not stratify subjects by genotype at two or three polymorphic loci at
the very least will miss important disease–nutrient associations in subgroups of the population
defined by these genetic variants.” (Hubner and Houlston, 2009). We have collected some
examples of how subgroups can influence the response to folic acid in Table 4.
Table 4. The importance of subgroups in studies on the association of folate with disease
Subgroup(s) involved

Outcome

Reference

MTHFR polymorphisms
ditto
ditto

Gastrointestinal cancers
Colorectal adenomas
Colorectal cancer

(Larsson et al., 2006)
(van den Donk et al., 2007)
(Hubner and Houlston,
2007)
(Kim et al., 2012)
(Hubner et al., 2007)
(Guerreiro et al., 2008)
(Hubner and Houlston,
2009)
(Hung et al., 2007)
(Ericson et al., 2009,
Ericson et al., 2009)

ditto

Type of colorectal cancer

ditto
ditto

Lung cancer
Breast cancer
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ditto
ditto
ditto
MTHFR genotype and gender
Thymidylate synthase
polymorphisms
Alcohol consumption
ditto
ditto
ditto
ditto
Smoking
ditto
ditto
Estrogen receptor status

Overall cancer incidence & mortality
Stroke
NTD
Rectal cancer
Colorectal adenoma

(Ebbing et al., 2009)
(Holmes et al., 2011)
(Lacasana et al., 2012)
(Murtaugh et al., 2007)
(Hubner et al., 2007)

CVD, cancer
Breast cancer
Colorectal cancer
Oesophageal cancer
Anaemia in elderly
Overall cancer incidence & mortality
Lung cancer
Overall cancer incidence
Breast cancer

Gender
ditto
Vitamin B12

Pancreatic cancer
Rectal cancer
Cognition in elderly

ditto
Plasma total homocysteine

Cervical cancer
Reduction in stroke

ditto
ditto
Unknown genetic factors

Slowing of brain atrophy in MCI
Slowing cognitive decline in MCI
Lowering tHcy

(Jiang et al., 2003)
(Larsson et al., 2007)
(Roswall et al., 2010)
(Ibiebele et al., 2011)
(Morris et al., 2010)
(Ebbing et al., 2009)
(Johansson et al., 2010)
(Wien et al., 2012)
(Ericson et al., 2010,
Harris et al., 2011, Lin et
al., 2008, Roswall et al.,
2010)
(Oaks et al., 2010)
(Curtin et al., 2011)
(Morris et al., 2007, Morris
et al., 2010)
(Piyathilake et al., 2009)
(Saposnik et al.,
2009)Saposnik et al.,
2009)
(Smith et al., 2010)
(de Jager et al., 2011)
(Cotlarciuc et al., 2011)

Prostate cancer and folic acid
In view of the finding in the meta-analysis by Wien et al. (Wien et al., 2012) that men being
treated with folic acid had a 24% increased risk of developing prostate cancer, we thought it
would be of interest to look at some recent studies on this topic. One of the trials in the metaanalysis was that by Figueiredo et al. (Figueiredo et al., 2009). A total of 643 men were
randomized to folic acid (1 mg per day) or placebo. The main result is shown in Figure 17.

