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Abstract

Background—Several countries have implemented a mandatory folic acid fortification of wheat 

flour and selected grain products to increase folate intake of reproductive-aged women. Brazil 

implemented a folic acid fortification program in 2004. No previous studies have examined folate 

differences among Brazilian women following the mandate.

Objective—We evaluate differences in serum and red blood cell (RBC) folate concentrations 

between two samples of women of childbearing age from selective communities in Brazil, one 

tested before (N=116) and the other after the mandate (N=240).

Methods—We compared baseline folate levels from women enrolled into a prevention study 

shortly before the fortification mandate was implemented, to baseline levels of women from the 

same communities enrolled in the same study shortly after fortification began. Participants were 
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women enrolled in a folate supplementation clinical trial, at a hospital specialized in treating 

craniofacial anomalies in the city of Bauru from January 29, 2004 to April 27, 2005. We only 

compared baseline folate levels before the women received OCPP folic acid supplements.

Results—Women enrolled after the fortification mandate had higher means of serum folate (20.3 

versus 11.2 nmol/L; p < 0.001) and RBC folate (368.3 versus 177.6 nmol/L; p < 0.001) than 

women enrolled before the mandate. Differences in folate levels between the two groups remained 

after adjusting for several co-variables.

Conclusions—The results suggest that serum and RBC folate levels among women of 

childbearing age have increased after implementing the folic acid fortification mandate in Brazil.
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INTRODUCTION

Several countries including the United States (US), Canada, Australia, Chile, Argentina, and 

Brazil have implemented mandatory folic acid fortification programs for flour and selected 

grain products in order to increase the folate intake of women of childbearing age and 

reduce the incidence of neural tube defects (NTDs) [1–5]. Other countries like New Zealand 

and Ireland are considering fortification mandates, but have opted to wait for additional 

research due to concerns about the safety of a population-wide increase in folate intake, 

especially related to increased risks of vitamin B12 deficiency masking [6] and cancer 

incidence, [7] although there is no robust and consistent evidence of such effects.

In the US population, blood folate levels significantly increased after the fortification 

program began [8]. Among women of childbearing age, both red blood cell (RBC) and 

serum folate levels increased and the percentage of women with low RBC and serum folate 

concentrations decreased to 5.1% and 0.8%, respectively [9]. Blood folate levels have also 

increased in other countries after fortification such as Canada, Australia, and Chile [3, 10–

12].

The prevalence of NTDs has declined in the period following folic acid fortification 

programs [13–15]. In Brazil, NTD prevalence decreased by 22.6%, from 31.4 per 10,000 

live births/stillbirths, before the fortification mandate, to 24.3 per 10,000 live births/

stillbirths [15]. In the state of Sao Paulo (where our study sample resides as explained 

below), NTD prevalence declined by 35% among live births [16]. Folic acid has been 

suggested to play a role in preventing other birth defects such as oral clefts [17], but the 

evidence for such effects remains controversial.

Brazil initiated its mandatory fortification program in 2004. Beginning in June 2004, all 

wheat and corn flour mills were required to fortify flour by adding 150 microgram (mcg) of 

folic acid and 4.2 mg of iron for every 100 grams of wheat or corn flour [18, 19]. This dose 

is slightly higher than that of the fortification programs in US and Canada (140 mcg of folic 

acid per 100 grams of flour) but lower than that in Chile and Argentina. Therefore, one 

would expect increases in blood folate levels that are, at a minimum, close to those reported 
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in these two countries. However, to the best of our knowledge, no previous studies have 

evaluated differences in serum and RBC folate levels following the fortification mandate in 

Brazil. Such an assessment is important since folate levels are one metric for evaluating the 

fortification program in Brazil, where use of folic acid containing supplements among 

women of childbearing age had been relatively low [20], suggesting a potentially high rate 

of folate deficiency, although population-based data on deficiency are non-existent for 

Brazil. To shed light on the effect of fortification on Brazilian women of childbearing age, 

we compared serum and RBC folate levels between women assessed before fortification was 

implemented and women assessed after fortification went into effect.

