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Abstract 

 
Folic acid (FA) is the synthetic form of the vitamin folate. Pregnant women are advised to 

take FA supplements before conception and during the first three months of pregnancy to 

reduce their chances of having a neural tube defect (NTDs) affected pregnancy, severe birth 

such as spina bifida and anencephaly. However, NTDs occur in the first month of pregnancy, 

and after that, there is no known benefit of continuing FA. Current recommendations do not 

advise stopping FA, so most women continue to take FA throughout pregnancy. Concerns 

have been raised that excess FA, especially in later pregnancy, may lead to adverse maternal 

and child health outcomes. These include large for gestational age, gestational diabetes, 

autism spectrum disorders, and childhood allergy. Australian Health authorities could simply 

change recommendations to advise women to women to stop FA once pregnancy is 

confirmed. Policymakers warn that changing recommendations will confuse women and 

undermine three decades of successful public health efforts encouraging women to take FA to 

reduce NTDs. All harms are based on observational evidence, which is insufficient to change 

policy. Only a high-quality RCT can supply definitive proof. Circulating unmetabolised folic 

acid (UMFA) in serum is used as a biomarker of excess FA intake and has been associated 

with an increased risk of adverse outcomes in some studies. Before commencing a large 

RCT, we first wanted to determine whether removing FA from prenatal supplements after the 

first trimester reduces the amount of UMFA at 36 weeks gestation. 

We conducted a two-arm, parallel, double-blind RCT to address this question. Women with a 

singleton pregnancy 12-16 weeks (n=103) gestation were randomly assigned to a multi-

micronutrient supplement without (intervention) or with 800 µg folic acid/day (control, 

current standard practice) from enrolment until 36 weeks gestation. We chose 800 µg/d 

because it is Australia's most commonly used FA dose. Of the 103 women randomised, 90 

finished the study. The primary outcome was the difference in maternal serum UMFA 

concentration between the groups at 36 weeks. Only 12% of women had UMFA above the 

limit of quantification (LOQ); thus, we could not compare UMFA concentration. However, 

fewer women in the no folic acid (intervention) compared to the 800 µg folic acid/day 

(control) group (72% [n=33/46] vs 98% [n=43/44]; p = 0.001) had UMFA above the LOD.  

Removing FA from multi-micronutrient prenatal supplements after 12 weeks gestation 

reduced the number of women with detectable UMFA at 36 weeks gestation. However, 

differences in UMFA concentration between treatment groups were not quantifiable. Whether 

continued FA use beyond the first trimester increases the risk of adverse maternal and child 
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health outcomes remains unclear. This can only be answered with adequately powered RCTs 

to determine if removing folic acid from supplements after the first trimester alters the rate of 

outcomes. Only after this trial is complete can an informed decision be made about the risks 

of continued FA supplementation after the first trimester. 
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Neural tube defects (NTDs) are caused by the failure of the neural tube to close 

properly, which it normally does around 28 days post-conception (1). The neural tube 

becomes the brain and spinal cord. There are several types of NTDs, the most common are 

anencephaly and spina bifida (2). Anencephaly occurs when the neural tube that becomes the 

brain fails to close, and the baby dies at birth or soon after. Spina bifida occurs when the 

lower neural tube fails to close which becomes the spinal cord that leads to nerve damage and 

varying degree of paralysis and other disabilities.  

Globally, it is estimated that 300,000 babies are born with NTDs each year (3). The 

incidence of NTDs varies geographically; for example, rates in Northern China were 

estimated at 200 per 10,000 births between 2004 to 2005, whereas in Spain, the rates were 

estimated at 1.3 per 10,000 births each year between 2003 to 2012 (3). In Australia, the 

incidence annually between 2006-2008 was estimated at 8.8 per 10,000 births (3). 

The exact aetiology of NTDs is believed to involve the interplay between genetic and 

environmental (modifiable) factors. Because the neural tube closes early in pregnancy, 

modifiable factors around the time of conception and early pregnancy are important. Over 50 

years ago, it was suspected that a lack of folate might increase the risk of NTDs (4). 

However, it was not until the 1990s when high quality randomised controlled trials (RCTs) 

were published, showing that taking folic acid prior to and during early pregnancy reduced 

the risk, and that folic acid could prevent NTDs (5, 6).  

In response to this finding, health authorities around the world issued 

recommendations for women planning pregnancy to take folic acid. In Australia, The Royal 

Australia New Zealand College of Obstetricians and Gynaecologists (RANZCOG) 

recommends that “folic acid be taken for a minimum of one month before conception and the 

first 12 weeks of pregnancy” (7). The recommended dose of folic acid is at least 400 µg per 

day to aid prevention of NTDs. These public health messages were only partially effective 
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because the neural tube closes early in pregnancy before many women know they are 

pregnant and many pregnancies are unplanned (8, 9). In response, many governments 

mandated the addition of folic acid to a food staple such as wheat flour. The advantage of 

fortification is that it is passive and does not require behaviour change. In Australia, the 

government mandated the addition of folic acid to bread flour (10). This fortification has 

increased the intake of folic acid and has been associated with a temporal decline in the 

incidence of NTDs in women of childbearing age (11).   

In Australia, many women take folic acid as part of prenatal multivitamin mineral 

supplements throughout pregnancy (12). While the benefit of taking folic acid prior to and 

during early pregnancy is not in questioned, there are no proven benefits beyond the first 

trimester. The common practice of continuing folic acid supplementation beyond the first 

trimester (13) is worrying due to increasing evidence from observational studies that 

exposure to excess folic acid in late pregnancy may be associated with adverse maternal and 

child health outcomes, such as gestational diabetes mellitus, large-for-gestational age, autism 

spectrum disorders, allergic disease (14, 15). Allergic disease is of particular interest because 

Australia has among the highest rates of allergy in the world.  

In Australia, the market-leading supplement provides 800 µg per day (11). Together 

with a current practice of continuing folic acid supplementation beyond the first trimester and 

at a dose higher than what is recommended, women may need to discontinue folic acid 

supplementation after the first trimester. However, currently all studies suggesting that late-

term folic acid causes harm are observational and cannot infer causation. We need better 

evidence from RCTs before we risk compromising decades of public health policy to 

encourage women to take folic acid supplements to prevent NTDs. Unmetabolised folic acid 

(UMFA) is a biomarker of excess folic acid. In acute dosing studies in non-pregnant 

individuals, UMFA rises rapidly after folic acid ingestion and falls over the following hours 
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(16, 17). The greater the dose of folic acid, the higher the UMFA concentration and the 

longer it is detected in serum. The effect of chronic folic acid administration on UMFA is less 

clear. UMFA has been detected in maternal blood samples in several population studies (18-

21) and in one RCT in a country without mandatory fortification (22). However, there are no 

published RCTs investigating the effect of higher doses of prenatal folic acid containing 

supplements (i.e. the 800 µg/d used in Australia), on top of folic acid from mandatory 

fortification on UMFA concentration.  

Although the importance of taking folic acid supplements in early pregnancy to 

reduce NTDs is not in doubt, supplementation beyond this time is questionable. In this thesis, 

I aim to investigate the effect of removing folic acid from prenatal supplements after 12 

weeks gestation compared with the common practice of continuing folic acid 

supplementation of 800 µg/day throughout pregnancy on maternal serum UMFA at 36 weeks 

gestation. 

In what follows, I provide a literature review, the published trial protocol and the 

main study results, followed by concluding remarks including strengths, limitations and 

future directions.  
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In the following literature review, I will briefly cover the discovery of folate, folate 

metabolism, and the functions of folate. The chapter begins with a review of folate 

recommendations and folate biomarkers, including UMFA a potential biomarker of folic acid 

excess. A discussion of folic acid and NTD prevention will follow with a review of public 

health policies to prevent NTDs, including folic acid supplementation recommendations and 

food fortification. The next section will then review other potential benefits and harms of 

folic acid during pregnancy for the health of the mother and child. Afterwards, I will outline 

the rationale for the current study. 

 
2.1 Folate  

The term folate refers to any of a group of water-soluble B vitamin compounds with 

nutritional properties and a chemical structure similar to folic acid. In the 1930s, Lucy Wills 

identified a new “haematopoietic factor” found in Brewer's Yeast that cured macrocytic 

anaemia in pregnant women and named it Will's Factor (1). Folate was subsequently isolated 

from spinach leaves in 1941 and synthesised in its pure crystalline form in 1943 (2). The 

name was later changed to folate, the term folic is derived from the Latin folium meaning 

leaf, due to its abundance in green leafy vegetables (3).  

Folates are found naturally in many foods with green leafy vegetables and beef liver 

being particularly good sources (3). Folic acid is the synthetic form of folate and is typically 

used in dietary supplements and added to fortify foods due to its stability and high 

bioavailability (3). Folate plays an important role in a number of important biochemical 

pathways, most notably those involved in one-carbon metabolism, purine and pyrimidine, 

and amino acid synthesis (4). Folate deficiency in its most severe form leads to megaloblastic 

anaemia, which is characterised by a low haemoglobin, and low red blood cell count, as well 

as the presence of large red blood cell precursors called megaloblasts in the bone marrow (3). 
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2.1.1. Forms of folate  

All folates consist of para-aminobenzoic acid (PABA) molecule linked at one end to a 

pteridine ring by a methylene bridge and at the other to glutamic acid by a peptide linkage. 

Folic acid, which occurs rarely in nature, is the most oxidised form of folate, whereas 5-

methyl tetrahydrofolate (5-MTHF) is the most reduced form of folate, and the form of folate 

is normally found in greatest abundance in circulation (3).  

 

Figure 1A. Chemical structure of tetrahydrofolate 
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Figure 1B. Structures of Folic acid, 5-Methyltetrahydrofolate, Folinic acid (Adapted from 

(3)) 

Naturally occurring folates exist in varying degrees of reduction with one-carbon 

units attached at the N5 nitrogen atom of the pteridine ring and/or the N10 nitrogen atom of 

the p-aminobenzoyl group. Most naturally occurring folates contain an additional one to six 

glutamate molecules joined in a peptide linkage to the -carboxyl of glutamate.  

 

2.1.2 Intestinal Absorption, Transport, Storage, and Excretion of Folate 

Naturally occurring dietary folates usually have an additional 2-8 glutamate residues 

attached in a peptide linkage. These additional glutamates must be cleaved before absorption,  

by mucosal folyl -glutamyl carboxypeptidase (EC 3.4.22.12) (commonly known as folate 

conjugase), an enzyme found in the proximal intestinal brush border (3).  

Once cleaved, the deconjugated folates are absorbed by active uptake across the brush 

border of the enterocyte and facilitated by two transporters; and the reduced folate carrier 

(RFC). The proton-coupled folate transporter has a greater affinity for folic acid than reduced 

folates (3). In contrast, the reduced folate carrier has a greater affinity for reduced folates than 
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folic acid. Folates can also be absorbed into the enterocyte through passive diffusion, which 

accounts for 20-30% of absorption when the folate intake is high (3).  

Folates mainly circulate in portal circulation as 5-methyl tetrahydrofolate (5-MTHF) 

bound to albumin (low-affinity protein binder) or a high-affinity Folate Binding Protein (4). 

Folic acid circulates freely in plasma. Folate storage is primarily in the liver and prior to 

storage, absorbed monoglutamylated folates are converted to polyglutamylated folates, a 

reaction catalysed by the enzyme, folylpolyglutamate synthase (EC 6.3.2.12). The addition of 

glutamates to monoglutmayl folate allows the cell to maintain folate within the cell at  

concentrations greater than those of extracellular fluids (3). In order to export from the cell 

polyglutamylated folates must be converted to the monoglutamylated form of folate, a 

reaction catalysed by conjugase. 

Folate is mainly excreted in the urine after being converted to 

acetamidobenzoylglutamate, which is formed through the oxidative cleavage of the folate 

molecule at the C9-C10 bond (3). 

 

2.1.2.1 Folic acid metabolism  

Folic acid must be reduced to dihydrofolate (DHF) and then to tetrahydrofolate (THF) 

in order to be metabolically active, reactions catalysed by dihydrofolate reductase (see Figure 

2 – Folic acid metabolism). At a low intake, folic acid is reduced to THF, which mainly 

occurs in the enterocyte and liver (3).  
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Figure 2. Folic acid metabolism  

 

THF is further reduced to 5-MTHF which is released into circulation. At higher 

intakes of folic acid, DHFR becomes saturated and folic acid passes unaltered into circulation 

(see Figure 2).  

Circulating folic acid is often referred to as unmetabolised folic acid (UMFA). The 

amount of folic acid ingested resulting in UMFA is not known and affected by several 

factors, including genetics, the amount of folic acid consumed, and the frequency of 

consumption during the day. Kelly et al (1997) reported the appearance of UMFA in serum 

following the acute consumption of folic acid-fortified food (either as isotonic saline, milk, or 

white bread) after > 200 µg of intake (5). A pharmacokinetic study in 20 healthy male 

volunteers reported that following ingestion of 800 µg of folic acid, UMFA concentrations 

peaked around 2.5 hours after ingestion which immediately started disappearing and 

completely disappeared after 12 hours (6). The effects of consuming this dose chronically on 

UMFA concentrations are not known. 

 

2.1.3. Metabolic functions of folate  
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Folate in its coenzyme forms is involved in shuttling (oxidation and reduction) one-

carbon units (CH3) in purine and thymidine synthesis and amino acid metabolism. Folate is 

indirectly involved in DNA methylation by providing a methyl group to homocysteine 

making methionine which in turn is converted to S-adenosylmethionine (SAM), the universal 

methyl donor (3) (see Figure 3).  

 

Figure 3. Metabolic functions of folate (Adapted from (7)). THF, tetrahydrofolate; 

DHF, dihydrofolate; SAM, s-adenosyl methionine; SAH, s-adenosyl homocysteine; dTMP, 

deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; pABA, para-

aminobenzoic acid. 

The mechanism by which UMFA could be harmful is unclear. Concerning increased 

allergy, it has been suggested folic acid's role in one-carbon metabolism is a mediator. As 

described in Figure 3, circulating UMFA from excess folic acid could lead to excess SAM, 

the major methyl (CH3) donor, that could increase DNA methylation. However, currently 
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there is no sufficient in vivo study to support this hypothesis. A previous in vivo study of in 

utero supplementation of methyl donors in mice was retracted. The study reported that DNA 

methylation altered the expression of Runx3 (Runt-related transcription factor 3) gene, which 

is involved in immune cell regulation (8). The study showed that maternal diet high in methyl 

donors decreased transcriptional activity of Runx3 in lung tissues of the offspring, which then 

contributed to the severity of allergic airway disease. Further mechanistic study is necessary 

to elucidate the mechanism by which excess maternal folic acid exposure in late gestation 

modifies gene expressions in the offspring.  