Figure 17. Kaplan-Meier plot showing prostate-cancer free status over time. The folic acid
group received 1 mg per day. From (Figueiredo et al., 2009).
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It can be seen that those receiving folic acid did not stay free of cancer for as long as those on
placebo, so that after 10 years 25 of them had developed cancer compared with 9 in the placebo
group. An unexpected feature of this trial is that while the patients receiving folic acid had an
increased risk (HR 2.63), a high baseline plasma folate level in those who did not take
multivitamin tablets was actually protective against prostate cancer (HR 0.41). The numbers
developing cancer in this trial were small and so the risk ratios should be interpreted with
caution. Nevertheless, a meta-analysis on 25,738 subjects in 6 trials, of whom 632 developed
prostate cancer, confirmed that folic acid increases the risk of prostate cancer (RR 1.24 [1.031.49]) (Wien et al., 2012).
Recent observational population studies on folate and prostate cancer do not give a clear
picture. The large EPIC case-control study in Europe found no association between plasma folate
levels and risk of prostate cancer, but any association might have been lost in the large variation
in plasma folate levels between participating countries, ranging from 5.6 nmol/L in Sweden to
15.3 nmol/L in Germany (Johansson et al., 2008). However, this result was confirmed in another
large case-control study (ProtecT) in the UK, where there was no difference in folate levels
between 1,507 controls and 1,461 cases (Collin et al., 2010). However, in a meta-analysis of
prospective studies omitting ProtecT a significant increased risk of high baseline folate was
found, with and odds ratio of 1.19 [1.03-1.37] (Collin et al., 2010). An indirect measure of the
rate of progression of prostate cancer is the rate of change in the level of prostate-specific
antigen (PSA) over time, called PSA velocity. This measure was weakly associated with plasma
folate levels in the ProtecT study (Collin et al., 2010). Striking evidence that folate may be
related to prostate cancer and its progression was found in a small case-control study in USA
(Tomaszewski et al., 2011): the mean fasting plasma folate level was 63 nmol/L in 87 cases and
17 nmol/L in 20 controls. Prostate tissue folate levels were also higher in cases than in controls.
Using Ki67 staining, a tissue marker of cancer progression, there was much higher staining in
cancer tissue from cases with high plasma folate than in those with lower folate, suggesting that
high folate favours progression of the cancer. Surprisingly, only 55% of the cases with high
serum folate (> 68 nmol/L) admitted taking supplements and so the authors suggested that the
high levels may have been due to the sustained consumption of fortified food.
It is well known that high concentrations of folic acid in culture media will stimulate the
growth of several different types of cancer cells, but a study by Petersen et al. (Petersen et al.,
2011) asked the question whether concentrations of folic acid that are within the physiological
range have any effect on prostate cancer cells. They found that folic acid in the range 4 – 100
nmol/L stimulated both the growth and the invasiveness of prostate cancer cells in culture in a
concentration-dependent fashion. Experiments in mice are consistent with this study: a
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transgenic mouse model called ‘transgenic model of the mouse prostate (TRAMP)’ shows very
vigorous growth of prostate cancer, but it was found that feeding these mice on a diet with about
one-seventh of the normal folate content almost completely stopped both the growth and the
spread of the tumours (Bistulfi et al., 2011). The recent findings summarized here are consistent
with prostate cancer being particularly sensitive to folate. Possible public health implications will
be discussed in Section 6.
The puzzle of folate and cancer
Can we make any sense out of the different studies on folate and cancer? It helps if we
move away from a simplistic ‘cause and effect’ relationship to consider the underlying biology,
already highlighted in the ‘dual mechanisms’ hypothesis of Kim described above (see Figure
XX). Some factors that need to be considered are: i) the timing of the exposure to folate in
relation to the stage in the sequence of normal tissue to precancerous to cancer; ii) the likelihood
that any relationship is not linearly related to folate intake, and so will be influenced by the
baseline folate levels; iii) the sensitivity of the cancer to folate; iv) the prevalence of subgroups
at particular risk in the population being studied; v) the possibility that the effect of folic acid is
different from that of natural folates. There is not space to discuss these issues in detail, but some
of the studies cited above illustrate these points. Further reports are: on the importance of timing
(Lee et al., 2011, Luebeck et al., 2008) and on non-linearity (Aune et al., 2011, Lee and Chan,
2011, Ulrich, 2007).
Conclusions. The relationship of folate and cancer is complex and the evidence is consistent
with a dual role: a good folate status protects against the development of cancer by reducing
the risk of neoplastic transformation of normal tissue, while at the same time high folate
status stimulates the conversion of pre-neoplastic cells into cancer cells and promotes the
growth of existing cancer cells. Whether or not fortification with folic acid will reduce, or
increase, the risk of cancer depends upon the timing of the exposure in an individual, the
sensitivity of particular cancers to folate, the prevalence of particular subgroups of the
population at greater risk, and the baseline level of folate in the population. It is quite possible
for the overall effect of fortification to be neutral for cancer risk in the whole population, but
for certain subgroups, such as women with particular classes of hormone receptors in breast
tissue, or people with the TT polymorphism of the gene for MTHFR, to show an increased
risk. Population studies in countries that have already fortified are difficult to interpret, but a
recent meta-analysis on 10 trials (38,000 people) in which folic acid (0.4 – 1 mg per day) was
administered shows an overall 7% increased risk of new cancers, with a 24% increased risk in
prostate cancer.
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6. What is the likely overall balance in public health benefit or harm if fortification is
introduced?
A simple approach to answer this question would be to compare the prevalence of
various diseases before and after fortification has been introduced in those countries that
introduced mandatory fortification several years ago. We have shown that this approach is not
reliable, for many reasons. It is also limited because it fails to take into account that everyone is
not at equal risk of a disease because genetic and environmental factors influence the risk.
Accordingly, we have to look at evidence from randomized trials and, if possible, at particular
subgroups within these trials. The problem with that approach is that the dose of folic acid used
in most trials is considerably higher than the average intake of folic acid from fortified foods.
Hence, we must compare, if possible, the folate levels in the blood during a trial with the levels
that occur in populations where fortification has been introduced.
Folate levels after fortification in USA
Comprehensive studies on the folate status of the US population have been carried out for
many years and soon after fortification serum and red blood cell folate levels more than doubled
(Pfeiffer et al., 2007). The levels dropped a little in subsequent years, but the decrease was
mainly in the upper values, as can be seen from Figure 18. (We have converted the units to
nmol/L for ease of comparison with the rest of this review.)
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Figure 18. Frequency distribution of serum folate among the entire population of the
United States according to the National Health and Nutrition Examination Surveys.
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The vertical dashed line indicates the cut-off value for low folate (deficiency). We have added a solid red vertical
line to show the value above which levels are considered to be supraphysiological. Fortification was introduced
between 1996 and 1998. The surveys took samples from about 5,000 people each year. (Pfeiffer et al., 2007)