METHODS

Study Population, Procedures, and Measures

Our study sample included 356 women from the City of Bauru (state of Sao Paulo) in Brazil 

who participated in the Oral Cleft Prevention Program (OCPP). The OCPP was a 

randomized clinical trial aimed at assessing the effect of 4 mg versus 0.4 mg folic acid, 

taken daily during preconception and the first trimester of pregnancy, on oral cleft 

recurrence among women who themselves have or have had a child with an oral cleft 

without other birth defects [17, 21, 22]. The women included in our study were enrolled into 

the OCPP between January 29, 2004 and April 27, 2005, which covers the period before and 

after initiating the fortification program in Brazil. The women were identified through 

Hospital de Reabilitação de Anomalias Craniofaciais (HRAC), a hospital in the city of 

Bauru, Brazil that specializes in treating craniofacial anomalies, where they or their affected 

children had received care for oral clefting. Women of childbearing age who at the time of 

enrollment were not permanently sterilized, not pregnant, not taking medications for 

seizures, and not B12 deficient were eligible to participate. All study enrollment and data 

collection procedures were approved by all involved institutional IRBs, the local ethics 

committee at HRAC, and by the central research ethics committee in Brazil (CONEP).

Folate levels were measured in the study women at the time of their enrollment into the 

OCPP before they received the OCPP folic acid supplements (i.e. at baseline). We compared 

these baseline measurements between two groups of women. The first group was enrolled 

between January 29, 2004 and May 31, 2004 before the fortification program began. The 

second group was enrolled between June 1, 2004 and June 6, 2005 after the fortification 

program was implemented. Blood samples were collected in the morning in the communities 

where the study women lived. After collection, samples were transferred in portable 

refrigerators to the OCPP lab and processed on the day of collection. Blood folate 

measurements were done at the study site’s laboratory facility using the Immulite 2000 

Immunoassay System. Laboratory test quality control was performed on all tests and results 

were double checked to assure correct data entry. At the time of enrollment, the study 

women were interviewed for several demographic and socioeconomic characteristics. All 

data were independently and systematically reviewed by the study Data Center at RTI 

International, an international research organization.

During the study period described above, 673 women were screened for eligibility into 

OCPP and 494 women were enrolled. A total of 124 screened women were found ineligible 
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to participate in the OCPP, mostly due to sterilization of the woman or partner. A total of 

356 subjects had non-missing values on both serum and RBC folate levels from the baseline 

tests and were included in our study. Of these, 116 women were enrolled before fortification 

began and 240 women were enrolled after fortification.

Data Analysis

Descriptive statistics were calculated for baseline demographic, socioeconomic, and health 

variables (maternal age, marital status, number of children, wanting more children, smoking 

cigarettes, drinking alcoholic beverages, contraception use, educational attainment, 

employment status, and frequency of gynecological visits) and for folate levels and 

compared between the two pre- and post-fortification. The t-tests and Wilcoxon tests were 

used to test differences in serum and RBC folate levels between the two study groups. T-

tests and chi-square tests were used to compare the other variables.

In order to evaluate the need to adjust for potential confounders that can bias outcome 

differences between the pre- and post- fortification groups, we regressed serum and RBC 

folate levels using ordinary least squares (OLS) on the post-fortification group indicator and 

the demographic, socioeconomic, and health variables shown in Table 1, one at a time, for 

the subsample with complete data on all of these variables. None of these variables modified 

the coefficient of the post-fortification group indicator by more than 10%, suggesting that 

none were important confounders. However as a sensitivity check to evaluate the joint 

effects of all of these conceptually relevant variables on the outcome difference between the 

pre- and post-fortification groups, we estimated a regression model for folate levels that 

simultaneously adjusted for these variables. The specific variables that we jointly controlled 

for were: maternal age, marital status, number of children, wanting more children, smoking 

cigarettes, drinking alcoholic beverages, contraception use, educational attainment, 

employment status, and frequency of gynecological visits. The subsample with data on these 

covariables was 262 since some observations had missing data on one or more of these 

variables. Therefore, as a comparison to the adjusted model on this subsample with complete 

data on all covariables, we also show the results from an unadjusted model that was 

estimated in this subsample since the fortification period effect could differ from the main 

unadjusted effect estimated in the total sample (with data on folate levels) not only because 

of adjustment but because of being estimated in a subset of the total sample.

