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Abstract
Background Maternal dietary choline has a central role in foetal brain development and may be associated with later cogni-
tive function. However, many countries are reporting lower than recommended intake of choline during pregnancy.
Methods Dietary choline was estimated using food frequency questionnaires in pregnant women participating in population-
derived birth cohort, the Barwon Infant Study (BIS). Dietary choline is reported as the sum of all choline-containing moieties. 
Serum total choline-containing compounds (choline-c), phosphatidylcholine and sphingomyelin were measured using nuclear 
magnetic resonance metabolomics in the third trimester. The main form of analysis was multivariable linear regression.
Results The mean daily dietary choline during pregnancy was 372 (standard deviation (SD) 104) mg/day. A total of 236 
women (23%) had adequate choline intake (440 mg/day) based on the Australian and New Zealand guidelines, and 27 women 
(2.6%) took supplemental choline ( ≥ 50 mg/dose) daily during pregnancy. The mean serum choline-c in pregnant women was 
3.27 (SD 0.44) mmol/l. Ingested choline and serum choline-c were not correlated (R2) = − 0.005, p = 0.880. Maternal age, 
maternal weight gain in pregnancy, and a pregnancy with more than one infant were associated with higher serum choline-c, 
whereas gestational diabetes and environmental tobacco smoke during preconception and pregnancy were associated with 
lower serum choline-c. Nutrients or dietary patterns were not associated with variation in serum choline-c.
Conclusion In this cohort, approximately one-quarter of women met daily choline recommendations during pregnancy. 
Future studies are needed to understand the potential impact of low dietary choline intake during pregnancy on infant cog-
nition and metabolic intermediaries.
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Introduction

Choline is an essential dietary micronutrient and precur-
sor for several important metabolites, necessary for many 
diverse functions, including cellular maintenance, neuro-
transmitter synthesis, lipid transport, and DNA methylation 
[1–4]. Some of the common dietary sources of high choline 
include eggs, meat products, whole grains and legumes [5]. 
For pregnant women, the recommended adequate intake 
from 19 to 50 years is 440-450 mg/day; this increases to 
550 mg/day during lactation [5, 6]. The upper dietary intake 
level for choline during pregnancy and lactation is 3500 mg/
day [5, 6]. Clinical interventional studies with large sam-
ple size and long-term follow up are limited to fully assess 
prenatal choline requirements and pregnancy outcomes [7]. 
Therefore, there are calls for further studies to determine 
choline dose–response during pregnancy relative to the 
infant’s development and to develop more accurate dietary 
guidelines across populations [8, 9]. There is a paucity of 
studies in free-living infant cohorts with concurrent data 
on prenatal diet, choline-related gene variants and prenatal 
serum levels of choline-containing compounds [9–13].

Endogenous synthesis of choline is insufficient, espe-
cially during high choline-demand life stages such as 
pregnancy and lactation. Studies have reported inadequate 
choline intake in pregnancy ranging from 268 to 319 mg/
day in Belgium, Canada, and the US [9–13]; indeed in one 
large study (n = 12,153) less than 1% of pregnant women 
had adequate intake relative to existing guidelines [11].

Vitamin and micronutrient supplementation is common 
during pregnancy; however, choline is rarely included in 
prenatal supplements [14]. Maternal choline supplemen-
tation has been shown to improve offspring cognition in 
human studies, but results have been inconsistent [15]. 
A likely factor for such inconsistency is the overlooked 
maternal confounding factors that can affect foetal devel-
opment [15]. For example, socioeconomic status, maternal 
and paternal education, maternal stress, and nicotine and 
alcohol use may affect micronutrient intake and levels in 
the blood [16]. Therefore, when investigating dietary cho-
line intake and supplementation during pregnancy relat-
ing to health outcomes in observational studies, potential 
confounders must be considered.

Blood measures of specific micronutrients are generally 
considered a gold standard to detect deficiencies rather than 
using estimates from dietary questionnaires. Unlike other 
micronutrients such as folate or vitamin B12, there is cur-
rently no standardised method or choline reference levels in 
the blood during pregnancy, [17], and choline concentrations 
are not routinely measured during pregnancy care.