The graph above shows that in 1999-2000, soon after fortification, about 25% of the population
have serum folate levels above 45 nmol/L, usually considered supraphysiological. This
proportion subsequently fell but was still about 15% in 2003-4. The reports also give the
distribution of folate values between different sectors of the population, according to race,
gender and age (Pfeiffer et al., 2005, Pfeiffer et al., 2007) (McDowell et al., 2008). The most
recent report showed the age-distribution for samples collected in 2005-2006 (Figure 19) from
which it can be seen that two age groups had almost 50% higher serum folate levels than the rest:
children aged 4 – 11 years and the elderly.
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Figure 19. Median serum folate levels by age and sex, USA 2005-6
Note that values are given in ng/mL. In the box at the top we have converted the median values to nmol/L
by multiplying by 2.266 and rounding. (McDowell et al., 2008).

Half of all small children have folate levels greater than 36.5 nmol/L. In 2010 one of us
expressed concern that small children had such high folate levels, pointing out that after
fortification 19% of children aged 4 - 11y had serum folate levels above a level considered nonphysiological, i.e. 45 nmol/L, which probably meant that many were consuming more than the
Tolerable Upper Limit (TUL) recommended for children of 300 – 400 μg per day (Smith, 2010).
This turns out to be the case: a detailed study of folate and folic acid intake by children aged
from 1 to 13 years by Bailey et al. found that many American children aged 1 to 8 exceeded the
limit (Bailey et al., 2010). Children aged 1 to 3 consumed on average 385 μg/day (TUL = 300)
and children aged 4 to 8 consumed on average 534 μg/day (TUL = 400) from food. Of the 385
μg/day, 156 came from folic acid in fortified food; of the 534 μg/day, 236 came from folic acid
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in fortified food. Thus, folic acid added during fortification comprised more than 40% of the
total folate in the diet of children aged 1 to 8 y. We can conclude that fortified food was a major
reason why so many of these children exceed the TUL. The situation is even worse if we add the
folic acid from supplements. About 28% of children in the USA take supplements containing
folic acid and 60% of those who took supplements exceeded the TUL when considering diet and
supplements together (Bailey et al., 2010). Two major points come from this analysis: first,
children in a country that has fortified are being exposed to levels of folic acid from fortified
food that cause many of them to consume more than the TUL for folate and, second, even
higher levels of folic acid intake occur in those children who consume supplements.
The other group with high levels of folate are those over 60 y-old. In the 2003-4 dataset,
32% of these had serum folate levels above 45 nmol/L (Pfeiffer et al., 2007). Levels of
unmetabolized folic acid have been measured in another group of elderly from the 2001-2
NHANES cohort and 38% were found to have detectable free folic acid in their fasting serum
(Bailey et al., 2010). The mean serum folate in this cohort was 55 nmol/L and the unmetabolized
folic acid level was 4.4 nmol/L, i.e. about 7% of total folates. 61% of those with detectable
unmetabolized serum folic acid reported using supplements containing folic acid and it was
estimated that they consumed an average of 235 μg/day from supplements and a further 202
μg/day of folic acid from fortified foods (Bailey et al., 2010).
These figures provide a useful background to consider the possible impact of fortification
in New Zealand. In considering possible benefits, or harm, of fortification, we have to remember
that the folate status in New Zealand is already very good, with New Zealand women of childbearing age having serum folate levels about the same as women today in the USA, and red
blood cell levels considerably higher (Section 2.1). The estimated additional intake of folic acid
from fortification is 0.14 mg/day (FSANZ, 2006), but in Section 2.2 we assumed a larger
increase of 0.2 mg/day, as appears to have happened in the USA. This increased intake upon
fortification is estimated to raise the average serum folate level in New Zealand from 35.6
nmol/L to 40.1 nmol/L, in other words by about 13%. Notably, following fortification in the
USA with similar amounts of folic acid, serum folate increased from an from an average of 13
nmol/L in 1994 to 28 nmol/L in 2004, an increase of 115% (Pfeiffer et al., 2007). It is thus
difficult to use changes in the USA after fortification to predict what might happen in New
Zealand. Although an increase in the mean serum folate level of only 13% seems small, it should
be realised that the overall effect will be to shift the distribution curve to the right, i.e. to higher
concentrations (see Figure 18). A shift of the right-hand side of the curve further to the right
could easily bring some people into a zone where harm occurs. A shift of the left-hand side of
the curve to the right could bring some people out of a zone where they do not have enough
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folate into a safe zone. It can be seen from Figure 18 that not only is the distribution of folate
values shifted to the right (i.e. to higher values) but the whole distribution is broadened. This
broadening probably reflects the broadening of total folate intakes in the population after
fortification, as illustrated in Figure 20. Such a broadening of intakes has public health
implications for it means that part of the population may be consuming amounts of folate greater
than the recommended TUL, as shown above for children. It also means that a larger proportion
of the population will have folate levels that might take them into the risk zone for harm.