There have been a couple of reports in humans that showed DNA methylation 

alteration following folic acid supplementation. In a randomised clinical trial (RCT) - folic 

acid supplementation in second and third trimester (FASSTT) trial reported that folic acid 

supplementation at 400 µg in the second and third trimester alters the DNA methylation of 

genes involved in neurodevelopment (9, 10). 

 

2.1.4. Dietary Intake Recommendation for Folate 

 Folate intake recommendations were set in 2006 by the National Health and Medical 

Research Council of Australia, and are published as Nutrient Reference Values (NRVs) for 

Australia and New Zealand (11). These folate intake recommendations were adopted from 

the 1997 United States Institute of Medicine Dietary Reference Intakes (12). Folate intake 

recommendations were established jointly by Canada and The US and are expressed as 

Dietary Folate Equivalents (DFEs) which is used to reflect the higher bioavailability of folic 

acid from supplements and fortified foods than naturally occurring folate. Naturally occurring 

folates in food are assigned a value of 1 µg DFE and folic acid from fortified foods and 

supplements 1.7 µg DFE (12).  



 28 

 Folate intakes vary by life stage and age. Like most other nutrients, the NRVs for 

folate include 3 values; Estimated Average Requirement (EAR), Recommended Dietary 

Allowance (RDA), and an Upper Limit (UL). The EAR is the folate intake that is estimated 

to meet the requirement of half the healthy individuals in a group. The RDA is the average 

daily dietary intake level that is sufficient to meet the folate requirement of nearly all (97 to 

98 percent) healthy individuals in a group because dietary advice is being given to 

individuals for whom we do not know their requirement the RDA is the most appropriate 

values to use. The RDA for folate in non-pregnant women over 14 years is 400 µg/d DFE. 

Due to the high demand for folate, the RDA is increased in pregnancy and lactation, 600 and 

500 µg/d DFE, respectively (11). The NRVs for folate do not include the additional folic acid 

recommended for women capable of becoming pregnant who are advised to consume an 

additional 400 µg per day of folic acid, either as a supplement or from folic acid-fortified 

foods.  

An upper limit (UL) is defined as the highest level of daily intake that is likely to pose 

no adverse health effects in most human individuals. The UL for folate is set at 1000 µg, and 

only applies to folate as folic acid not naturally folic acid. Both folate and B12 deficiency 

lead to megaloblastic anaemia. The UL was set due to concerns in B12 deficiency, folic acid 

might correct the anaemia, but allow the neurological damage caused by B12 deficiency to go 

undiagnosed (11).  

 

2.1.5 Folate deficiency  

Folate deficiency may arise from insufficient intake, increased requirement during 

pregnancy, malabsorption due to excessive alcohol intake and smoking, and due to certain 

drugs interfering with folate metabolism such as nonsteroid anti-inflammatory drugs 

(NSAIDs) and anticonvulsant (phenytoin). Folate deficiency impedes the rapid cell division 
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in the bone marrow causing the RBCs to be immature and enlarged. Because the RBCs are 

too large, they impede the cells to exit the bone marrow to enter the bloodstream and deliver 

oxygen. The clinical consequence of folate deficiency is megaloblastic anaemia, which is 

when the red blood cells (RBCs) became enlarged. 

 

2.1.6 Folate biomarkers  

2.1.6.1 Serum and red blood cell (RBC) folate  

The most commonly used biomarkers for folate status are serum folate or RBC folate. 

Serum folate concentrations reflect current folate status and are affected by recent folate 

intake. Serum folate rises after ingestion of folate and falls after a few hours. Thus, it should 

ideally be measured in a fasted state. Meanwhile, the red blood cell folate (RBC) 

concentration reflects a long-term folate status and is not affected by recent folate intake. 

Serum folate concentration is not recommended as a biomarker for NTD prevention. 

However, a cut-off of less than 6.8 nmol/L is often used to define severe deficiency as below 

this level the risk of megaloblastic anaemia rises markedly (12). Similarly, the cut-off for 

RBC folate concentration for severe folate deficiency is <305 nmol/L (12). Red blood cell 

folate concentration has been used at the population level to define NTD risk, with 

concentrations greater than 905 nmol/L associated with a low risk of NTDs (13). This cut-off 

is based on the microbiological assay in which folic acid is used as the calibrator. Recently 

the US CDC changed the calibrator to 5-MTHF resulting in a change in the cut-off to 748 

nmol/L (14).  

 

2.1.6.2 Unmetabolised folic acid (UMFA)  

While serum or plasma and RBC folate concentrations are more well-established 

folate biomarkers, unmetabolised folic acid (UMFA) has been gaining more attention in the 
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past two decades. As previously reviewed, UMFA reflects the excess folic acid mostly from 

fortified foods and supplements that cannot be metabolised because the enzyme has reached 

saturation.  

Unlike serum or plasma and RBC folate measurements, methods to measure UMFA 

vary from one laboratory to another, and there is not one gold standard method. While liquid-

chromatography tandem mass spectrophotometry (LC-MS/MS) is the most reliable and 

common method used in most laboratories, the components of the analysis such as the range 

of standard curve, the limit of detection (LOD), and the limit of quantification (LOQ) have 

not been standardised. Therefore, in interpreting UMFA concentrations, one must consider 

these factors.  

Recent evidence has highlighted concern surrounding chronic exposure of folic acid 

on health as the presence of UMFA has been detected in pregnant women in Germany (15), 

Australia (16), and Canada (17), as well as in all other population groups in the US (18). It 

remains unclear whether it is the presence of UMFA or the amount of UMFA that is of 

concern. It also still remains unclear what the clinical relevance of circulating UMFA on 

human health is. There are currently no clinical cut-offs of UMFA concentration related to 

human health.  

 

2.1.7 Folate and neural tube defects  

Folic acid taken prior to and during early pregnancy reduces the risk of a neural tube 

defect (NTD) affected pregnancy. The possibility that folate or folic acid might reduce NTDs 

was first raised by Hibbard in 1964 (19). Since 1965, a series of observational and quasi-

experimental studies suggested that a lack of folate was associated with increased NTD risk 

and that giving folic acid periconceptionally during pregnancy could reduce NTDs (20-22).  



 31 

Definitive proof that folic acid reduces NTDs risk came in 1991 from a double-blind 

2x2 factorial RCT conducted at 33 centres in seven countries by the British Medical Research 

Council (23). Women (n=1817) with a prior history of an NTD-affected pregnancy were 

randomly assigned to one of four treatment groups: folic acid alone (4 mg), other 

multivitamins but not folic acid, both folic acid and multivitamins, and neither. Women in the 

trial were asked to consume the supplement once daily from the time of randomisation until 

12 weeks of pregnancy. Data were obtained from 1195 women in which the outcome of the 

pregnancy was known. Of the women who received folic acid with or without other vitamins 

there were 6/593 giving a recurrence rate of 1%. In the groups not receiving folic acid, there 

were 21/602 affected pregnancies, with a recurrence rate of 3.4%. Receiving folic acid 

reduced the recurrence of NTDs by almost 80%. Unsurprisingly, the study was halted early 

when the interim analysis showed such a large benefit of folic acid. 

That folic acid could prevent the first occurrence of an NTD in pregnancy was 

demonstrated by Czeizel and Dudas in 1992 (24). Women (n=4682) were randomised to 

either a supplement containing multivitamins with 800 µg folic acid and trace elements or a 

supplement containing trace elements only. There were no cases of NTDs in the group who 

received folic acid, but there are 6 in the group who received only the trace elements (p = 

0.02). Although the supplement contained vitamins other than folic acid based on the findings 

from the British Medical Research Council study, it was concluded that folic acid was likely 

responsible for the reduction in NTDs. 

In 1999, a sizable volume of research has investigated public health intervention in 

China (25). Originally designed to be an RCT, it was turned into a public health intervention 

study due to ethical concerns. The study intervention was 400 µg/d folic acid from the 

premarital examination until the end of the first trimester of pregnancy in two areas of China, 

one in the North with high background rate of NTDs (50 to 60 per 10000 births per year) and 
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another in the South with a low background rate (1 per 10000 births per year). Women in 

both regions who took folic acid during the periconceptional period had lower rates of NTD 

affected pregnancies. The magnitude of the reduction in NTDs was higher in the Northern 

region than the Southern region, 79% and 41%, respectively. The study confirmed that 400 

µg per day folic acid could lower the risk of NTDs. 

 

2.1.8 Other potential benefits of folate during pregnancy 

It has been suggested that folic acid during pregnancy may have additional health 

benefits for mothers and children. Most studies include a reduction in the risk of pre-

eclampsia, cleft palate and lip, heart defects and prematurity. Preeclampsia is a condition of 

high blood pressure in pregnancy that occurs in ~3% of pregnancies in Australia (26). 

Treatment for preeclampsia is delivery of the fetus (26). A large prospective cohort study 

found an association between folate supplementation or multivitamins containing folic acid 

and a reduction in pre-eclampsia in high-risk women (OR 0.17, 95% CI: 0.03, 0.95) (27). 

However, a meta-analysis of observational studies (28) and randomised studies found no 

differences in outcomes with folic acid or multivitamin containing folic acid. Moreover, a 

randomised clinical trial of 2464 pregnant women in five countries: Argentina, Australia, 

Canada, Jamaica and the UK has shown that supplementation with 4.0 mg per day of folic 

acid compared with the placebo after the first trimester did not prevent pre-eclampsia among 

high-risk women (RR 1.10, 95% CI: 0.90,1.34) (29).  

In addition to preeclampsia, there are several reports, mostly observational and small 

trials, suggesting that folate may be associated with a reduced risk of other adverse pregnancy 

outcomes. However, a 2015 Cochrane review concluded that there was insufficient data to 

evaluate the effects of supplementation with folic acid on outcomes such as cleft lip and 
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palate, congenital cardiovascular anomalies, other congenital anomalies, and miscarriages 

(30).  

 

2.1.9 Potential harms of higher exposure to folate and folic acid during pregnancy  

More than 80% of Australian women report taking a multivitamin and mineral 

supplement throughout pregnancy, often containing large amounts of folic acid (31). The 

market leader of prenatal multivitamin supplements in Australia promotes their product as 

“vitamins and minerals to support you throughout the different stages of pregnancy: before, 

during and after.” This product contains double the amount of folic acid 800 µg per day 

recommended in early pregnancy for the prevention of neural tube defects. The extensive 

promotion of supplements to pregnant women by the supplement industry disregards current 

recommendations from the NHMRC and the RANZCOG. The marketing of such products is 

not supported by evidence of improvement in maternal or infant outcomes and pregnant 

women may be vulnerable to unsubstantiated messages about giving their baby the best start 

in life, regardless of cost or potential harm. In addition to supplementation, Australian 

women receive 150 to 200 µg per day of folic acid from food containing fortified bread flour 

(32). 

Recent reports of the potential harm of excess folic acid intake during late gestation 

appear.  A study from India published in 2008 reported that higher maternal RBC folate at 28 

weeks of pregnancy predicted greater adiposity (fat mass and body fat percentage) and higher 

insulin resistance in the offspring at 6 years of age (33). Similarly, a more recent meta-

analysis that pooled three studies found a significant increase in gestational diabetes mellitus 

(GDM) risk with the highest versus lower category of maternal RBC folate (34). The dose-

response analysis revealed that for every 200 ng/mL increase of RBC folate, the risk of GDM 
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increased by 8% (34). The meta-analysis found no significant increased risk of GDM 

associated with the highest level of folic acid supplement intake and plasma folate.  

More recent studies reported that the use of folic acid supplementation in prenatal 

multivitamin and mineral supplements was positively and significantly associated with 

birthweight (35). Babies born above the 90th percentile of gestational age are classified LGA. 

Consequently, LGA imposes maternal complications such as prolonged labour, perineal tears, 

and post-partum haemorrhage (36). Furthermore, LGA babies have higher risk of 

hypoglycaemia, respiratory distress, and fetal death (36), with long-term consequences of 

increased risk of adverse health outcomes such as obesity, diabetes and cardiovascular 

disease (37, 38). The mechanism by which maternal folic acid affects fetal development and 

birthweight is not fully understood. However, epigenetics programming through DNA 

methylation may be the underlying mechanism. Furthermore, mothers with GDM are more 

likely to give birth to babies with higher birthweight or large-for-gestational age babies (39, 

40).  

While the potential harms of folate during pregnancy reviewed in the previous 

paragraph pertains to RBC folate, concerns about the potential detrimental effects of folate or 

folic acid during pregnancy have been stemmed from the accumulation of unmetabolised 

folic acid (UMFA). This is particularly of concern in the population of women from countries 

with mandatory folic acid fortification in addition to women taking folic acid supplement 

periconceptionally, although current evidence is inconclusive.  

As reviewed by Wiens and DeSoto (41), some recent studies have reported the slight 

protective effect of folic acid supplementation against autism spectrum disorder (ASD) (42, 

43), but other studies have reported that folic acid supplementation increased ASD risk (44). 

However, these studies have limitations in their relation to this thesis. While the protective 

effect of folic acid supplementation against ASD was primarily associated with its use during 
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early gestation, the potential harm with ASD was associated with cord blood UMFA as 

opposed to maternal UMFA in late gestation. Similar to its association with ASD, excess 

folic acid intake due to folic acid supplementation during pregnancy against a background of 

folic acid fortification has raised concern for an increased risk of allergic disease in the 

offspring.  

 

2.1.9.1 Exposure to folate or folic acid during pregnancy and allergy diseases in children  

For the relevance of this thesis, it is important to highlight the association between 

folate and folic acid intake during pregnancy and allergic disease in the offspring. The 

prevalence of allergy diseases has increased in the past two decades. Australia, in particular, 

has among the highest prevalence of allergic disorders in high-income countries (45). 