RESULTS

Table 1 describes the demographic, socioeconomic, and health characteristics of the two 

study groups. The two groups were similar on majority of the demographic, socioeconomic, 

and health characteristics including marital status, number of children, wanting more 

children, cigarette use, alcohol consumption, frequency of gynecological visits, 

contraceptive use, schooling attainment and employment status. The group tested before 

fortification was younger by about two years on average (mean age of 24.9 versus 27.2; 

p=0.0017), had a lower rate of married women (59.5% versus 70%; p=0.049) than the group 

tested after fortification, and had more gynecological visits (p=0.003).
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Figure 1 displays the distributions of serum and RBC folate levels for the two groups 

including the median, interquartile range (25th and 75th percentiles), and distribution of 

values outside of the interquartile range. Table 2 reports means and standard deviations as 

well as statistical significance of difference between the two groups based on a t-test. Serum 

folate levels (nmol/L) ranged from 3 to 25.1 with a mean (standard deviation) of 11.2 (4.7) 

and a median of 10.7 in the group assayed before fortification began and from 6.3 to 52.2 

with a mean (standard deviation) of 20.3 (7.9) and a median of 19 in the group assayed after 

fortification. The mean serum folate level was significantly higher among those tested after 

fortification (20.3 versus 11.2; p < 0.001). The median serum folate concentration was also 

significantly higher in the latter group (19 versus 10.7; p < 0.001).

RBC folate levels (nmol/L) were higher in the group tested after fortification than the group 

tested before fortification. RBC folate ranged from 1.1 to 377.5 with a mean (standard 

deviation) of 177.6 (92.9) and a median of 181.4 in the group assayed before fortification, 

and from 42 to 1066.9 with a mean (standard deviation) of 368.3 (212.1) and a median of 

315.4 in the group tested after fortification. The differences in mean and median RBC folate 

concentrations between the two groups were statistically significant (p < 0.001).

Table 3 reports the results of the OLS regressions comparing folate levels between the two 

study groups tested before and after fortification. We report results from the three models 

discussed above: The first (panel A) was estimated for the full sample with data on folate 

levels without adjustment for any covariables. The second (panel B) was estimated for the 

subset with complete data on all measured covariables (reported in Table 1) but was 

unadjusted and is reported for comparison to the third model (panel C), which adjusted for 

all these covariables. All regressions showed significantly higher means of serum and RBC 

folate levels in the group tested after fortification and the regression coefficients of the 

fortification periods were close across the three models.

The unadjusted differences based on the full sample of 356 women were 9.1 and 190.64 

nmol/L in mean serum and RBC folate levels, respectively (Table 3, panel A). When 

adjusting for all measured covariables at the same time, the pre-post fortification differences 

in serum and RBC folate levels were 8.7 and 180 nmol/L, respectively, and statistically 

significant (panel C). The unadjusted model for the subset with complete data on covariables 

showed virtually similar and statistically significant differences, with serum and RBC folate 

increasing by 9.4 and 187 nmol/L, respectively, in the post-fortification group (panel B). All 

in all, these results indicate that the main finding in our study was not sensitive to 

controlling for observed conceptually relevant covariables.

DISCUSSION

This analysis of data collected on a small convenience sample of Brazilian women of 

childbearing age suggests that serum and RBC folate levels have increased after 

fortification. These results provide a preliminary and descriptive evaluation of one of the 

main intended outcomes of the fortification program in Brazil, increasing folate levels 

among women of reproductive age. Observing a difference in RBC folate, which reflects a 

more chronic measure of folate nutritional status, suggests an improvement in dietary folate 
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intake. The suggested increase in folate levels is consistent with the reported declines in 

NTD prevalence after the fortification in Brazil [15, 16].

Our study had some limitations. For example, we did not have data on use of supplements 

containing folic acid. An increase in the use of such supplements between pre- and post-

fortification periods among women who had given birth to a child with a folate-related 

defect could potentially account for some of the observed differences in folate levels. 

However, >90% of women who were themselves affected with clefts and/or had children 

affected with clefts and enrolled in a later phase of the OCPP (within four years from the 

enrollment period for the women included in our analysis), when supplement data were 

collected, reported that they did not use vitamin supplements [17]. If anything, vitamin use 

rates have increased over these years due to greater awareness about folic acid effectiveness. 