Figure 20. Distribution of habitual intakes of folate equivalents (total intake of food folates
and folic acid) comparing ‘no fortification’ with fortification scenarios of different levels of
folic acid in bread For women aged 19-50 y. The plots were derived from a mathematical
model (Hoekstra et al., 2008). In reality, the distribution is likely to be skewed.

6.1 Possible public health benefits of fortification in New Zealand
Decrease in the prevalence of NTDs. This is the reason why fortification is being considered.
Because the folate level in women of child-bearing age in New Zealand is so good, we believe
that a floor may almost have been reached for the prevention of NTDs. We have estimated in
Section 2.2 that between 0 and 6 NTD pregnancies each year out of a total of about 40 per year
might be prevented by fortification. If we take the upper figure, then 6 NTD pregnancies may be
prevented out of a total of 63,000 births in a population of 4.4 million. More likely, the effect
will be much lower. Our conclusions are similar to those of a leading New Zealand expert
(Professor C.M. Skeaff), who opposed the proposal to introduce mandatory fortification and
wrote in his submission to the FSANZ ((FSANZ, 2006) page 160):
“Does not support the proposed approach for mandatory folic acid fortification of bread making flour for the
following reasons: it will cause a negligible decrease in NTD rates; ….considers New Zealand women have high
folate status and there is a low rate of NTD, which suggests that mandatory fortification will have a minimal effect
on NTD rates; ….. the folate status of women of childbearing age in Dunedin, New Zealand, is as good as that of
women in the US after fortification, and thus suggests there will be little further reduction in the rate of NTDs with
mandatory folic acid fortification of bread flour.”
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Other birth defects. We could find no strong evidence that other birth defects might be
prevented by fortification, with the possible exception of some cardiac defects. Congenital heart
defects are the commonest form of congenital defect and the two most frequent are atrial and
ventricular septal defects, averaging about 330 per year in New Zealand (New Zealand Birth
Defects Registry http://www.nzbdmp.ac.nz/). If we take as a guide the Canadian study reporting
a 6.2% fall in severe congenital heart disease after fortification (Ionescu-Ittu et al., 2009), then it
is possible that up to 20 such births a year might be prevented in New Zealand. But it must be
stressed that this is highly speculative (Section 3).
Child development. We reviewed evidence that a good maternal folate status was
beneficial for cognitive and behavioural development in the child, but it is difficult to quantify
this. In a study from India the maternal plasma folate levels over which improvement in the
child’s cognition was observed ranged from < 17 to > 50 nmol/L and so included the level of 36
found in New Zealand women (Veena et al., 2010). But it is doubtful that a change from 36 to 40
would have a significant effect on the child’s development.
Cardiovascular disease. The decreases in incidence and mortality from stroke in USA
and in Canada following fortification occurred without any parallel changes in England and
Wales, and thus might not unreasonably be considered to be caused in part by fortification.
However, randomized trials are only partly consistent with this interpretation, with only one trial
giving a positive result (Saposnik et al., 2009). In the latter trial, B vitamin treatment reduced the
risk of stroke by about 25%, but only in those with high tHcy levels. We need up-to-date values
for tHcy in the New Zealand population before we could consider predicting an effect of
fortification on stroke incidence. There is no evidence that the incidence of heart disease would
be reduced by fortification.
Cognitive decline and dementia. Randomized trials have shown that folic acid alone, or
in combination with vitamins B12 and B6, can slow age-related cognitive decline and the rate of
brain atrophy, but only in people with raised levels of tHcy. It is not possible to predict if
fortification will have any benefit on people with cognitive impairment in New Zealand because
the current levels of tHcy in the elderly population are not known.
Conclusions. Possible benefits to public health of folic acid fortification are difficult to
quantify because a lot of factors remain unknown. The most likely benefits are a small
reduction in NTDs of up to 6 pregnancies per year and, perhaps, a reduction in cardiac birth
malformations amounting to approximately 20 births per year. Due to the already very good
folate status in New Zealand, any additional beneficial effect by fortification is probably
limited.
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6.2 Possible harm to public health of fortification in New Zealand
Increase in prevalence of some congenital malformations. Population studies after
fortification have reported an increase in certain malformations, most commonly obstructive
genitourinary defects, but since this has not been observed in clinical trials there may be causes
other than folic acid.
Increase in anaemia and cognitive decline in a subgroup of elderly with low vitamin B12
status. Population studies in USA after fortification have shown that supraphysiological levels
(>59 nmol/L) of serum folate are associated with a 5-fold increased risk of anaemia and of
cognitive deficit in those elderly who have a poor vitamin B12 status. About 4% of the elderly in
the USA had this combination of low vitamin B12 and high folate. If we assume that the
proportion is the same in New Zealand then, since there are about 550,000 over 65,
approximately 22,000 elderly might be at risk of harm.
Increase in twin births in pregnancies from assisted reproduction techniques. In the USA
after fortification there were about 12% more twin births in ART pregnancies. The association
with folic acid was confirmed in a UK prospective cohort study and the authors estimated that an
additional 600 twin births would occur if the UK were to introduce fortification (Haggarty et al.,
2006). It is not at present possible to apply the same approach to New Zealand because the data
for ART pregnancies are pooled with those of Australia
(http://www.aihw.gov.au/WorkArea/DownloadAsset.aspx?id=10737420484). However, from the
latest statistics on this web site there were some 13,000 deliveries in 2009, of which 16% were
multiple. An increase of 12% would man an additional 170 multiple deliveries for both Australia
and New Zealand. If these are divided simply in relation to the populations, then about an
additional 30 twin births from ART pregnancies would result from fortification.
Possible adverse effects in children conceived after fortification. There is just one
observational study which showed a higher risk of insulin resistance in children of mothers with
red blood cell folate levels above 800 nmol/L, which is close to the current level in women in
New Zealand. Until more studies are done, we cannot extrapolate this finding to New Zealand.
There are several studies suggesting that maternal consumption of folic acid may increase the