Findings from observational studies examining the association between folate or folic acid 

exposure during pregnancy and allergy risk have been equivocal. This is mostly due to the 

heterogenous study design including differences in timing and method of estimating folate or 

folic acid exposure. Methods varied among studies from dietary folate intake, folic acid 

supplement use to folate/folic acid biomarkers (See Appendix 6 and Appendix 7, pg. 135 to 

146). Studies reporting associations between maternal UMFA concentration and allergic 

disease have not been available until recently (16, 46). Similarly, allergic disease outcomes in 

offspring varied from asthma and wheezing, rhino conjunctivitis/hay fever, atopic 

dermatitis/eczema, food allergy, to sensitisation. 

A review from 2017 highlighted the potential contributing role of folate/folic acid 

supplementation during pregnancy in the development of allergic diseases in the offspring 

(47). However, evidences from epidemiological studies have been conflicting. An 

observational study from my research group examined associations between maternal serum 

UMFA and folate concentration and allergic disease in 1-year-old children (Appendix 1) 
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(16). Best et al reported the maternal serum folate and UMFA concentrations between 36-40 

weeks of pregnancy were not associated with physician-diagnosed eczema, IgE-mediated 

food allergy, and skin prick test in offspring at 1 year of age (16).  

This work contrasts a study of 1,394 children from the Boston Birth Cohort who 

participated in the follow-up study of the Children's Health Status USA. McGowan et al 

reported that maternal total folate concentrations at delivery between mothers whose children 

later developed food allergy versus those whose children did not develop a food allergy at 2.4 

years of age (on average) were significantly different 30.2 vs. 35.3 nmol/L (46). In addition, 

maternal total folate concentrations in the third quartile (30.4 – 44.8 nmol/L) versus the first 

(6.64 – 19.7 nmol/L) were associated with lower odds of developing food allergy at (on 

average) 2.4 years of age. 

Findings from various countries on folate and folic acid intake or status during 

pregnancy from observational studies and clinical trials are summarised in Appendix 6 and 

Appendix 7 (Appendices pg. 135 to 146). There are currently no RCTs that have 

investigated folate and folic acid intake or status including UMFA concentration in late 

gestation and how it affects adverse health outcomes in mothers and their offspring.  

In summary, it is becoming increasingly clear that the benefits of folic acid 

supplementation are not proven beyond the first month post-conception, and indeed potential 

harms exist. We have a responsibility to assess the benefits and risks of folic acid containing 

prenatal supplements designed for use beyond early pregnancy. 

 

2.2 Public health policies related to folate and folic acid in pregnancy.  

2.2.1 Folic acid supplementation  

Strong evidence showed that folic acid supplementation during periconceptional 

period is an essential public health policy to prevent NTDs. The Royal Australia and New 
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Zealand College of Obstetricians and Gynaecologists (RANZCOG) recommend that folic 

acid should be taken at 400 µg per day one month before pregnancy until 12 weeks of 

pregnancy to aid with NTDs prevention despite compliance to folic acid supplement intake 

has been reported to be challenging. Watson et al reported that less than 50% of women in 

Victoria and New South Wales, Australia took periconceptional folate supplements (48). 

Supplement use is highly correlated with socioeconomic and educational status (49). A study 

reported that education campaigns encouraging women to increase their supplement use have 

not been effective among high-risk populations (50).  

 

2.2.2. Folic acid fortification  

Folic acid supplementation alone is an ineffective public health measure for NTD 

prevention. The main reason is that many pregnancies are unplanned while folic acid is 

needed at least one month before conception. A recent report in Australia showed that one in 

four pregnancies is planned (51). Therefore, food fortification is another public health 

measure in addition to folic acid supplementation to aid in NTDs prevention. Folic acid 

fortification to reduce NTD risk has been one of the most successful public health initiatives 

in the past 85 years as reviewed by Crider et al 2011 (52). Now, at least 80 countries have 

imposed mandatory folic acid fortification of staple foods, including Australia, Canada, and 

the USA (53). The USA mandated folic acid fortification since 1998 and Australia started in 

2009. More recently, the UK has started to mandate folic acid fortification as of September 

2021 (54).  

Folic acid fortification has implicated folate intake, status, and NTD risk. In Australia, 

the introduction of mandatory folic acid fortification has increased folate intake by 145 µg 

per day (142% increased) (32). This consequently resulted in around 14% decrease in NTD 

incidence in all women with the highest reduction among Aboriginal women (~75%) and 
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teenagers (55%) (32). In the USA, since the introduction of folic acid fortification in 1998, 

there has been a decline in 20% of anencephaly (55). Globally, a systematic review of 4078 

studies reported that mandatory folic acid fortification results in a reduction of spina bifida 

prevalence regardless of the type of birth cohort (56).  

 

2.4 Gap of knowledge  

While it is clear that folate is essential during the periconceptional period, the use of 

folic acid during this period is also warranted with a specific recommended dose for NTDs 

prevention. However, it remains unclear whether a higher dose of folic acid with a longer 

period of exposure beyond the first 12 weeks of pregnancy has additional benefits or imposes 

any harm. Recent observational evidence on the adverse effect of excess intake of folic acid, 

elevated folate status (serum and RBC folate) and/or UMFA is inconclusive as discussed in 

Section 2.1.9. Similarly, the biological mechanism by which all three indicators of excess 

folic acid remains unclear. Even though it is postulated that it is through one carbon 

metabolism pathway including DNA methylation, the evidence is still lacking (57) and 

warrants further investigation. Furthermore, many women continue to take folic acid 

supplements beyond the recommended time period. Therefore, stronger evidence is 

warranted to investigate the effect of folic acid beyond the first trimester of pregnancy.  
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Abstract: (1) Background: Folic acid (FA) supplements are recommended to be taken 

periconceptionally until 12 weeks gestation, but many women continue taking them throughout 

pregnancy, raising concern for excess exposure to FA. Unmetabolized folic acid (UMFA) is 

proposed to be the biomarker of excess FA. To determine if removing FA from prenatal 

multivitamin and mineral supplements after 12 weeks gestation reduces concentrations of 

serum UMFA at 36 weeks gestation. (2) Methods: A double-blind, parallel-group, randomized 

controlled trial. Women with a singleton pregnancy 12-16 weeks gestation were randomly 

assigned to a multi-micronutrient supplement containing no FA (intervention) or 800 µg FA/d 

(control) until 36 weeks. Maternal serum UMFA, folate, and red blood cell (RBC) folate were 

analyzed. (3) Results: UMFA was detected in 86% of the 103 randomized women. However, 

only 12% (n=11/90) had UMFA above the limit of quantification. Compared to the control 

group (folic acid), fewer women in the intervention group (no folic acid) had detectable UMFA 

(72% [n=33/46] vs. 98% [n=43/44]; p = 0.001) and lower maternal serum and RBC folate 

concentrations (median 23.2 vs. 49.3 nmol/L, 1335 vs. 1914 nmol/L, p< 0.,001). (4) 

Conclusions: Removing FA from prenatal supplements reduced the number of women with 

detectable UMFA at 36 weeks gestation; however, differences in UMFA concentration 

between treatment groups were not quantifiable. 

Keywords: prenatal supplements; pregnancy vitamins; supplementation guidelines; antenatal; 

prenatal nutrition; unmetabolized folic acid; excess folic acid. 

1. Introduction 

Neural tube defects (NTDs) are serious birth defects caused by the failure of the neural 

tube to close properly, usually occurring around 28 days post-conception (1). Folic acid taken 

before conception and during early pregnancy is proven to reduce a woman's risk of having an 

NTD-affected pregnancy (2-4); therefore, health authorities in most countries recommend 
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women take a folic acid-containing supplement before conception (5, 6). In Australia, women 

are advised to take a supplement containing 500 µg of folic acid per day for a minimum of one 

month before trying to conceive and for the first three months of pregnancy (6). Although there 

is no conclusive evidence for any overall benefit of folic acid supplementation beyond 12 

weeks gestation (31 trials involving 17,771 women) (7), many women continue to take folic 

acid supplements throughout their whole pregnancy, often at amounts up to 800 µg/day or 

higher (8). Because NTDs occur in the first month of pregnancy and many pregnancies are 

unplanned, more than 80 countries, including Australia, Canada, and the USA, have mandated 

folic acid fortification of staple foods with folic acid, further increasing folic acid exposure of 

pregnant women (9). 

The common practice of continuing folic acid supplementation beyond the first 

trimester, especially in countries with folic acid fortification, is worrying due to increasing 

reports suggesting exposure to excess folic acid in late pregnancy may be associated with 

adverse child health outcomes, including an increased risk of allergic disease (10-12). Although 

findings from observational studies have been inconsistent, evidence from randomized 

controlled trials (RCTs) is lacking. The suggestion of risk necessitates further exploration of 

excess folic acid intake during pregnancy. 

Folic acid is the synthetic form of folate not found naturally in food. Because of its high 

bioavailability and stability, it is the form of folate used in supplements and to fortify food (13). 

When consumed, folic acid is reduced and methylated to 5-methyltetrahydrofolate (5-MTHF) 

in the enterocyte or liver. At higher intakes, the enzymes required to convert folic acid to 5-

MTHF are saturated, and the excess folic acid circulates in its unmetabolized form (UMFA) 

(14). UMFA has been proposed as a potential biomarker of excessive folic acid intake (14). 

Concerns have been raised over whether high concentrations of circulating UMFA may 

adversely affect the developing fetus (15). In acute dosing studies in nonpregnant individuals, 
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UMFA rises rapidly after folic acid ingestion and falls over the following hours (14, 16). The 

greater the dose of folic acid, the higher the UMFA concentration and the longer it is detected 

in serum. The effect of chronic folic acid administration on UMFA is less clear. 

UMFA has been detected in maternal blood samples in several population studies (17-

20) and one RCT in a country without mandatory fortification (21). However, there are no 

published RCTs investigating the effect of commonly used higher dose prenatal folic acid 

containing supplements combined with background intake from mandatory fortification on 

UMFA concentration. 

The importance of taking folic acid supplements in early pregnancy to reduce NTDs is 

not in doubt. However, supplementation beyond this time is in question. We aimed to 

investigate the effect of removing folic acid from prenatal supplements after 12 weeks 

gestation compared with the common practice of continuing folic acid supplementation of 800 

µg/day throughout pregnancy on maternal serum UMFA concentration at 36 weeks gestation. 

2. Materials and Methods 

 2.1 Trial design and oversight  

This trial was a multicenter, double-blind, placebo-controlled, parallel-group RCT. The 

trial protocol, published previously (22) was developed by the authors and approved by the 

Women's and Children's Health Network Research Ethics Committee – HREC/19/WCHN/018 

and Flinders Medical Centre – SSA/20/SAC/61. The trial was conducted according to the 2007 

National Statement on Ethical Conduct in Human Research and the Note for Guidance on Good 

Clinical Practice (CPMP/ICH/135/95) and prospectively registered with the Australia New 

Zealand Clinical Trials Registry - ACTRN12619001511123. 

 

 2.2 Study participants and setting  



 62 

Pregnant women living in South Australia were recruited to the trial between December 

2019 and November 2020. Women with a singleton pregnancy between 12+0 and 16+0 weeks 

gestation, who were taking a folic acid-containing supplement and planning to continue it 

throughout pregnancy, were eligible to participate. Women were excluded if they; were 

carrying a fetus with a confirmed or suspected fetal abnormality, had a prior history of an NTD-

affected pregnancy, or were taking medications that interfere with folate metabolism. Women 

were recruited in person at their first antenatal clinic appointment or remotely through a Trial 

Recruitment Company (TrialFacts Australia, Melbourne, Victoria). They utilize an online 

digital marketing campaign and an electronic pre-screening survey. 

 

2.3 Randomization, blinding and masking  

After written informed consent was obtained, women were randomized by research 

personnel using a secure web-based randomization service and stratified by gestational age at 

trial entry 12+0 to ≤14+0 weeks or >14+0 to 16+0 weeks gestation. Allocation followed a 

computer-generated randomization schedule using randomly permuted blocks of sizes 4 and 6 

(1:1 ratio), prepared by an independent statistician who was not involved with trial participants 

or data analysis. A unique and uninformative four-digit study identification number (Study ID) 

was assigned to each participant together with one of four colors for their group assignment 

(blue, pink, yellow, green). The intervention and control supplements were identical in size, 

shape, color, packaging, and labeling and identified by a colored label only. Participants, 

researchers, and laboratory personnel remained unaware of the group assignments until the 

data analysis was complete. 

 

 2.4 Trial interventions  
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Women in the intervention group received multivitamin and mineral supplements 

without folic acid. Women in the control group were assigned the same formulation with the 

addition of 800 µg of folic acid/d (S1 Table). Following randomization, women were provided 

with two bottles, each containing 125 caplets, and advised to cease any folic acid-containing 

supplements for the duration of the trial. The assigned study supplements were taken once 

daily, orally from trial entry (12 weeks to 16 weeks gestation) until the day before the clinic 

visit and blood draw at 36 weeks gestation. Intervention and control supplements (PreNuro®) 

were formulated to provide daily multivitamin and mineral levels for prenatal supplementation. 

They were manufactured in a licensed facility following the Code of Good Manufacturing 

Practice of Medicinal Products (23) by The Factors Group of Nutritional Companies Inc 

(Burnaby, British Columbia, Canada). The company had no other role in the trial. 

 

 2.5 Data collection  

Baseline characteristics were collected at enrollment and included gestational age, 

maternal age, height and weight, race, education, pre-pregnancy and current supplement use, 

annual household income, parity and alcohol intake, and smoking in the three months leading 

up to pregnancy. Women were asked to complete an electronic 80-item food frequency 

questionnaire (FFQ) (The Dietary Questionnaire for Epidemiological Studies v3.2, Cancer 

Council, Victoria) at enrollment (baseline) and 34 weeks gestation to estimate folate intakes 

from foods. Adherence to the trial regimen and the occurrence of any adverse events were 

assessed by monthly electronic surveys sent by short message survey or phone call by study 

staff. Women returned for an in-person visit at 36 weeks gestation so that the number of unused 

caplets could be recorded and a venous blood sample could be obtained by trained research 

personnel. Women were asked to refrain from taking their study supplement and consuming 

foods high in folic acid on the day of sample collection. Birth data, including gestational age, 
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birth weight, length, and head circumference, were extracted from maternal and infant medical 

records or by parental report. 