Therefore, vitamin use rates were likely even lower than 10% during our study period. 

Furthermore, it is extremely unlikely that the pre- and post-fortification groups evaluated in 

this analysis differed significantly on vitamin use given the short period that separates them 

and that they are very similar on socioeconomic, demographic, and clinical factors that 

could associate with vitamin use.

In order to further evaluate the potential bias in our results due to lack of data on self-

reported use of multivitamins and folic-acid supplements, we regressed baseline serum and 

RBC folate levels among a sample of about 1700 women similar in cleft risk to our study 

group and enrolled in the OCPP at a later phase when data on supplement use was collected 

(as noted earlier). We find that reporting use of multivitamins or folic acid containing 

supplements was associated with higher baseline serum levels by about 3.9 nmol/L on 

average, which is less than half of the difference in serum folate that we observe between the 

pre-post fortification groups. This indicates that even if none of the women in the pre-

fortification group used multivitamins/folic-acid supplements at baseline and all women in 

the post-fortification group used these supplements (which obviously is an impossible 

scenario given the <10% rate of supplement use described above and the proximity between 

the pre- and post-fortification periods), not measuring self-reported use of supplements 

among women in this study could not explain the difference in serum folate-levels that we 

observe between the pre- and post-fortification groups. For RBC folate, we find that use of 

supplements is associated with an average increase by about 170 nmol/L, which is close to 

the difference in RBC folate-levels that we observe between the pre- and post-fortification 

groups. However again, for supplement use to explain the difference between these two 

groups, the rate of supplement use would have to have increased from 0% to 100% between 

the pre- and post-fortification periods, which is impossible given the low rates of 

supplement use in this population (<10%) and that the two periods are very close to each 

other. This evaluation strongly indicates that lacking data on vitamin use is unlikely to be a 

major source of bias in this analysis.

Since the baseline blood samples from women enrolled into the OCPP were assayed shortly 

after enrollment, the pre- and post-fortification samples were analyzed in different periods. 

Even though samples were tested using the same technology, comparing samples tested at 

different times (even with the same technology) may be confounded by batch effects. 

However, it is unlikely that any potential batch effects would explain the large differences 
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we observed in folate levels between the two groups that are consistent with an effect from 

the fortification program.

It is also important to keep in mind that the studied women were all at high risk of giving 

birth to a child with a folate-related birth defect – either because they had already done so or 

were themselves affected with oral clefts. Consequently, their pre-fortification folate status 

was likely to have been lower than that of other population subgroups and the effect of 

fortification greater for them as well. However, women like the participants in our study 

comprise the group that fortification programs were designed to benefit. Our documentation 

of a large post- versus pre-fortification difference in folate status among OCPP participants 

adds importantly to the argument that a reduction in NTD occurrence post-fortification 

observed in Brazil [15] and other countries [11, 23–25] was mediated by a dramatic increase 

in folate status and decline in folate deficiency among high-risk women. Improving folate 

status in women of child-bearing age may have other benefits. These include protection 

against other birth defects [17, 26], allergies, and hyperallergenic responses [27], and 

maintaining health at old age [28].

As is the case for any population-level intervention program, there are concerns about 

potential adverse effects of folic acid fortification [29] that have reduced the enthusiasm of 

several countries to mandate fortification despite the above-mentioned benefits. One issue is 

the potential masking of vitamin B12 deficiency, although the evidence is generally mixed 

[30]. Previous studies have also shown mixed effects of folic acid use during pregnancy on 

child neurological development later in life [31]. Another potential issue is unmetabolized 

folic acid in serum; the average increase in daily consumption of 200 mcg of folate with the 

Brazilian mandate is unlikely to be problematic but increasing the level to 400 mcg is likely 

to lead to unmetabolised folic acid appearance [8, 9]. Evaluating the net benefits versus risks 

of folic acid fortification is beyond the scope of this study. However, investigating 

secondary outcomes of interest such as masking B12 deficiency, unmetabolized folic acid, 

supraphysiologic folate status, and child neurodevelopment specifically in the Brazilian 

population is important for future research.