risk of allergic responses in their children, and one of these related maternal plasma folate levels
to the risk of asthma in their 3-year old children. The risk rose in relation to increased folate and
became significant above 17 nmol/L (Haberg et al., 2011). Since this is well within the levels in
women in New Zealand, it is possible that the increased folate associated with fortification might
further amplify the effect and so lead to an increase in childhood asthma. It is difficult to
quantify this effect without more data.
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Increase in incidence of certain cancers. The population studies on cancer incidence in
countries that have already fortified have not been very helpful. Although they suggested an
increase in colorectal cancer and in prostate cancer after fortification, it turns out that similar,
although smaller, increases occurred at about the same time in the UK and in New Zealand,
which have not fortified. Observational studies in populations or in cohorts have provided
inconsistent results, but one of them, the Malmö Diet and Cancer Cohort, has been very
instructive. We have learnt from this study that overall a good folate status is protective against
breast cancer, but that there are subgroups of women who are harmed by high folate status.
These are, firstly, women with the TT genotype of the gene MTHFR who have an increased risk
of cancer as folate levels rise. Secondly, women whose breast tissue does not contain estrogen
receptor-beta were the only ones to show an increased risk as folate status rose. Since the
frequency of the TT genotype in New Zealand is close to 10% (Jones et al., 2005), we can
estimate the number of women at increased life-time risk of breast cancer as folate levels
increase to be about 200,000.
The randomized clinical trials in which folic acid, with or without vitamin B12 and/or
vitamin B6, were administered have been more informative because they are better controlled.
The trials with the longest follow-up period (8 years) are the two cardiovascular trials done in
Norway. Combining these two trials and assessing cancer outcomes using national registries
gave clear evidence that those in the arm of the trials in which folic acid and vitamin B12 was
administered had an overall 21% increased risk of cancer and of 38% increased risk of dying
from cancer. The increased risk was directly related to the serum folate level, and those with
levels > 60 nmol/L had the highest risk. Values as high as this occur in USA after fortification in
about 10% of the population (see Figure 18) and it is quite likely that a proportion of the
population in New Zealand will also have such high levels. As in the USA, older people in New
Zealand have higher serum folate levels, as shown by the 2008/9 Adult Nutrition Survey: women
aged 15-18 had a mean level of 24.4 nmol/L while in those over 71 y the mean level was 39.7
nmol/L (Ministry of Health, 2011). We cannot estimate the numbers involved since the reports
do not give the data on folate levels in deciles, but fortification will shift these values up and will
increase the proportion with values in the range above 60 nmol/L, where the Norwegian trial
showed a significant increased risk of cancer. In view of the fact that the folate status of the New
Zealand is already as good, or better than, that in the USA we can predict that more than 10% of
the elderly population will fall into this risk category after fortification. An important finding in
the Norwegian trial was that the subgroup who had the TT genotype of the gene MTHFR were at
a 4-fold greater risk of dying from cancer if they consumed 800 μg of folic acid. As we pointed
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out above, approximately 10% of the New Zealand population carry this genotype, i.e. about
400,000 people.
It is not justifiable to make predictions from the results of a single trial, but we now have
the results of a meta-analysis of 10 trials in which folic acid was administered and where the
outcome was cancer. This meta-analysis on more than 38,000 people found that folic acid
containing supplements, with a dose of between 0.4 mg and 1 mg per day, caused an overall
increase in cancer incidence of 7%. Of the individual cancer types, prostate cancer showed an
24% increase in the folic acid groups. These results have clear implications for public health and
cannot be ignored. The question is, do they just reflect an increased risk of the high doses of folic
acid used or will folate levels after fortification also increase the risk of cancer? As we have
mentioned, the Norwegian trials, which used 0.8 mg folic acid, measured the serum folate and
found that the risk of cancer was high in those with levels above 60 nmol/L. We consider it very
likely that a proportion of the population will reach these levels after fortification, as they have in
the USA. Thus, we consider that this meta-analysis can be used to predict a possible increase in
cancer of up to 5% in New Zealand. There were 20,317 new cancer registrations in 2008
(Ministry of Health, 2011), so we are predicting up to an additional 1,000 new cases of cancer
per year after fortification has been introduced.
Of particular concern are men who are at risk of prostate cancer, which is increasing
world-wide. Incidence rates vary greatly across the world, with Australia and New Zealand
having the second highest rates (Delongchamps et al., 2006). Prostate cancer was the most
common cancer registered in New Zealand in 2008, accounting for 14% of all registrations
(Ministry of Health, 2011). It is notable that the latest annual survey of cancer in the USA
reported that overall cancer rates in adults have been decreasing, with the exception of prostate
cancer, which has been increasing (Kohler et al., 2011). We showed some of the data in Figure
15 above. It is believed that there is a strong environmental influence on the incidence of prostate
cancer because people who move from low-incidence regions to high incidence regions take on
the high incidence (Delongchamps et al., 2006). Could folic acid be one of the environmental
factors? The 24% increased incidence found in the meta-analysis described above in people who
took folic acid in trials is a disturbing result. As we have discussed above, folic acid promotes
the growth of prostate cancer cells and so could it be a factor that converts latent prostate cancer,
which is very common in men as they age (Delongchamps et al., 2006), into clinically significant
cancer? If these speculations have some validity, then it must be a concern that folic acid
fortification might increase the incidence of prostate cancer. The population studies in USA that
we discussed above cannot be used to answer this question because the changes in incidence
over time were influenced by many factors. We consider that there is a significant risk that
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fortification will increase the number of prostate cancer cases in New Zealand, perhaps by
between 10 and 20%. There were 2,939 new cases in 2008 (Ministry of Health, 2011), so we are
predicting a further 300 or more cases of prostate cancer per year a few years after fortification
is introduced (these would be included in the above estimate of about 1,000 total new cancer
cases).