 

2.6 36 Weeks sample collection  

A 10 ml non-fasting venous blood sample was collected into two evacuated containers 

containing no anticoagulant and ethylenediaminetetraacetic acid (EDTA) (BD Vacutainer®). 

The EDTA vacutainer was inverted 10 times, and an aliquot was placed in a cryovial, diluted 

1 in 11 with 1% ascorbic acid, and incubated for 30 minutes at 37ºC. The serum vacutainer 

was left to clot at room temperature for at least 30 minutes. Vacutainers were centrifuged at 

1500xg for 15 minutes at 4ºC, and serum and plasma were aliquoted into cryovials and stored 

at -80ºC until analyzed. 

 

 2.7 Blood analysis 

A Complete Blood Count was performed using an automated hematology analyzer by 

SA Pathology (Adelaide, Australia). Serum UMFA was measured using the method of 

Hannisdal et al. (24). Briefly, 10 µL (100 ng/mL) of d4 folic acid (F680302-0.5G, Novachem, 

Australia) was added to 100 µL of participant serum. Samples were deproteinized by adding 

500 µL methanol, incubated at -20°C for 1 hour, and centrifuged for 15 minutes (12,000xg). 

The supernatant was collected and placed in a 96-well plate, dried under nitrogen at 65°C, and 

reconstituted with 100 µL 0.1% formic acid. Fetal bovine serum was used as a blank to generate 

standard curve and quality control (QC) samples. Known concentrations of folic acid were 

spiked into fetal bovine serum to give the final concentrations of 0.566 limit of quantification 

(LOQ), 1.13, 2.27, 5.66, 11.3, 22.7, 45.3, 227, and 566 nmol/L for the standard curve and 1.42, 

2.83, 17.04 and 113.12 nmol/L for the QC samples. Standards and QC samples were extracted 
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using the same method as described above alongside the patient samples. Any standards or 

QCs outside +/- 15% accuracy were excluded. 

Liquid chromatographic separation of a 5 µL injection volume was achieved using an 

Acquity UPLC system (Waters Corporation, USA) fitted with a BEH Premier C18 (2.1 x 100 

mm, 1.8 µm) chromatographic column maintained at 45°C. A linear gradient from 99% mobile 

phase A (0.1% formic acid) to 99% mobile phase B (acetonitrile 0.1% formic acid) over 2.5 

minutes, followed by a 1 min hold at 99% B and a 1.5-minute re-equilibration at 99% A.  Mass 

analysis was performed using a 5500 Triple Quadrupole (Sciex, Canada) in Multiple Reaction 

Monitoring mode, transitions monitored are listed in S3 Table. Data integration and analysis 

were performed using Analyst 1.6.2 software (Sciex, Canada).  

Whole blood and serum folate concentrations were determined using the 

microbiological method, using standardized kits from the US Centres for Disease Control and 

Prevention (US CDC; Atlanta, GA) (25-29). This method is based on the method of O'Broin 

and Kelleher (26), uses 96 well microplates, 5-methyl tetrahydrofolate (Merck Eprova) as a 

calibrator, and chloramphenicol-resistant Lactobacillus rhamnosus (ATCC 27773TM) as the 

test organism. High- and low-quality controls (QC) provided by the US CDC, whole blood and 

plasma folate, were run in quadruplets on every plate. RBC folate was calculated by subtracting 

plasma from whole blood folate and correcting for hematocrit. 

As per instructions (27): if all QC results were within mean (2 SD) limits, the assay was 

accepted; if more than one of the QC results were outside of the mean (2 SD) limits or any of 

the QC results were outside of the mean (3 SD) limits, then the assay was rejected. Results 

from assay runs that passed QC were used when the quadruplets were below 15%. If the 

coefficient of variation (CV) of the quadruplets was above 15%, the largest outlier was 

removed. The results were recorded if the CV of the remaining triplicates was below 10%; 

otherwise, the sample measurement was repeated. 
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At the population level, WHO recommends RBC folate concentrations be >906 nmol/L 

in women of reproductive age to prevent NTDs. This RBC folate value was generated using 

folic acid as the calibrator (30, 31). We used a newer method recommended by the US CDC 

that uses 5‐methyl tetrahydrofolate as the calibrator. Since 5‐methyl tetrahydrofolate gives 

lower RBC folate concentrations than folic acid, we used a cutoff of >748 nmol/L to define the 

optimal RBC folate concentration for NTD risk reduction (31-33). 

 

 2.8 Outcome measures  

The primary outcome was the concentration of UMFA in maternal serum at 36 weeks 

gestation. Secondary outcomes included maternal serum and RBC folate concentrations at 36 

weeks gestation and birth outcomes, including gestation age at birth, birth weight, birth length, 

and birth head circumference. 

 

 2.9 Changes to outcomes and trial design  

We adapted some aspects of our methodology due to the COVID-19 pandemic. As per 

the recently released CONSERVE statement (34), we have described our original methods (22) 

and our adaptations as follows (35). When the trial commenced in December 2019, women 

were recruited from antenatal clinics, and a baseline blood sample was collected at enrollment. 

In March 2020, due to COVID-19 restrictions in South Australia, in-person enrollment was 

suspended, and we could no longer collect the baseline blood sample. Eighteen women were 

recruited before in-person enrollment was suspended. Screening methods were modified to 

include online screening coupled with a digital marketing campaign and e-consent using 

Research Electronic Data Capture (REDCap, Vanderbilt University). REDCap is a secure web 

application for building and managing online surveys and databases. Enrollment and all study 

visits up to 36 weeks gestation were conducted via telephone, and supplements were couriered 
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to participants. Birth data could no longer be extracted from medical records and were obtained 

by maternal report. Maternal and infant characteristics at birth, such as gestational age at birth, 

birth weight, birth length, and head circumference, were collected to establish a comparison 

between treatment groups, as this study was not powered to evaluate clinical outcomes. We 

would caution about drawing conclusions due to the small sample size and lack of control for 

multiple testing. 

 

2.10 Sample size and statistics     

A target sample of 90 women (45 per group) was chosen to provide >90% power to 

detect a standardized difference in mean UMFA concentration at 36 weeks gestation between 

groups of 0.60 (two-tailed alpha = 0.05, correlation between UMFA concentrations at baseline 

and 36 weeks gestation = 0.60) (21). Calculations were performed based on a standardized 

mean difference (mean difference divided by SD of the outcome at 36 weeks gestation) due to 

considerable variability in the literature in the reported SD for UMFA concentration in 

pregnancy (10, 21).  

All analyses were undertaken on an intention-to-treat basis according to a pre-specified 

statistical analysis plan (Supporting information). The trial was originally designed with serum 

UMFA concentration at 36 weeks (primary outcome) defined as a continuous outcome, with 

mean concentrations to be compared between groups using linear regression. However, a 

blinded review of 36-week UMFA concentrations unexpectedly revealed a high proportion of 

samples (88%) where the measurement was below the limit of quantification (LOQ, 0.566 

nmol/L). We followed US Food and Drug Administration recommendations that values below 

the LOQ be reported as below the LOQ (36).  Consequently, the primary outcome definition 

was changed to UMFA concentration at 36 weeks, dichotomized into above or below the limit 

of detection (LOD); this change was made before the statistical analysis plan was finalized and 
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the treatment groups unblinded. The LOD was determined as a peak height of ca 4 times the 

background noise. Its concentration was not calculated because it is not a true linear 

relationship to the standard curve at the LOD. The proportion of women with a UMFA 

concentration above the LOD was compared between groups using logistic regression. Others 

have quantified UMFA concentrations below the LOQ utilizing the ratio of the peaks folic 

acid: d4 folic acid and treated values below the LOD as LOD//√2 for analysis (37). To assess 

the sensitivity of results to this approach, in a posthoc analysis, we used the Wilcoxon rank-

sum test to compare UMFA values between groups when including values below the LOQ and 

treating values below the LOD as the lowest possible concentration. 

Secondary outcomes were analyzed using linear regression models, with log 

transformations applied where appropriate to satisfy model assumptions better. All analyses 

were adjusted for gestational age at trial entry since this was used to stratify the randomization, 

with analyses of birth anthropometrics adjusted for infant sex. Statistical calculations were 

performed using Stata v16 (College Station, TX: StataCorp LP). 

3. Results 

3.1. Trial participants 

A total of 103 women were randomized, 51 to the no folic acid group (intervention) 

and 52 to the 800 µg folic acid/d (control) group. After withdrawal of consent (n = 7), loss to 

follow-up (n = 4), unable to attend the clinic visit (n = 1), and preterm birth before 36 weeks 

gestation (n = 1), primary outcome data were available for 90/103 (87%) of women (Figure 1). 

The average age of women entering the trial was 31 years, and more than 80% of the 

participants were Caucasian. Most women (87%) had completed secondary education, and 

55% had an annual household income higher than AUD$105,000. Among women assessed at 

baseline (n =18), median UMFA was 1.2 (IQR 0.3, 2.0; maximum 34.2) nmol/L with no values 
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below the LOD and 4 below the LOQ.  Overall mean total folate intake (SD) was 585  264 

µg/day dietary folate equivalent (DFE) at baseline and 559  253 µg/day DFE at 36 weeks. 

Folic acid added to food, and natural folate intake was 179  120 µg/day, 285  108 µg/day at 

enrollment and 166  116 µg/day, and 282  104 at 36 weeks and did not differ markedly 

between the groups (Table 1). Adherence to the trial supplements was similar between the 

intervention and control groups, with 85% of women who returned bottles (74%) consuming 

>80% of supplements to 36 weeks gestation, comparable with results from compliance 

questioning at study visits. 

   

  Figure 1. Participant flowchart  
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Table 1. Maternal baseline characteristics and folate intake at 36 weeks gestation1  

Characteristic Intervention 

No folic acid  

(n = 51) 

Control 

800 µg folic acid/d 

(n = 52) 

Age, y 30.7  5.2 31.4  4.4 

Gestational age at trial entry   

   12 to < 14 wk 32 (63) 32 (62) 

   14 to 16 wk 19 (37) 20 (38) 

Maternal BMI at enrollment 

(n=94)  
25.2  5.0 27.0  6.2 

Ethnicity   

   European 41 (80) 44 (85) 

   Other 10 (20) 8 (15) 

Completed secondary education 46 (90) 44 (85) 

Annual household income   

   AUD$70,000 or less 9 (18) 9 (17) 

   AUD$70,001 - $105,000 12 (24) 7 (13) 

  AUD$105,001 - $205,000 23 (45) 26 (50) 

   >AUD$205,000 5 (10) 7 (13) 

   Prefer not to disclose 2 (4) 3 (6) 

Parity   

   0 27 (53) 20 (38) 

Smoked tobacco in 3 mo before 

pregnancy  

5 (10) 5 (10) 

Consumed alcohol in 3 mo 

before pregnancy 
34 (67) 41 (79) 

Folic acid supplement intake at 

enrollment, µg/d 
  

   250-<500  2 (4) 1 (2) 

   500-<750  24 (47) 28 (56) 

   >750 25 (49) 21 (42) 

Serum unmetabolized folic acid 

nmol/L (n=18)3 
1.6 (0.2, 4.3) 0.9 (0.2, 1.8) 

Folate intake at baseline, µg/d 

(n=88) 
  

   Total dietary folate2  644  298 528 ± 214 

   Folic acid from fortified food      204 ± 127 155 ± 110 

   Natural food folate  303 ± 124 268 ± 88 

Folate intake at 34 weeks, µg/d 

(n=84) 
  

   Total dietary folate2 581 ± 269 538 ± 238 

   Folic acid from fortified food 179 ± 131 152 ± 100 

   Natural food folate 282 ± 105 281 ± 103 
1Values are mean ± SD, n (%), median (25th,75th) 
2As µg Dietary Folate Equivalents = 1.7 x µg folic acid from fortified food + µg natural 
food folate 
3Blood was collected from 18 women at baseline before Covid-19 restrictions 
prevented in-person baseline blood sample collection (see Section 2.9). 
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 3.2. Outcomes  

 3.2.1. Unmetabolized folic acid (UMFA) 

Differences between the groups in UMFA concentrations could not be reliably 

determined because only 12% (n=11/90) of the sample were above the LOQ (0.566 nmol/L) 

(4/46 in the no folic acid group and 7/44 in the 800 µg folic acid/d group). However, the 

proportion of women with UMFA above the LOD at 36 weeks gestation was significantly 

lower in the no folic acid compared to the 800 µg folic group/d; 72% (n=33/46) vs. 98% 

(n=43/44), p=0.001. Similar results were observed in a supplementary analysis treating values 

between the LOQ and LOD as observed and values below the LOD as the lowest possible 

concentration (Wilcoxon rank-sum p-value = 0.003; probability of a larger UMFA value in the 

intervention arm = 0.33 (vs. null hypothesis value of 0.50)). 

 
Figure 2. Serum unmetabolized folic acid in women at 36 weeks gestation 

    
 

 
 

3.2.2. Serum and red blood cell folate  
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Maternal serum folate concentrations were lower in the no folic acid group compared 

to the 800 µg folic acid/d group; median 23.2 nmol/L vs. 49.3 nmol/L, the ratio of geometric 

means was 0.56 (95% confidence interval (CI), 0.46 to 0.68 nmol/L), p<0.001 (Table 2). 

Similarly, median RBC folate concentrations were significantly lower in the no folic acid group 

than the 800 µg folic acid/d group; 1340 nmol/L vs. 1910 nmol/L, the ratio of geometric means 

was 0.69 (95% CI, 0.61 to 0.77), p<0.001 (Table 2). Serum and RBC folate concentrations 

were within normal clinical range for folate deficiency in both the intervention and control 

groups, >6.8 nmol/L for serum folate and >305 nmol/L for RBC folate concentrations. 