Similar to other countries with mandated fortification programs, the fortification program in 

Brazil likely resulted in population-wide change in folate levels. Therefore, we recommend 

the use of stored pre-fortification serum or blood samples to assess the impact of 

fortification on folate levels in other population subgroups, as well as studies focused on the 

contribution of fortification to health outcomes other than NTDs.
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Figure 1. Box Plots of Serum Folate and RBC Folate Levels by Fortification Period
Notes: The median is represented by a plus (+). The inter-quartile range between the 25th 

and 75th percentiles is represented by the box. The lower whisker is equal to Q1-1.5*(Q3-

Q1), where Q1 and Q3 are the values of the 25th and 75th percentiles, respectively. The 

upper whisker is equal to Q3+1.5*(Q3-Q1). Values outside of the whiskers are represented 

by dots. Median serum folate was 10.7 nmol/L before fortification and 19.0 nmol/L after 

fortification. The interquartile range for serum folate was 7.9–14.1 nmol/L before 

fortification and 14.6–24.8 nmol/L after fortification. Median RBC folate was 181.4 nmol/L 

before fortification and 315.4 nmol/L after fortification. The interquartile range for RBC 

folate was 122.3– 244.3 nmol/L before fortification and 220.6– 458.8 nmol/L after 

fortification.
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Table 1

Summary Statistics Obtained at Baseline for Two Groups of Brazilian Women Subsequently Randomized in a 

Folic Acid Supplementation Trial

Characteristic Before Fortification After Fortification P-value

Maternal age (years) 24.9 (5.46) 27.2 (6.73) 0.002

Married 0.05

 Yes 69 [59.5] 168 [70.0]

 No 47 [40.5] 72 [30.0]

Number of children 0.21

 0 43 [37.1] 73 [30.4]

 1 39 [33.6] 77 [32.1]

 2 24 [20.7] 61 [25.4]

 3+ 10 [8.6] 29 [12.1]

Smokes cigarettes 0.43

 Yes 17 [14.7] 28 [11.7]

 No 99 [85.3] 212 [88.3]

Drinks alcoholic beverages 0.27

 Yes 15 [12.9] 42 [17.5]

 No 101 [86.1] 198 [82.5]

Wants more children 0.69

 Yes 76 [67.5] 152 [63.3]

 No 40 [34.5] 88 [36.7]

Using contraceptive methods 0.12

 Yes 89 [76.7] 165 [68.8]

 No 27 [23.3] 75 [31.3]

Seeing a gynecologist 0.003

 Less than once a year/never 30 [25.9] 49 [20.4]

 Once a year 57 [49.1] 109 [45.4]

 Once every 6 months 29 [25.0] 82 [34.2]

Highest level of schooling 0.26

 Fundamental 32 [43.8] 70 [36.1]

 Intermediate 35 [48.0] 95 [49.0]

 University plus 6 [8.2] 29 [15.0]

Employed in the past month 0.48

 Yes 36 [49.3] 105 [54.1]

 No 37 [50.7] 89 [45.9]

Note: The Table reports summary statistics – means and standard deviations (SD) in parentheses for maternal age and Ns and percentages [%] in 
brackets for the categorical variables. The summary statistics are based on women with complete data on each variable. The 356 women included 
in the pre- and post-fortification periods had complete data on the folate variables. The number of women with complete data on the other variables 
ranged from 351 for maternal age to 267 for education and employment. Chi-square tests and t-tests were used to test differences in categorical and 
continuous variables, respectively, between the two study groups.
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Table 2

Descriptive Statistics for Blood Folate Obtained at Baseline for Two Groups of Brazilian Women 

Subsequently Randomized in a Folic Acid Supplementation Trial

Blood folate Before Fortification (N=116) After Fortification (N=240) P-value

Serum folate (nmol/L) 11.2 (4.66) 20.3 (7.90) <0.001

Red blood cell (RBC) folate (nmol/L) 177.6 (92.93) 368.3 (212.12) <0.001

Note: The Table reports summary statistics – means and standard deviations (SD) in parentheses. The summary statistics are based on 356 women 
had complete data on both serum and RBC folate levels. Group differences in means were evaluated using a t-test.
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