How can we assess the balance of benefit and harm?
Modern approaches for assessing benefit and harm in public health use common
measures of outcome such as Quality-adjusted life years (QALYs) and Disability-adjusted life
years (DALYs), or they attempt to express the benefit in economic terms (EFSA, 2006). We are
not qualified to use these methods, but refer to reader to an excellent summary of this approach
and an attempt to model benefit and risk for folic acid fortification by Hoekstra et al. (Hoekstra
et al., 2008). Their study was based on earlier data and so their conclusions are not necessarily
relevant today.
Is it correct to describe the current situation as in the statement by the New Zealand
Ministry of Health, quoted at the beginning of our review: “Rarely has there been a case where
the science has been so unequivocal, uncontentious and universally accepted.”? The answer
must be ‘No’ for two reasons. First, the current scientific evidence that we have described above
does not fit with this description. Second, the case for fortification never was ‘universally
accepted’ nor was the evidence ‘unequivocal’, since there has never been any systematic largescale, controlled, investigation of potential harmful effects in relation to long-term exposure with
low-dose folic acid. Because much of the evidence available is difficult to apply in precise
quantitative terms to the risk-benefit discussion, we will give our best estimates of the
quantitative outcomes. Since these are just estimates, we suggest that the ‘precautionary
principle’ (Vorsorgeprinzip), a strategy for dealing with uncertainty (Health Council of the
Netherlands, 2008), should also be applied. In public health terms, this strategy can be defined as
follows:
The precautionary principle provides justification for public policy actions in situations of
scientific complexity, uncertainty or ignorance, where there may be a need to act in order to
avoid, or reduce, potentially serious or irreversible threats to health of members of the
population.
We have shown that there is sufficient evidence, albeit imprecise in quantitative terms, of
potential harm if fortification is introduced today in New Zealand. Thus, on the basis of the
precautionary principle, a policy of exposing the entire population to extra folic acid, without
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individual choice or personal medical advice, cannot be justified on the grounds of potential
benefit to a small number of the population.
Conclusions. The possible harms to public health in New Zealand if fortification is
introduced are difficult to estimate with any precision. Quantitatively, the best documented
concerns will include: i) about 20,000 elderly (over 65) who may be at risk of cognitive
impairment and anaemia due to an imbalance between high folate and low vitamin B12
status; ii) subjects with very high folate, likely to occur in at least 10% of the population, who
may have an increased risk of cancer, leading to up to an extra 1,000 cases a year; iii) prostate
cancer is very sensitive to folate and raised levels of folate in men may increase the incidence
of prostate cancer by about 300 cases a year. iv) certain subgroups of the population (e.g.
those with a particular genotype, TT, of MTHFR) who, when exposed to high folate, suffer
from increased risk of being diagnosed or dying from certain cancers.
There is increasing evidence that high intake of folic acid may cause harm. On public
health grounds, taking into account the precautionary principle, it is difficult to justify
exposing the whole population of 4.4 million to folic acid. Although fortification may prevent
up to 6 NTD pregnancies per year, thousands of people may possibly suffer harm. Folic acid is
a drug and there can be few examples in the history of medicine where whole populations
have been exposed to a drug with such little research into the balance between beneficial and
harmful effects.
____________________________________________________________________
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Appendix: Notes on recent official reports from other countries
United Kingdom
Following the report of the Scientific Advisory Committee on Nutrition (SACN) in 2006, in
which it was recommended that the UK should introduce mandatory folic acid fortification
(Scientific Advisory Committee on Nutrition, 2006), a report appeared in the scientific literature
linking fortification in the USA and Canada to an increase in colorectal cancer (Mason et al.,
2007). This paper, together with other papers, led the Chief Medical Officer for England to ask
the Food Standards Agency (FSA) to review the evidence for a causal link between folic acid
and cancer. The FSA convened an international advisory group and also referred the matter to
SACN. The advisory group reported in 2007(Sanderson et al., 2007) and concluded that: “The
timing of folate exposure with respect to carcinogenesis, as well as the dose and form of folate,
were considered key issues for future research. Also, the need to study further the influence of
genetically defined subgroups was highlighted for future research.”
The SACN set up a Working Group and used their report as the basis of the reply to the
Chief Medical Officer in 2009 (Scientific Advisory Committee on Nutrition, 2009). We have
selected some statements in the reply that are relevant to our discussion in Section 5:
• “…the possibility that folic acid might be associated with increased cancer risk cannot be
excluded as the meta-analysis (Clarke et al., 2010) had limited statistical power to detect an effect
of folic acid on cancer risk.”
• “At the full SACN meeting in June 2009, the Committee agreed that there were still uncertainties
regarding folic acid and cancer risk.”
• “The majority of Members supported the previous recommendation to introduce mandatory
fortification alongside controls on voluntary fortification. However, it was agreed that the
recommendation should be amended to include precautionary advice on consumption of
supplements containing folic acid by those at greater risk of developing colorectal adenomas and
those with existing premalignant adenomas. One SACN Member did not support mandatory
folic acid fortification because of the uncertainties regarding folic acid and cancer risk.”
We have been unable to find any official government response to this report to the Chief Medical
Officer, but the fact is that the UK has not yet gone ahead with mandatory fortification.
Ireland
In 2006 a National Committee on Folic Acid Food Fortification, established by the Food Safety
Authority of Ireland, recommended that “all bread…. should be fortified on a mandatory basis
with folic acid at a level which provides 120 μg/100g of bread as consumed.” (National
Committee on Folic Acid Food Fortification, 2006).The Minister for Health and Children
established an Implementation Group and charged it with putting these recommendations into