 
Table 2. Blood folate concentrations at 36 weeks and neonatal outcome by treatment group 

Outcome 

No folic acid1 
800 µg folic 

acid/d1 

Treatment 

effect2 

(95% CI) 

P-value 

Maternal serum folate, nmol/L 

(n=90) 

23.2  

(18.0, 28.4) 

49.3  

(32.7, 57.7) 

0.56 (0.46, 

0.68)3 
< 0.001 

Maternal red blood cell folate, 

nmol/L (n=90) 

1340  

(1150, 1510) 

1910  

(1530, 2300) 

0.69 (0.61, 

0.77)3 
< 0.001 

Gestational age at birth, wks 

(86)  
39.3 ± 1.7 39.0 ± 1.3 0.3 (-0.4, 1.0)4 0.36 

Birth weight, g (n=90) 3331 ± 519 3383 ± 473 -44 (-255, 166)4 0.68 

Birth length, cm (n=78) 49.3 ± 2.8 49.9 ± 2.7 -0.5 (-1.7, 0.8)4 0.46 

Birth head circumference, cm 

(n=68) 
34.1 ± 2.1 35.0 ± 1.3 -0.9 (-1.8, -0.1)4 0.04 

1 Values are median (IQR) or mean ± SD 
2 Adjusted for gestational age at trial entry for all outcomes and additionally for infant sex 
for birth anthropometric outcomes 
3 Treatment effect expressed as a ratio of geometric means (95% CI) 
4 Treatment effect expressed as a mean difference (95% CI) 

 

3.2.3. Birth outcomes  

There were no significant differences between the groups in birth outcomes, including 

gestational age, birth weight, and length, except for head circumference, which was lower in 

the no folic acid group compared to the 800 µg folic acid/d group (mean difference: -0.9cm; 

95% CI, -1.8, -0.1, P=0.04) (Table 2). 

 

3.2.4. Safety and adverse events  
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Adverse events were comparable between the groups, with nausea the most common 

symptom overall at 1 week post-randomization (27%) and at 20 weeks gestation (29%). One 

infant in each group was admitted to the Neonatal Intensive Care Unit, which was classified as 

a Serious Adverse Event. All serious adverse events were reviewed and categorized as unlikely 

related to the trial product or trial protocol. 

4. Discussion 

We examined the effect of removing folic acid from prenatal supplements after 12 weeks 

gestation on maternal UMFA in late pregnancy in a country with mandatory folic acid 

fortification. UMFA was detected in a smaller proportion of women randomized to the no folic 

acid supplement than the supplement containing 800 µg folic acid/d. Though UMFA was 

detected in the majority of women in our study (86%), most samples were below the LOQ 

(88% < LOQ 0.566 nmol/L), which meant we could not reliably report differences between 

groups in mean UMFA concentration. 

Our results are similar to the findings of the only other published RCT investigating the 

effect of prenatal folic acid supplementation on UMFA concentration. Pentieva et al. reported 

that women randomized to folic acid supplements were more likely to have detectable plasma 

UMFA at 36 weeks gestation than women randomized to placebo (42% vs. 16%) (21) but also 

found no significant difference in the mean concentration of UMFA between groups (0.13 ± 

SD 0.49 vs. 0.44 ± SD 0.80, interaction p-value = 0.38) (21). The dose of folic acid used by 

Pentieva et al. (21) was lower than that found in common prenatal multivitamin and mineral 

supplements in Australia and many other countries, which range from 500 µg to 1,000 µg/day 

(20, 38). Furthermore, the Pentieva et al. study was conducted in Northern Ireland, which at 

the time only had voluntary folic acid fortification (21). We had expected to detect higher 

UMFA concentrations in our study as women in our control group were receiving double the 

amount of folic acid and were also exposed to a background of folic acid as a result of 
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mandatory fortification in Australia. The prevalence of detectable UMFA in our population 

(86%) is similar to reports from observational studies in pregnant women in Australia (93%, > 

0.03 to 244.7 nmol/L) (17), USA (81%, 0.23 to 1.47 nmol/L) (18) and Canada (97%, 0.00 to 

0.91 nmol/L) (20). However, UMFA concentration differs substantially between studies and 

appears to be influenced by recent folic acid intakes, which may explain the variability. Pfeiffer 

et al. reported detectable levels of UMFA in nearly all National Health and Nutrition 

Examination Survey (NHANES) participants (>95%, range >0.3 to 397 nmol/L) (39). 

NHANES is a representative sample of the US population and includes men, women, and 

children. Although 38% of NHANES survey participants were fasting for >8 hours, Pfeiffer et 

al. reported that the detection of UMFA was evident regardless of fasting status; yet 

concentrations differed significantly by the length of fasting (39). 

We asked participants to avoid taking their study supplement on the day of their blood 

collection because we were interested in the chronic effect of folic acid supplementation on 

UMFA, not the acute effect, as this is well established (14, 16, 40). Zheng et al. reported that 

following a single dose of 800 µg folic acid in 20 healthy male subjects, UMFA increased, 

peaking at around 2.5 hours in plasma but returned to undetectable levels within 12 hours (40). 

Although we could detect UMFA in most participants, even those receiving no folic acid from 

study supplements (our intervention group), we had expected that chronic dosing of folic acid 

from early pregnancy would result in a greater accumulation of UMFA. However, this was not 

the case, and we could not quantify UMFA even in women who received 800 µg/d FA. 

Comparison of our results with other studies of UMFA is difficult due to differences in 

measurement methods. We only quantified down to the LOQ, which means we did not report 

values below the lowest value in the standard curve for UMFA. Other researchers quantify 

down to the LOD, which, if the term is being applied correctly, means that they are 

extrapolating below their lowest standard. 
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The serum and RBC folate differences were as expected and consistent with other prenatal 

folic acid supplementation trials (21, 30, 41). At 36 weeks gestation, median serum folate was 

~26 nmol/L lower, and median RBC folate was 600 nmol/L lower in the group receiving no 

folic acid versus 800 µg folic acid/d. Importantly all women remained above serum and RBC 

folate concentrations indicative of deficiency, >6.8 nmol/L and >305 nmol/L, respectively (42). 

Our study has many strengths, including a low attrition rate and a high rate of supplement 

adherence. We asked women to refrain from taking their study supplement for 24 hours prior 

to their blood sample collection to reduce the variation in UMFA caused by recent high-dose 

folic acid exposure. A limitation of our study is the absence of a baseline maternal blood sample 

at enrollment due to COVID-19 restrictions, which meant we could not examine changes in 

UMFA over time. 

In conclusion, our trial showed that removing folic acid from prenatal multivitamin and 

mineral supplements reduced the number of women with detectable UMFA at 36 weeks 

gestation; however, differences in UMFA concentration between treatment groups were not 

quantifiable. The high within-subject variation when measured under standardized conditions 

and the lack of evidence regarding what concentration of UMFA is normal suggests that UMFA 

may not be the best biomarker to determine chronic excess folic acid exposure. There is no 

question that folic acid supplementation is essential before and in early pregnancy, but 

investigating excess intake, especially in countries with mandatory fortification, is warranted. 

High-quality randomized trials powered with clinical endpoints are needed to resolve concerns 

regarding the potential adverse effects of excess folic acid in late pregnancy on children's 

health. 
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I aimed to determine the effect of removing folic acid from multivitamin and mineral 

supplements after the first trimester until 36 weeks of gestation on the levels of 

unmetabolised folic acid (UMFA) at 36 weeks’ gestation. In my RCT, the proportion of 

women with detectable UMFA was significantly higher in the 800 µg folic acid group than in 

the control group (0 µg folic acid). However, a mean difference in UMFA concentrations 

could not be determined because 88% of participants had UMFA concentrations below the 

level of detection (LOD, 0.55 nmol/L). Although the benefit of folic acid is clear for 

preventing neural tube defects (NTDs), it is important to note that the timing and the dose of 

folic acid are crucial. Recommendations from health agencies such as the WHO and 

RANZCOG are for women to take between 400 to 500 µg of folic acid per day to be taken 

one month before conception up until 12 weeks of gestation (1, 2). However, no guidelines 

advise women to discontinue folic acid after the first trimester. As such, most women 

continue taking folic acid throughout pregnancy (3, 4). It remains unclear whether the 

continued use of folic acid-containing supplements beyond the recommended time and 

dosage has benefits or harms to maternal and childhood health outcomes. Some observational 

studies have reported possible adverse outcomes related to excess folic acid exposure and/or 

elevated folate status, but other studies as reviewed in Chapter 2 have not reproduced these 

findings. The question remains whether there is an accumulation of UMFA, purported to be 

the best biomarker of chronic exposure to folic acid, in late gestation and whether the 

accumulation of UMFA would have any implications on maternal and child health. This 

thesis provides the first evidence from an RCT showing the effect of continued use of folic 

acid-containing multivitamin and mineral supplements on UMFA concentrations in late 

gestation in a country with mandatory folic acid fortification. 

My RCT showed that UMFA might not be the best biomarker to measure chronic 

exposure to folic acid in late gestation. As described earlier in Chapter 2, the rise of UMFA is 
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resulted from the saturation of the dihydrofolate reductase that converts folic acid to 

tetrahydrofolate. An earlier study reported that folic acid starts to appear in circulation after 

ingesting fortified foods with folic acid above 200 µg (5). Specifically, a pharmacokinetics 

study in 20 healthy men showed that at 800 µg of folic acid taken orally, folic acid peaks 

after 2.5 hours of ingestion, gradually disappears after that, and completely disappears at 12 

hours (6). In the RCT in this thesis, participants were instructed not to take the supplement in 

the morning of the blood draw at 36 weeks of gestation. Because the interest is in chronic 

exposure to folic acid, the instruction is given to ensure that there is no residual folic acid 

coming from recent intake, either from foods or supplements. Currently, no studies report the 

effect of chronic folic acid exposure at 800 µg or more of folic acid per day on UMFA. I 

showed regardless of treatment groups (0 µg vs. 800 µg of folic acid per day), UMFA was 

detected in both groups, 72% vs. 98%, respectively. Despite the mean difference in UMFA, 

concentrations could not be quantified because the overall concentrations were low.  

Several studies have reported the presence of UMFA in late gestation in women living 

in countries with and without mandatory folic acid fortification. All of these studies are 

observational, except for one reporting an RCT of 400 µg folic acid in Irish women (7). 

Pentieva et al. reported a significant difference in the proportion of women with detectable 

UMFA between 400 µg folic acid vs. 0 µg, which is 42% vs. 16%. Similarly, in my RCT, I 

reported differences in detectable UMFA, but the proportion of women with detectable 

UMFA was approximately double than that in Pentieva et al. It is possible that the doubling 

of the dose of 800 µg of folic acid may contribute to this. In Pentieva et al., only 16% of 

women receiving no folic acid had detectable UMFA compared to the women in the RCT of 

this thesis which is 72%. The difference could be attributed to the background of dietary folic 

acid intake. While Australia has mandatory fortification, the UK, including Ireland, did not 
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mandate folic acid fortification when the study took place. As of September 2021, the UK 

now mandates folic acid fortification.  

An earlier report from my research group of Western Australian women reported a 

similar proportion of women (93%) with detectable UMFA in late gestation (8). However, 

the study was observational. A controlled feeding study in pregnant women in the US where 

the women consumed 750 µg folic acid per day reported 81% of women had detectable 

UMFA (9).  

Although the proportion of women with detectable UMFA is quite similar between 

populations, the ranges of UMFA concentration differ quite significantly in different 

populations. In Chapter 4, it is reported that the range of UMFA was from undetectable to 

14.2 nmol/L. Meanwhile, Pentieva et al reported the highest detectable UMFA concentration 

was 2.25 nmol/L (7). West et al reported the range of serum UMFA concentrations from 0.1 

to 0.65 ng/mL, which is 0.23 to 1.47 nmol/L (9). The highest detectable UMFA in late 

pregnancy was reported in the cohort of Western Australian women where the range of 

UMFA concentrations was from 0.03 to 244.7 nmol/L (8).  

Several reasons might be in play to explain the differences in the range of detectable 

UMFA concentrations in these studies. One of the most significant ones is the method used to 

measure UMFA concentrations. Even though liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) is commonly used, serum sample preparation and extraction, 

standards, and determination for limit of detection (LOD) and limit of quantification (LOQ) 

differ significantly between laboratories. LC-MS/MS methods by Pfeiffer et al and Hannisdal 

et al are the two most common LC-MS/MS methods to quantify UMFA concentrations. The 

sample preparation and setting of LOD and LOQ differ significantly. Hannisdal et al. method 

only requires 60 µL of serum that can be used to measure UMFA while Pfeiffer et al method 

requires 275 µL to measure three folate forms including UMFA. When serum samples are 
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limited, Hannisdal method would be more feasible to perform (10). However, Hannisdal’s is 

a less sensitive method to Pfeiffer’s (11), where Hannisdal’s LOD and LOQ are 0.27 nmol/L 

and 0.53 nmol/L, Pfeiffer’s are 0.07 nmol/L and 0.14 nmol/L, respectively.  

While it would be easy to assume that the UMFA method being used in this thesis is 

not a sensitive method, this is not the case. In establishing the methods, the LC/MS experts 

overseeing and performing the method validation for UMFA follow the US FDA’s 

Bioanalytical Method Validation Guidance for Industry (12). The manual provides specific 

guidelines on how to set the limit of quantification (LOQ) as such it should be based on 

visual inspection and a signal to noise ratio (SNR) between 10-20. For the method used in 

this thesis, it is set at 14 and as such the LOQ is 0.566 nmol/L. As for the LOD a SNR of 3:1 

to 10:1 should be used, and 3 is used in this thesis.  

There is currently no standardised consensus in how to set the LOD and LOQ for 

UMFA measurement using LC/MS. Equally so, there is also currently no consensus in how 

to interpret the data if the value is below the LOD or LOQ. A couple approaches have been 

used by researchers which include: (i) Replacing any unquantifiable UMFA values with zero 

(7) and (ii) Using the LOD and dividing it with 2 or with 2 as referred to by more recent 

publication by Patti et al. (13). In this thesis, a more conservative approach has been used 

rather than performing data extrapolation as the standard curve below the LOD and LOQ is 

not linear. 

At present, it remains unclear whether the presence of UMFA or higher 

concentrations of UMFA is more relevant. Currently, there is no clinical cut-offs of UMFA 

concentrations for certain clinical outcome both in mothers and the offspring. For this reason, 

Hannisdal’s may be a fairly sensitive approach if the presence of UMFA is in contrast to the 

more pertinent concentration. Another differing factor of the two methods is in the sample 

preparation. The Pfeiffer’s method requires a lengthier preparation using solid phase 



 84 

extractions (SPE), which was also explored in this thesis where a volume 2.7x of serum 

sample compared to the current method was used, but lower folic acid was detected. 

Hannisdal’s, on the other hand, does not require SPE procedures.  

Unlike the microbiological assay that has been standardised internationally to 

measure serum and red blood cell (RBC) folate, the LC-MS/MS has not been standardised 

between laboratories. Considerations for standardisation may include: sample preparation 

steps, determination of LOD and LOQ, and range of concentrations and manufacturer for 

standards. Following which, comparisons between laboratories should be performed. It also 

remains important to determine whether it is the cut-off of UMFA concentration or presence 

of UMFA that has clinical relevance.  

Furthermore, this thesis reported that RBC folate concentrations were significantly 

higher between the 800 µg folic acid group compared to the no folic acid group, raising 

concern the potential harmful effect of elevated RBC folate concentration independent of 

UMFA. There is currently no upper level cut off for RBC folate levels. However, government 

and public health agencies recommend the Upper Tolerable Level of folic acid is 1000 µg per 

day. The main concern relating to elevated RBC folate due to high dose of folic acid intake is 

in its relations with masking vitamin B12 deficiency (masking megaloblastic anemia). This is 

of a particular concern among women of reproductive age. Other evidence in regard to 

elevated RBC folate have primarily been among other population groups: males or elderly. 

These potential adverse health outcomes include neurological diseases (14) and abdominal 

aortic calcification (15). Within the scope of this thesis, further research is necessary whether 

these adverse health outcomes may also be implicated in pregnant women exposed to high 

dose of folic acid during pregnancy.  

Finally, this thesis provides the first contemporary evidence of current practice of 

folic acid supplementation during pregnancy in a country with mandatory folic acid 
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fortification. Future research should address whether the continued use of folic acid-

containing multi-micronutrient prenatal supplement leads to adverse health outcomes in 

mothers and the offspring. Additionally, it is important if UMFA is the biomarker of interest 

for chronic exposure of excess folic acid and whether or not elevated UMFA, as also 

mentioned by Maruvada et al (16), affects any biological pathways related to health outcomes 

in mothers and offspring.  

 

Concluding remarks  

Folic acid fortification has been proven to be one of the most effective public health 

initiatives for lowering the prevalence of congenital impairments, notably neural tube defects. 

However, over the years, the practice has changed from what is recommended to raising 

concern about chronic exposure of excess folic acid during pregnancy on maternal health and 

the children's health. This thesis showed that at 800 µg of folic acid per day, it did not 

significantly increase UMFA concentrations in late gestation. There is a possibility that 

UMFA may not be the best biomarker for it, or if the practice of chronic excess folic acid 

alone may be potentially harmful via another mechanism that is not UMFA accumulation. It 

is also important to standardise the methods used to measure UMFA concentrations from 

blood processing until quantification, such as serum and RBC folate concentrations.  

Furthermore, although UMFA may not be the mediating factor by which chronic 

excess folic acid exposure during pregnancy affects maternal health and the children’s health, 

we must not disregard the mounting observational evidence showing the association. An 

adequately powered randomised clinical trial with clinical outcome would be an important 

next step to provide stronger evidence to inform about the effect of continued folic acid 

exposure during pregnancy on adverse health outcomes both in the mothers and offspring.  
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Appendices 
 

Appendix 1  
Best KP, Green TJ, Sulistyoningrum DC, Sullivan TR, Aufreiter S, Prescott SL, 

Makrides M, Skubisz M, O'Connor DL, Palmer DJ. Maternal Late-Pregnancy Serum 

Unmetabolized Folic Acid Concentrations Are Not Associated with Infant Allergic 

Disease: A Prospective Cohort Study. J Nutr. 2021 Jun 1;151(6):1553-1560. doi: 

10.1093/jn/nxab040. PMID: 33851208. 

 

My contribution in the paper is in sample management for the analysis of serum folate and 

UMFA. I performed all of the experiment to quantify serum folate concentration using 

microbiological assay. I also analysed the data for serum folate concentration.  
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Appendix 2 
 

Samson KLI, Loh SP, Lee SS, Sulistyoningrum DC, Khor GL, Mohd Shariff ZB, 

Ismai IZ, Makrides M, Hutcheon JA, Roche ML, Green TJ, Karakochuk CD. The 

Inclusion of Folic Acid in Weekly Iron-Folic Acid Supplements Confers no 

Additional Benefit on Anemia Reduction in Nonpregnant Women: A Randomised 

Controlled Trial in Malaysia. J Nutr. 2021 Aug 7;151(8):2264-2270. doi: 

10.1093/jn/nxab115. PMID: 33978167. 

 

My contribution to the paper includes: 1) creating a data management system using REDCap; 

2) training of the research assistants in the field to use the data management system, run a 

clinical trial, and collect biological specimen properly.  
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Appendix 3 
Samson KLI, Loh SP, Lee SS, Sulistyoningrum DC, Khor GL, Shariff ZBM, Ismai 

IZ, Yelland LN, Leemaqz S, Makrides M, Hutcheon JA, Roche ML, Karakochuk CD, 

Green TJ. Weekly iron-folic acid supplements containing 2.8 mg folic acid are 

associated with a lower risk of neural tube defects than the current practice of 

0.4 mg: a randomised controlled trial in Malaysia. BMJ Glob Health. 2020 

Dec;5(12):e003897. doi: 10.1136/bmjgh-2020-003897. PMID: 33272946; PMCID: 

PMC7716666. 

 

My contribution to the paper primarily with overseeing the management of the clinical trial 

from the beginning to the end. In addition to my contribution as stated in Appendix 2, I also 

trained and supervised the primary author of this paper in analysing the plasma and red blood 

cell folate concentrations. I conducted the validation for the microbiological assay in 

particular to choose the right dilution and validation of internal and external standards. I was 

also in the field for a total of one month; two weeks at the beginning of the clinical trial and 

towards the end of the clinical trial to provide technical supports.  
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Appendix 4 

Samson KLI, Loh SP, Khor GL, Mohd Shariff Z, Yelland LN, Leemaqz S, Makrides M, 

Hutcheon JA, Sulistyoningrum DC, Yu JJ, Roche ML, De-Regil LM, Green TJ, 

Karakochuk CD. Effect of once weekly folic acid supplementation on erythrocyte folate 

concentrations in women to determine potential to prevent neural tube defects: a randomised 

controlled dose-finding trial in Malaysia. BMJ Open. 2020 Feb 5;10(2):e034598. doi: 

10.1136/bmjopen-2019-034598. PMID: 32029499; PMCID: PMC7044827. 

 

My contribution to the paper was to provide advice on the technical aspect of running a 

clinical trial from data management, randomisation, blinding, masking, and collecting 

biological specimen.  
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Appendix 5 

Probst Y, Sulistyoningrum DC, Netting MJ, Gould JF, Wood S, Makrides M, Best KP, 

Green TJ. Estimated Choline Intakes and Dietary Sources of Choline in Pregnant Australian 

Women. Nutrients. 2022; 14(18):3819. https://doi.org/10.3390/nu14183819 

 
As this paper is stemmed from the RCT in Chapter 4, I have contributed in conducting the 

RCT and the methodological aspect of collecting food frequency questionnaire for dietary 

intake.  
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Appendix 6 

Cohort Studies Investigating the Associations between Maternal Folate and Allergy Risk in Offspring 

Study, 

year 

Population/ 

Number of 

Participants, 

Country 

Maternal 

exposure and 

assessment 

Offspring outcome 

assessment 

Association between exposure and allergic 

disease outcome/s  

 

(≠), 

(+), 

or 

(-)  

Covariates (confounding) 

adjustment 

 

Alfonso et 

al., 2018  

2543 pregnant 

women from the  

University of 

California Los 

Angeles 

Environment and 

Child Health 

Outcomes Study, 

USA 

2003  

 

Self-reported 

FACS use 1st, 2nd, 

3rd trimester or 

never.  

 

  

Parent reported 

symptoms of wheeze 

using ISAAC at 3 y. 

Timing of FA supplement initiation was not 

associated with wheeze.  

 

Initiation of FA supplementation in late 

pregnancy associated with increased risk of 

wheeze in children born to mothers with 

history of atopy. 

 

(-) 

 

Maternal race/ethnicity 

age, education, preconception 

vitamins, initiation of prenatal 

care, alcohol, environmental 

tobacco smoke, pre-pregnancy 

BMI, marital status, primary 

source of payment for prenatal 

care, parity, birth outcome, 

maternal history of atopy, duration 

of exclusive breastfeeding, child 

attendance day care/preschool, 

infection during pregnancy, and 

housing characteristics. 

Bekkers et 

al., 2012  

3,963 pregnant 

women from the  

 

Prevention and 

Incidence of 

Asthma and Mite 

Allergy study. 

The Netherlands, 

1996-1997 

FACS pre-

pregnancy and 

during pregnancy 

by maternal 

questionnaire at 

30 to 36 weeks 

GA. 

Parental reported 

asthma and eczema 

symptoms using 

ISAAC from 1 to 8 

y. 

 

Bronchial 

hyperresponsiveness 

and sensitisation at 8 

y. 

 

No overall (1 – 8 years) association between 

maternal use of FACS and asthma and 

eczema symptoms. 

 

FACS use associated with higher rate of 

wheeze at 1 y and with eczema at 7 y.  

 

No association with sensitisation (IgE) or 

bronchial hyperresponsiveness at 8 y. 

(≠) 

(-) 

 

Maternal age, education, allergy, 

BMI, smoking during pregnancy, 

vitamin supplements use other 

than folic acid-only. Child sex, 

birth weight, gestational age, 

number of older siblings, breast 

feeding duration, smoking in the 

home, type of day care and region. 

Best et al., 

2021  

561 mother-infant 

pairs from the  

 

Western Australia 

prospective 

cohort study. 

Maternal serum 

UMFA and folate 

concentration 

between 36-40-

weeks GA. 

Physician-diagnosed 

eczema, IgE-

mediated food 

allergy, and skin 

prick test (SPT) at 1 

y. 

No association between late gestation 

maternal UMFA or folate concentrations and 

infant allergic disease outcomes.  

 

(≠) 

 

Maternal age, further maternal 

education after high school, 

maternal Caucasian ethnicity, 

maternal cat/dog ownership, 

maternal parity, vaginal delivery, 
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Australia 

2011 to 2016, 

infant sex, infant birth weight, and 

infant gestational age at birth. 

denDekker 

et al., 2018  

5653 children and 

their mothers   

 

Generation R 

Study. The 

Netherlands, 2002 

to 2006. 

Maternal FA 

supplement use 

before 18 weeks 

GA (>10 weeks or 

preconception); 

maternal folate 

concentration in 

early pregnancy; 

cord blood folate 

concentration. 

Physician-diagnosed 

asthma and 

wheezing in the past 

12 mos at 10 y. 

No association with FA supplement use and 

current asthma. 

 

No significant association between maternal 

folate concentrations in early pregnancy or 

in cord blood and current asthma. 

 

 

(≠) Maternal age, parity, 

history of asthma, eczema or 

allergy and educational 

level. Maternal weight and height 

at enrollment. Maternal smoking 

and alcohol use during pregnancy. 

Child's sex, gestational age at birth 

and birthweight.  

Dunstan et 

al., 2012  

628 pregnant 

women recruited 

in last trimester. 

 

The Infant Fish 

Oil 

Supplementation 

Study (IFOS). 

Australia, 2005 to 

2008. 

Folate intake from 

diet and 

supplement use 

using SQ-FFQ at 

>26 weeks GA; 

maternal serum 

folate in 3rd 

trimester and cord 

blood folate. 

Physician-diagnosed 

eczema, food 

allergy, and allergic 

sensitisation; IgE-

mediated food 

allergy, eczema, SPT 

and asthma at 1 y. 

No association between cord blood folate or 

maternal folate intake from foods and infant 

eczema. 

 

FA supplementation (>500µg vs <200 

µg/day). associated with increased risk of 

eczema. 

 

Cord blood folate <50nmol/L and >75 

nmol/L associated with greater sensitisation 

risk. 

(-) 

 

(U) 

 

 

Maternal age, maternal allergic 

disease (and sensitisation), parity, 

socioeconomic status, education 

level, daycare attendance, 

infection history, postnatal dietary 

intervention, pet keeping, 

breastfeeding, infant dietary 

patterns. 

Fortes et 

al., 2019  

 

395 pregnant 

women delivering 

at G. B. Grassi 

Hospital 

 

Italy, 2018 

FA only or FA 

and iron 

supplement use in 

the 1st & 2nd 

trimesters via 

hospital clinical 

records. 

Parent reported AD 

based on the UK 

Diagnostic Criteria 

for atopic dermatitis 

at 6 y. 

 

 

No association with FA only supplements 

and AD.   

 

FA and iron supplement use associated with 

decreased risk of AD. 

 

(≠) 

 

Maternal age, education, passive 

smoking, family history of AD, 

food supplement use, food antigen 

avoidance, dietary intake of fruits 

and vegetables, BMI, maternal 

psychological distress, 

breastfeeding, birth weight, 

infant's sex, day care attendance, 

the presence of domestic animals, 

early introduction of weaning 

foods, indoor and outdoor allergen 

exposure. 

Granell et 

al., 2008  

5364 mother/child 

pairs from the 

Avon 

Maternal dietary 

folate intake at 32 

Atopy in the child 

assessed by skin 

prick test 7-8 y; 

Maternal folate intake was not associated 

with childhood atopy. 

 

(≠) 

 

Prenatal and post-natal smoking, 

maternal education and social class 
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Longitudinal 

Study of Parents 

and Children 

(1991 to 1992). 

 

United Kingdom,  

outcome assessed 

1998 to 1999. 

weeks GA from 3-

day FFQ.  

FA supplement 

use at 18 and 32 

weeks GA. 

asthma defined as 

physician diagnosis 

and current 

symptoms at 7 ½ y. 

The study did not report any findings related 

to maternal folate intake with asthma. It was 

reported that childhood asthma did not differ 

between child's MTHFR C677T genotypes 

(CC, CT, and TT; p=0.94).  

Haberg et 

al., 2009  

 

32 077 pregnant 

women- from The 

Norwegian 

Mother and Child 

Cohort Study, 

Norway, 2000-

2005. 

Maternal intake of 

FA supplements 

from 0-30 weeks 

GA using the 

sstudy's own 

questionnaire.  

Parent reported 

wheeze between 6 

and 18 mos of age 

using the study's 

own questionnaire.  

 

FA supplements in the first trimester 

associated with increased risk of wheeze 

between 6 to 18 mos. 