practice.
The Implementation Group became concerned about the reports linking cancer to folic
acid and in 2009 recommended that mandatory fortification “should be put on hold until
definitive data are available on the safety of this initiative.” (Implementation Group on Folic
Acid Food Fortification, 2009) During this period, the Implementation Group had been
monitoring the incidence of NTDs and the blood levels of folate in Irish women. They reported
that the incidence of NTDs had fallen from about 12 - 19 per 10,000 births down to about 9 per
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10,000 births over five years (2001-6). The group considered that this decline was largely due to
the increasing amount of folic acid added to foods on a voluntary basis. About 25% of bread was
fortified and more than 200 fortified food products were identified in 2009. The group suggested
that the voluntary fortification was the main reason why the blood folate levels in Ireland had
increased, such that by 2007 93% of women had erythrocyte folate levels considered adequate to
protect against NTDs.
The Press Release from the Food Safety Authority of Ireland that accompanied the
publication of the report of the Implementation Group was entitled: “Currently No Need for
Mandatory Fortification – Increased Folate Status Negates Mandatory Folic Acid Fortification
at This Time.” (Food Safety Authority of Ireland, 2009). The Chairman of the Implementation
Group, Alan Reilly, was quoted as saying that the current NTD rate of 9.3 per 10,000 births “is
close to the lowest level that can be achieved through folic acid fortification of food, therefore
any further steps in this area would not provide much additional protection and mandatory
fortification is no longer necessary at this time.”
It is noteworthy that the Implementation Group expressed concern at their finding of very
high folate levels in young children, with as many as 25% of children having serum levels above
45 nmol/L, even higher than found in the USA after fortification. The group concluded: “An
unexpected finding in this study was the high proportions of children (a quarter) and older adults
(over a third) with high circulating levels of folate (measured as plasma folate in this study).
However, given the high levels found, it is likely a significant proportion will be in
unmetabolised form, which may accelerate growth of existing cancerous tumours. Older adults
are a high risk group for the existence of cancerous tumours.”
It is indeed surprising that voluntary fortification has led to such high levels of folate in
certain sectors of the Irish population (the very young and the old), the same sectors who show
high levels in the USA after mandatory fortification. The concerns of the Implementation Group
are the same as we expressed in Section 6.
Netherlands
Prior to 1996, fortification of any food with folic acid was not permitted by law in the
Netherlands. But European free trade regulations caused this policy to be abandoned and after
1996 voluntary fortification was allowed up to a level of 100 μg of folic acid per 100 kcal of
foodstuffs. In 2006 the Ministry for Health, Welfare and Sport asked the Netherlands Health
Council for advice on the optimum level of folic acid in foods, including the use of mandatory
fortification, taking into account risk-benefit analysis. The Council reported in 2008 (Health
Council of the Netherlands, 2008).
The Council estimated that mandatory fortification of staple foodstuffs might prevent 15
NTD births a year, but could cause irreversible neurological symptoms in 33 elderly people with
vitamin B12 deficiency. Nevertheless, calculations in terms of DALYs showed that the benefits
of fewer NTDs “far outweighed the increased risk of masking B12 deficiency.” In relation to
cancer, the committee made the following statement:
“The committee recommends that doctors should advise patients with benign growths in the colon not to take
dietary supplements containing folic acid. This is because it is impossible to exclude the possibility that excessively
high folic acid intake may accelerate the transformation of a benign growth into a malignant tumour.”
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The committee emphasised that, when fortifying foods, it is essential to ensure that folic
acid intake remains below the safe upper level of intake. The Council concluded that there was a
risk that children would ingest too much folic acid and so they recommended that only staple
foodstuffs, like bread, should be fortified and that the fortification of other specific foodstuffs
should be discontinued. However, a policy of limiting or banning voluntary fortification would
be counter to European legislation on free trade and so cannot be adopted at present.
The Health Council, in a later report (Health Council of the Netherlands, 2008), applied
the precautionary principle to the fortification issue. They stated that, “given the lack of clarity
over risks and benefits, it might be useful or even desirable to adopt a strategy based on the
precautionary principle…” However, the strategy was not worked out in this document and the
situation regarding fortification in the Netherlands appears to be unresolved at present, probably
because the authorities await guidance from the EU.
It is likely that the policy in the Netherlands, described above, is confusing to the Dutch
public. A rather similar proposal was originally made in the UK, where SACN recommended
mandatory fortification of flour products but at the same time proposed restrictions on voluntary
fortification and supplement availability (Scientific Advisory Committee on Nutrition, 2006).
European Union
Europe has a European Food Safety Authority (EFSA) and this body has established rules about
adding substances to food that are applicable throughout the EU and associated countries, such
as Switzerland and Norway. In 2008 the EFSA established a Working Group on the “Analysis of
risks and benefits of fortification of food with folic acid” and the EFSA also called a meeting in
2009 on Folic Acid: An Update on Scientific Developments. The discussions at latter meeting
have been summarised in a report (EFSA, 2009). The key conclusions on the cancer issue were:
73. There are currently insufficient data to allow a full quantitative risk assessment of folic acid and cancer
or to determine whether there is a dose-response relationship or a threshold level of folic acid intake
associated with potential colorectal cancer risk.
74. The current evidence does not show an association between high folic acid intakes and cancer risk but
neither do they confidently exclude a risk. The uncertainties in relation to cancer risk highlight the
importance of ensuring monitoring systems are set up for assessment of folic acid intake and status and
NTD and cancer incidence in countries that decide to introduce mandatory fortification.