 

(-) 

 

Intake of other supplements in 

pregnancy, infant sex, birthweight, 

month of birth, maternal atopy, 

maternal educational level, parity, 

maternal smoking in pregnancy, 

type of day care, parental smoking 

in first 3 months after birth, breast 

feeding at 6 months, and exposure 

to vitamin supplements or 

cod liver oil at 6 months of age. 

Kiefte-

deJong et 

al., 2012  

 

8742 mother-

child pairs from 

the Generation R 

study, The 

Nertherlands, 

between 2002-

2006 

Maternal report of 

periconceptional 

or early pregnancy 

(0-10 weeks) 

FACS use and 

maternal plasma 

folate analysis at 

13.5  2.0 weeks 

GA. 

Annual parental 

report of AD and 

wheeze symptoms 

using ISAAC to 48 

mos. 

No association with maternal FACS use on 

AD or wheeze to 48 mos. 

 

Maternal plasma folate 16.21 to 23.20 

nmol/L and >= 23.21 nmol/L associated 

with increased risk of atopic dermatitis but 

no association with wheeze.  

 (≠) 

 

 

 

(-) 

 

 

 

 

Maternal age, BMI, maternal 

educational level & ethnicity, 

parity, infant's sex, infant's birth 

weight and gestational age at birth; 

any maternal smoking & alcohol 

consumption during pregnancy; 

duration of breastfeeding; 

attendance of day care, parental 

atopic constitution.  

Kim et al., 

2015  

 

917 mother-child 

pairs from the 

Mothers and 

Children's 

Environmental 

Health  

Study. 

South Korea 

2006-2011. 

Maternal serum 

folate 

concentrations 

during mid-

pregnancy (12-28 

GA weeks) and 

late pregnancy. 

 

Cord blood IgE at 

birth and 24 moss; 

AD and asthma 

symptoms using 

ISAAC at 6, 12 and 

24 mos. 

Maternal serum folate in mid-pregnancy 

associated with a decreased risk of AD at 24 

mos. 

 

Asthma data excluded from the analysis due 

to lack of statistical power resulting from 

low asthma prevalence.  

(+) 

 

Infant sex, birth weight, 

gestational age, duration of 

breastfeeding, maternal age, 

maternal history of allergic 

disease; urinary cotinine levels in 

mid- and late-pregnancy as a 

marker of exposure to nicotine, 

pre-pregnancy BMI. 
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Liu et al., 

2020  

 

9100 mother–

child pairs 

randomly selected 

from a 

community 

intervention trial 

(n=247 831). 

 

China, 1993-

1996.  

 

Self-reported folic 

acid intake during 

the 1st trimester 

of pregnancy vs.  

no folic acid use 

via questionnaire.  

Parent reported 

allergy and asthma 

symptoms using the 

Child Behaviour 

Checklist at 4-6 y. 

Maternal folic acid supplementation vs no 

supplementation was not associated with 

risk of allergy symptoms at 4-6 y.  

(≠) 

 

Maternal age at childbirth, 

education, occupation and parity. 

Because rates of childhood allergy 

symptoms and asthma differ 

between northern and southern 

China, further analyses stratified 

by region was performed. 

Magdelijns, 

et al. 2011  

 

2834 healthy 

pregnant women 

from the KOALA 

Birth Cohort 

Study.  

 

The Netherlands, 

2002  

Self-reported FA 

use (stand-alone 

and/or 

multivitamin 

supplement).  

Eczema and wheeze 

at 3, 7, 12, and 24 

mos, 4 to 5 y, and 6 

to 7 y using ISAAC; 

Nurse assessed 

eczema using the 

UK Working Party 

criteria and total & 

specific IgE levels at 

2 y; asthma & lung 

function at 6 to 7 y. 

Overall, no association with maternal folic 

acid supplement use and risk of wheeze, 

asthma or AD. 

 

 

 

(≠) 

 

Maternal antibiotic use, smoking 

& alcohol use in pregnancy, mode 

and place of delivery, birth weight, 

infant sex, infant antibiotics during 

the first 6 mos of life, exposure to 

environmental tobacco smoke and 

domestic animals, breastfeeding, 

maternal education level, family 

history of atopy, siblings, day care 

attendance, and multivitamin or 

other supplement use during 

pregnancy.  

Martinusse

n et al., 

2012  

 

1499 women from 

the Perinatal Risk 

of Asthma in 

Infants of 

Asthmatic 

Mothers 

 

USA, 2003-2007. 

Self-reported folic 

acid intake 1 

month prior to 

conception 

through to the 3rd 

month of 

pregnancy. 

 

Parental 

Maternal report of 

physician diagnosis 

of asthma, wheezing 

or whistling in the 

chest in the last 12 

mos at 6 y. 

Questions asked: 

""as the child ever 

been diagnosed by a 

doctor or health 

professional as 

having asthma?"" 

and ""as your child 

had wheezing or 

whistling in the chest 

No association between maternal folic acid 

intake and asthma at 6 y.  

 

(≠) 

 

Maternal, ethnicity, marital status, 

household income, parity, asthma, 

smoking during pregnancy, use of 

other vitamins (C, D, and E), iron 

use, and calcium use in the first 

trimester. 
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in the last 12 mos?"" 

A positive answer to 

both these questions 

was considered a 

positive definition of 

current asthma. 

McGowan 

et al., 2020  

1,394 children 

from the Boston 

Birth Cohort who 

participated in the 

follow up study, 

the Children's 

Health Status. 

 

USA, 2018.  

Maternal plasma 

total folate at 

delivery*; cord 

blood (CB) 

plasma UMFA 

and 5-MTHF 

 

 

 

* Referring to 

Wang et al. blood 

was taken AFTER 

delivery (48-72 

hrs after). 

 

 

Food-Specific IgE 

using ImmunoCAP, 

food sensitisation 

(FS) defined by food 

specific IgE and 

food allergy (FA) in 

early childhood, 0-5 

y. 

  

There was no association between increasing 

quartiles of maternal total folate at delivery 

and FS at (on average) 2.4 y.  

 

Maternal total folate concentrations at 

delivery between those whose children later 

developed FA vs not developed FA at (on 

average) 2.4 y, were 30.2 vs. 35.3 nmol/L.  

 

Maternal total folate concentrations in the 

third quartile (30.4 – 44.8 nmol/L) vs. in the 

first (6.64 – 19.7 nmol/L) was associated 

lower odds of developing FA at (on average) 

2.4 y.  

 

There was no association seen between 

increasing quartiles of CB UMFA 

concentrations and FS in multiple logistic 

regression models.  

Increasing UMFA quartiles was associated 

with FS using sensitivity analyses examining 

a higher threshold for sIgE (0.7 kU/L) at (on 

average) 2.4 y.   

 

Increasing quartiles of CB UMFA 

concentrations was associated with an 

increased odds of developing FA in a dose-

response manner (test for trend p value = 

0.001).  

 

No significant association was seen between 

cord blood 5-MTHF concentrations and the 

development of FS or FA.  

(≠) 

 

 

 

 

 

(+) 

 

 

 

 

 

(+) 

 

 

 

(≠) 

 

 

 

 

(-) 

 

 

 

 

(U) 

 

 

 

 

 

(≠) 

Information on demographics, in 

utero, and post-natal exposures, 

such as race/ethnicity, infant 

feeding, maternal smoking, 

prenatal folic acid intake, and 

maternal history of atopy were 

collected from the mothers via 

questionnaire. Information was 

further collected from the medical 

record regarding mode of delivery, 

gestational age, maternal 

education, pre-pregnancy maternal 

BMI, and maternal age at delivery. 



 135 

 

Miyake et 

al., 2011  

 

763 healthy 

mother-child pairs 

recruited between 

5th and 39th of GA  

 

Osaka Maternal 

and Child health 

Study (OMCHS), 

Japan, 2002 to 

2003 

Maternal folate 

intake during 

pregnancy using 

self-administered 

diet history 

 

Maternal reported 

cchild'swheeze and 

asthma based on 

ISAAC 

questionnaire in 

infants aged 16-24 

mos. 

No association between maternal 

consumption of folate and risk of wheeze or 

eczema at 16-24 mos.  

 

 

(≠) 

 

Maternal age, GA & residential 

municipality at baseline, family 

income, parental education, 

parental history of asthma, atopic 

eczema, and allergic rhinitis, 

changes in maternal diet in the 

previous1 mo, season at data 

collection, maternal smoking 

during pregnancy, baby's older 

siblings, baby's sex, baby's birth 

weight, household smoking in the 

same room as the infant, 

breastfeeding duration, age at 

which solid foods were introduced, 

age of the infant, and maternal 

intake of DHA, n-6 PUFA, vit D, 

calcium, vit E, and b-carotene  

Miyashita 

et al., 2020  

6651 mother-

child pairs 

(healthy women).  

 

Hokkaido Study 

on Environment 

and Children's 

Health. 

 

Japan, 2003 and 

2012. 

Maternal serum 

folate levels in the 

first-mid and third 

trimester   

Wheezing symptoms 

of children at 1, 2, 4, 

and 7 y using a 

modified section of 

the ISAAC 

questionnaire.  

Higher maternal folate levels (highest 

quartiles vs. second highest) increased 

adjusted ORs of childhood wheezing at 2 y, 

but not at 1, 4, and 7 y.  

(-) 

 

Maternal age, parity, delivery year, 

alcohol consumption during 

pregnancy,  

maternal cotinine level for nicotine 

marker, parental 

allergic history, annual household 

income, and child's sex.  

 

Molloy et 

al., 2020  

1074 mother-

infant pairs. 

  

Barwon Infant 

Study (BIS). 

 

Australia, 2010 to 

2013 

Maternal RBC 

folate at 28-32 

weeks GA by 

chemiluminescent 

immunoassay.  

 

Maternal dietary 

folate intake by 

dietary 

questionnaire for 

Infant challenge-

proven food allergy, 

food sensitisation 

and eczema at 1 y.  

 

Food sensitisation 

using a SPT test to: 

cow's milk, egg, 

peanut, cashew and 

sesame. All 

There was no association between RBC 

folate and challenge-proven food allergy; 

food sensitisation (either ≥2 or ≥3 mm wheal 

size); and SPT wheel size when the SPT 

wheel size treated as continuous measures. 

  

There was no association between "high"  

"RBC folate (>1360 nmol/L) and offspring 

food allergy; food sensitisation ≥2 mm or 

≥3mm wheal size; and eczema.  

(≠) 

(≠) 

(≠) 

 

Ethnicity, family history of allergy 

and # of siblings, smoking & 

alcohol consumption in pregnancy, 

markers of SES & SEIFA: parental 

education, household income, 

FACS, maternal age, pet 

ownership in pregnancy, infant 

birthweight and sex.  
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epidemiological 

studies v.2 

(DQES). 

 

Maternal folate 

supplementation 

recorded in 

trimester 1 and 2 

questionnaires.  

participants with 

SPT wheals ≥1 mm 

than the negative 

control were offered 

an in-hospital open 

food challenge.  

 

Eczema using 

questionnaires 

(modified from the 

UK working party 

criteria) at 1, 3, 6, 9 

mos and 1 y & 

clinical assessments 

at 1 mo, 6 mos and 1 

y.  

 

There was no association between FACS in 

pregnancy and allergic outcomes in 

offspring.  

Nwaru et 

al., 2011  

 

3523 mother-

child pairs (3253 

participants and 

270 non-

participants) 

 

Finnish Type 1 

Diabetes 

Prediction and 

Prevention 

Nutrition Study. 

Finland, 1996 to 

1997.  

Maternal dietary 

folate during the 

8th month of 

pregnancy using 

FFQ (checked by 

nutritionist and 

validated with 10-

day food record). 

 

Child's asthma, 

rhinitis or wheeze at 

age of 5 years based 

on the ISAAC 

questionnaire. 

Asthma was defined 

as doctor-diagnosed 

asthma. Children 

were followed up at 

5 y. 

There was no association between maternal 

dietary folate intake during pregnancy and 

the risk of asthma, rhinitis or eczema in the 

offspring.  

 

 

 

. 

 

(≠) 

 

Sex of child, 

place of birth, season of birth, GA 

at birth, maternal age at birth, 

maternal basic education, maternal 

smoking during pregnancy, mode 

of delivery, number of siblings, 

parental asthma, parental allergic 

rhinitis, pets at home at 1 year of 

age, and atopic eczema by 6 

months of age, maternal intake of 

vit D and PUFA.  

Ogawa et. 

al, 2018  

310 singletons 

with their mother 

(healthy)  

 

The National 

Center for Child 

Health and 

Development 

(NCCHD). Japan, 

2010 to 2013  

Maternal folate 

rich vegetable 

using self-

administered FFQ 

both during early 

pregnancy (until 

16 weeks GA) and 

mid to late 

pregnancy (from 

Maternal reported 

childhood wheeze at 

2 y using the ISAAC 

questionnaire. 

 

Highest vs lowest maternal intake of folate-

rich vegetables was associated with lower 

prevalence of wheeze in the offspring at 2 y. 

(+) 

 

Self-reported pre-pregnancy height 

and weight, parity, parental 

asthmatic history, weight gain 

during pregnancy, maternal age, 

sex of the infant, mode of delivery, 

GA and birth weight from medical 

charts, annual household income 

and maternal education, 

breastfeeding and height and 

weight of the offspring. 
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26 weeks GA to 

delivery) 

Parr et al., 

2017  

39,846 children 

for asthma based 

on Norwegian 

Prescription 

Database.  

 

28.872 children 

for asthma and 

atopy on maternal 

questionnaire 

report. 

 

Norwegian 

Mother and Child 

Cohort (MoBa) 

Study. Norway, 

2002 to 2006. 

Maternal total 

folate intake 

(DFE) including 

food folate and 

FACS using FFQ 

administered at 

about 22 weeks 

GA.  

 

Maternal plasma 

folate 

concentrations 

measured approx. 

18 weeks GA.  

Current asthma in 

children examined 

using either at least 

two pharmacy 

dispensations of 

asthma medications 

or maternal report of 

the child ever having 

doctor-verified 

asthma plus either 

asthma symptoms or 

asthma medication 

use in the past year 

at 7 y in 2014.  

 

Current eczema or 

allergy to either 

pollen or animal hair 

(cat or dog) in the 

past year by maternal 

report. 

Highest quantile (vs. lowest quintile) of 

maternal folate intake was associated with 

increased risk of asthma and asthma and 

atopy at 7 y.  

 

 

(-) Potential confounders and other 

covariates 

evaluated were based on data from 

the birth registry (maternal age at 

delivery, parity, child's sex, and 

birth weight) or MoBa 

questionnaires completed around 

gestational weeks 18 (baseline) 

and 30, and when the child was 

aged 6 or 18 mos. 

Roy et al., 

2018  

 

858 healthy 

women with their 

offspring (852 

with 2nd trimester 

and 818 with 3rd 

trimester plasma 

folate values).  

 

Conditions 

Affecting 

Neurocognitive 

Development in 

Early Childhood 

(CANDLE) study. 

USA, 2006 to 

2011. 

Plasma folate 

concentrations at 

2nd and 3rd 

trimesters using 

folate 

microbiological 

assay. 

 

Current wheeze 

within the past 12 

mos captured at 3 y.  

Atopic dermatitis 

(AD) or eczema, 

doctor-diagnosed 

during 3rd year of 

life. 

 

No associations between 2nd trimester folate 

as a continuous exposure with wheeze, AD 

or eczema.  

 

Plasma folate concentrations ≥20 ng/mL in 

2nd trimester was associated with decreased 

odds of current wheeze at 3 y.  

 

There was no associations between 3rd 

trimester folate with wheeze, AD or eczema. 

 

 

(+) Maternal age at enrollment, self-

reported 

race, education, prenatal smoking, 

asthma, pre-pregnancy body mass 

index, 2nd trimester vitamin 

D levels, parity, delivery route, 

and child sex and birthweight.  
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Trivedi et 

al., 2018  

1279 mother-

child pairs. 

 

Project Viva, an 

ongoing 

prospective 

cohort study.  

USA, 1999 to 

2002.  

Folic acid 

(ingested foods 

and dietary 

supplements) 

intake using SQ-

FFQ at the 1st 

trimester visit 

(during this 

pregnancy) and at 

the 2nd trimester 

(during the past 3 

months of 

pregnancy). 

Physician-diagnosed 

current asthma at 

mid-childhood (9-11 

y) based on the 

validated ISAAC 

questionnaire.  

Higher folic acid intake was associated with 

lower odds of asthma in mid-childhood (9-

11 y), in an unadjusted logistic regression 

model.  

 

This association was attenuated after 

adjusting for covariates. 

 

(≠) Maternal age, history of asthma, 

educational attainment, and 

household income, child's sex and 

date of birth from hospital records 

and determined gestational age at 

delivery, maternal reported child's 

race/ethnicity and breastfeeding 

duration.  

 

At the mid-childhood in-person 

visit, child age was recorded 

and we measured child height 

using a stadiometer. 

Tuokkola 

et al., 2016  

 

1922 mothers 

(with 4982 

children). 

 

Finnish Type 1 

Diabetes 

Prediction and 

Prevention 

(DIPP) Nutrition 

study. Finland, 

1997 to 2004.  

 

Maternal diet 

(dietary folate and 

FACS) during 

pregnancy (8th 

month) using SQ-

FFQ. 

 

Physician-diagnosed 

ccow'smilk allergy 

(CMA) at 3 y.  

 

Folate intake and folic acid supplement use 

were associated with an increased risk of 

CMA in the offspring at 3 y. 

(-) 

 

Energy intake, child's sex and birth 

weight, maternal age and 

education, maternal smoking status 

during pregnancy, duration of 

gestation, type of delivery, number 

of older siblings, season of birth, 

length of breast-feeding, atopic 

family history, study centre, 

urbanity of the living environment, 

visits to a stable and pet keeping 

during the 1st year of life were 

adjusted for in the analysis.  

Veeranki et 

al., 2015  

 

104,428 mother-

child dyads. 

Tennesse 

Medicaid. USA, 

1996 to 2005.  

 

Folic acid 

containing 

prescriptions 

during pregnancy 

(no prescription 

filled, 1st trimester 

only, after 1st 

trimester, and 

both during and 

after 1st trimester) 

from the 

pharmacy files. 

Early childhood 

asthma at ages 4.5-6 

y as defined using a 

previously validated 

algorithm that uses 

asthma-specific 

healthcare visits 

(ICD-9 diagnosis) 

and asthma-specific 

medication fills. 

Folic acid prescription in the 1st trimester 

only was associated with increased relative 

odds of asthma in children between 4.5-6 y.  

 

Folic acid prescription in the 1st trimester 

and beyond increased odds ratio for asthma 

diagnosis to 1.2 in children between 4.5-6 y.  

 

(-) 

 

Maternal race, age at delivery, 

education, smoking during 

pregnancy, marital status, 

year of pregnancy, history of 

asthma, region of residence, and 

adequacy of prenatal care.  

Child's gender, birth weight, 

estimated gestational age, and 

number of siblings.  
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Whitrow et 

al., 2009  

557 children at 

completion of 

pregnancy phase 

(490 at 3.5 years 

follow up; 423 at 

5.5 years follow 

up) with their 

mother.  

 

The Generation 1 

Cohort Study in 

South Australia 

between. 

Australia, 1998-

2000.  

Maternal dietary 

folate in early and 

late pregnancy 

using FFQ and 

FACS 

questionnaire 

before pregnancy; 

and at both early 

and late 

pregnancy 

obtained through 

an interview by a 

trained research 

nurse.  

Maternal report on 

child's physician-

diagnosed asthma 

status at 3.5 y, as 

well as atopic and 

non-atopic asthma.  

Folic acid taken in supplement form in late 

pregnancy was associated with an increased 

risk of childhood asthma at 3.5 y.  

 

There was no significant association 

between FACS in late pregnancy and asthma 

at 5.5 y. 

(-) Maternal education; 

maternal smoking; maternal intake 

of vit E, vit A, 

vit D, and zinc (assessed as per 

method for dietary and 

supplemental folate above, 

supplement only for vit D); 

GA; parity; gravida; breastfeeding 

duration; and maternal asthma. 

Ye et al., 

2020  

456 pregnant 

women recruited 

at 12-14 weeks 

and their 

offspring. 

 

Maternal Key 

Nutritional 

Factors and 

Offspring's 

Atopic Dermatitis 

(MNKNFOAD) 

Study. China, 

2016 to 2018.   

Periconceptional 

FACS use in the 3 

mos before 

pregnancy or in 

the 1st trimester of 

gestation through 

self-administered 

questionnaire.  

 

Fasting maternal 

RBC and serum 

folate 

concentrations at 

enrolment 

(between 12-14 

weeks GA).  

Infant atopic 

dermatitis (AD) that 

occurred within 6 

mos (Primary 

outcome).  

 

Final diagnosis 

confirmed at 1 y by 

three experienced 

paediatric 

dermatologists 

through panel 

discussion 

(Secondary 

outcome).  

Higher maternal RBC folate levels (per 100 

ng/mL) were associated with an increased 

risk of AD.  

 

An RBC folate level ≥620 ng/mL was 

associated with increased infant AD by 91%. 

 

There was no association between fasting 

maternal serum folate at early gestation or 

periconceptional folic acid supplement 

intakes with AD.  

 

(-) 

(≠) 

 

Maternal age at enrolment, 

education level, preconception 

BMI, GA at enrolment, 

parity, self and family history of 

allergic disease (ie AD, allergic 

rhinitis, and asthma), alcohol 

consumption, smoke exposure, 

hair colouring, home decoration, 

and pet keeping for 3 months 

around conception. Child's 

birthweight and gender, delivery 

mode, and GA through electronic 

medical records. 

Yu et al., 

2017  

 

1320 infant-

mother pairs. 

 

China, 2011 to 

2012. 

 

Folic acid 

supplements 1 mo 

before pregnancy, 

early-stage 

pregnancy, middle 

and later stage of 

pregnancy 

 

Physician-diagnosed 

wheezing in infants 

within 2 y of birth 

according to Zhu 

Futang Practice of 

Pediatrics 

 

For infants whose mothers begin to take 

folic acid in middle and late stage of 

pregnancy, the risk of wheezing was 1.95 

times greater (95%CI =1.05, 3.62; p=0.03) 

than that of infants whose mothers did not 

take folic acid. Among infants, with or 

without wheezing, whose mothers did not 

have family-specific constitution, there was 

(≠) 

 

No adjustment. 
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no significant difference in the pregnancy 

stage of taking folic acid (p>0.05). 

Zetstra-van 

der Woude 

et al., 2014  

 

35 604 children 

with their mother.  

 

The pregnancy 

database IADB.nl 

which contains 

pharmacy-

dispensing data of 

mothers and 

children from 

community 

pharmacies. The 

Netherlands, 1994 

to 2011. 

 

Folic acid (FA) 

exposure defined 

as at least one 

dispension of 

high-dose FA 

during pregnancy. 

Preparation 

dispensed (FA 5 

mg) or the number 

of daily doses 

prescribed and the 

number of days 

prescribed for.  

 

Timepoints: 3 mos 

before pregnancy, 

three trimesters, 

the first 3 mos and 

the period of 3-6 

mos after 

pregnancy.  

Dispense of asthma 

medication for the 

child was taken as a 

proxy for childhood 

asthma.  

 

Exposure to maternal high-dose FA during 

pregnancy was associated with the risk of 

asthma medication (increased 

up to 26% for the recurrent dispension of 

inhalation corticosteroid [ICS]). 

 

Both high-dose FA only dispensed in the 1st 

trimester (n = 176) and high-dose FA only 

dispensed in the 3rd trimester (n = 563) 

versus no dispension showed an increased 

but non-significant risk for recurrent ICS.  

 

Maternal high-dose FA was associated with 

increase any asthma medication (1.34), 

recurrent asthma medication (1.36), any ICS 

(1.39), and for recurrent ICS (1.36) in only 

children aged 8 y and older.  

 

Timing of FA use during pregnancy have a 

significant effect on the associations studied.  

(-) 

 

Age of the mother, single or 

multiple pregnancy, maternal 

asthma medication, paternal 

asthma medication, medication 

associated with high-dose folic 

acid supplementation, dispension 

of 

iron supplements, antifolate 

medication, antidepressants, 

antihypertensives, antidiabetics, 

and benzodiazepines 

during pregnancy 

BMI: body mass index, DHA: docosahexaenoic acid, DFE: dietary folate equivalents, FACS: folic acid containing supplement, FFQ: food frequency questionnaire, GA: gestational age; 

ISAAC: International Study of Asthma and Allergies in Childhood, RBC: red blood cell, PUFA: polyunsaturated fatty acids; SES: socio‐economic status, SEIFA: Socio‐Economic Indexes for 

Areas,  

(≠): no associations 

(-): negative association (higher maternal folate was associated with increased allergy risk in offspring) 

(+): positive association (higher maternal folate was associated with decreased allergy risk in offspring) 

(U): U-shaped association 
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Appendix 7  

Randomised Controlled Trials (RCTs) Investigating Maternal Folate Interventions and Allergy Risk in Offspring  

Study, 

year 

Population/Number 

of participants, 

Country 

Maternal intervention Offspring outcome 

assessment 

Results (≠), 

(+), (-

) 

Covariates 

(confounding) 

adjustment  

Dobó & 

Czeizel, 

1998  

625 (out of 800; 

78%) mother-child 

pairs. receiving 

periconceptional 

multivitamin (MV) 

with or without 

0.8mg folic acid and 

their children.  

 

The Hungarian 

Optimal Family 

Planning Programme 

(HOFPP). Hungary, 

1984-1992. 

The women entering the 

study were randomly 

assigned to receive either an 

MV (Elevit Pronatal, 

Hoffman-La Roche) or a 

placebo-like TE supplement 

as a single tablet each day 

for at least 1 mo before the 

planned conception and at 

least until the date of the 

second missed menstrual 

period.  

The MV supplement 

contained 0.8 mg folic acid. 

The TE supplement did not 

contain any folic acid.  

Physician-diagnosed 

allergies: Asthma 

bronchiale, bronchitis 

obstructive, 

pseudocroup, food 

allergies, atopic 

dermatitis at 2 and 6 y.  

The incidence of allergic diseases 

including atopic dermatitis was not 

significantly different at 2 (p=0.11) 

and 6 years of age (p=0.90), though 

the rate of atopic dermatitis was 

somewhat higher at 2 y in the MV 

group.  

 

(≠)  

Su et al., 

2020  

 

502 infants with their 

mothers enrolled 

during gestational 

age 12-16 weeks. 

China, 2014 to 2015. 

 

All mothers in the 

prevention group were 

treated with folic acid 600 

IU/D every day for 3 mos 

after admission 
 

Infant's bronchial 

asthma, wheezing, 

eczema, and rhinitis at 1-

3 y.  

 

Diagnosis was based on 

the Respiratory Group, 

Society of Paediatrics, 

Chinese Medical 

Association. 

The prevention group had 

significantly lower rates of 

wheezing and eczema during the 

follow-up period.  

 

The prevalence of wheezing and 

eczema was significantly lower in 

the prevention group compared to 

control (p=0.024 vs p=0.034, 

respectively). 

 

(+) 

 

No adjustment. 

No ORs.  
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Appendix 8  

Ingredients of supplements for intervention (no folic acid) and control (800 µg folic acid/d) 

groups  

 

Ingredients No folic acid 800 µg folic acid unit 

folic acid 0 0.8 mg 

calcium 250 250 mg 

Iron 27 27 mg 

thiamine 1.4 1.4 mg 

riboflavin 1.4 1.4 mg 

niacinamide 18 18 mg 

vitamin B-6 1.9 1.9 mg 

vitamin B-12 2.6 2.6 mcg 

pantothenic acid 6 6 mg 

biotin 30 30 mg 

vitamin C 85 85 mg 

vitamin E 13.5 13.5 IU 

magnesium 50 50 mg 

zinc  7.5 7.5 mg 

manganese 2.0 2.0 mg 

iodine 0.22 0.22 mg 

copper  1 1 mg 

selenium  30 30 mcg 

Vitamin D3 10 10 mcg 

b-carotene 2500 2500 IU 
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Appendix 9 

 

Postgraduate Oral Presentation Award
Most outstanding oral presentation by a Postgraduate student

Proudly sponsored by: The University of Adelaide (Faculty of Health and Medical Sciences)

ASMR State Committee Convenor

Dian Sulistyoningrum
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