The report of the Working Group on the “Analysis of risks and benefits of fortification of food
with folic acid” has also been published (EFSA, 2009). The report highlighted the lack of solid
evidence upon which to base policy decisions regarding possible risks of fortification. Their final
three conclusions were:
•

Setting maximum safe levels for the amount of folic acid that can be added to foods voluntarily fortified
and supplements will be important in ensuring that consumption of foods fortified with folic acid and folic
acid supplements does not lead to intakes above the UL for any population subgroup, including young
children.

•

There is currently insufficient data to allow a full quantitative risk assessment of folic acid and cancer risk.
Scientific developments within this area should be closely monitored.

•

The targeted generation of additional data and knowledge, both epidemiological and animal/mechanistic,
might be important in informing the risk/benefit assessment of folic acid in the future.
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Comment. An editorial in The Lancet at the time that these discussions were occurring was
entitled “Shall we put the world on folate?” But the writers’ conclusion was much more
sobering: “Because the safety of folate might depend on its chemical structure (natural folate or
synthetic folic acid), its dose, and the time of intervention, several long-term follow-up
intervention studies assessing the safety of a high folate intake are needed before any country
decides on mandatory fortification of food with folic acid.” (Osterhues et al., 2009). These
studies remain to be carried out.
Conclusions
The current situation is that no European country has introduced mandatory folic acid
fortification. In Ireland, a country originally strongly in favour of fortification, it is considered
that the level of folate in the population is sufficient to prevent most folate-sensitive NTDs. In
other European countries, there is concern about possible harmful effects of fortification, but
insufficient data to decide if these harms are important. However, since the above reports were
published some new evidence, notably on cancer, has been published and we consider it highly
unlikely that the EU or any European government would proceed with mandatory fortification
in 2012, since policy decisions in public health are usually made with the precautionary
principle in mind.
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