Endogenous choline synthesis occurs in the liver with 
production dependent on other nutrients such as folate, 

vitamin B12 and methionine [7, 18]. Dietary folate, cho-
line and betaine (metabolite of choline [19]) are tightly 
linked due to the overlap in the one-carbon (1C) cycle 
metabolism (Fig. 1) [20]. The 1C cycle comprises of series 
of interlinking metabolic pathways essential for a range 
of biochemical processes including DNA, amino acid, 
and lipoprotein synthesis, as well as the generation of 
the universal one-carbon donor, S-Adenosylmethionine, 
critical for all methylation reactions including DNA meth-
ylation [21]. Choline-containing compounds can also be 
metabolised in the gut, which results in the production of 
trimethylamine, which is then absorbed and converted to 
trimethylamine-N-oxide (TMAO) in the liver [22]. Com-
mon genetic polymorphisms (SNPs) in genes involved in 
both choline-c and folate metabolism influence choline 
bioavailability [20]. However, research is generally lacking 
regarding the early life factors affecting serum choline-c 
levels as well as the effect of ingested choline on serum 
choline-c levels in pregnancy. Therefore, in this study we 
(i) describe the distribution of daily dietary intake, choline 
supplementation and serum choline-containing compound 
levels during pregnancy; (ii) document the extent to which 
dietary choline is associated with serum choline-c; and 
(iii) identify early life factors such as sociodemographic 
factors, family factors, prenatal factors, nutrients, diet and 
infant genetics that are associated with dietary and serum 
choline-c.

Methods

Study design and participants

From June 2010 to June 2013, a population-derived birth 
cohort (mothers, n = 1064; infants, n = 1074; 10 sets of 
twins) was recruited using an unselected antenatal sampling 
frame in the Barwon region of Victoria, Australia. Eligi-
bility criteria, population characteristics and measurement 
details have been previously described [23]. From the incep-
tion cohort of n = 1074, the present analysis was conducted 
in 948 pregnant women with available data on estimated 
prenatal dietary choline intake, maternal serum choline-
c, and infant genetic data. The infant’s genotype informa-
tion was used as a proxy for the mother as the latter was 
unavailable in this cohort. The BIS protocol was approved 
by the Barwon Health Human Research Ethics Committee 
(HREC 10/24) and the participating families provided writ-
ten informed consent.

Ingested choline intake estimation

The estimated dietary choline intake was calculated from the 
Dietary Questionnaire for Epidemiological Studies Version 
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2 (DQESv2) [24], obtained prenatally at 28 weeks of gesta-
tion. A total of 94 food items were used to calculate dietary 
choline intake. A comprehensive choline database developed 
and published previously [9] was used to estimate the cho-
line content of specific foods. Food items in the BIS ques-
tionnaire were matched with the database and information 
on total dietary choline, choline-containing moieties (free 
choline, glycerophosphocholine, phosphocholine, phosphati-
dylcholine and sphingomyelin) and betaine were calculated 
based on the frequency of each food item that was reported 
during pregnancy. Food items were reported over the period 
of past 4 weeks from the date of completion. Dietary total 
choline is reported as the sum of all choline-containing moi-
eties (free choline, glycerophosphocholine, phosphocholine, 
phosphatidylcholine and sphingomyelin). In this paper, we 
refer to the estimated daily dietary total choline intake as 
daily dietary choline intake. Betaine is reported separately.

The choline database [9] of > 2000 foods is based on the 
United States Department of Agriculture (USDA) Database 
for the Choline Content of Common Foods Release 2 [25]. 
Food items were classified into categories (e.g. dairy and 
eggs, baked products, or beef products) as outlined in the 

USDA database. Estimated daily dietary choline intake was 
adjusted for portion size using the Australian database pub-
lished previously [26] to calculate choline intake in mg/day.

Choline supplementation was calculated and reported 
as daily supplementation during pregnancy if the reported 
dose was greater or equal to 50 mg/day. A total of six preg-
nant women took supplements that contained a dose of 
20–35 mg; however, these were not consumed daily and 
were excluded. All choline supplementation was taken in 
the form of multivitamin or multimineral formulations. Cho-
line supplementation was represented as a separate variable, 
total dietary choline intake represents choline intake from 
diet only.

Metabolic measures

Non-fasting blood samples were collected by a Geelong 
pathology service in serum clotting tubes from pregnant 
women at approximately 28  weeks of gestation. Blood 
samples were centrifuged within 2–3 h of collection, and 
serum was removed and refrigerated before transport to the 
BIS laboratory for aliquoting and storage at − 80 °C. The 

Fig. 1  Schematic diagram of one-carbon cycle, (1C) choline metabo-
lism and common genetic variants altering choline bioavailability 
(created in BioRender.com). SNPs partitioning dietary choline to 
CDP pathway in orange, SNPs partitioning dietary choline to betaine 
and therefore 1C cycle in blue. SNP ID and risk allele depicted for all 
12 SNPs related to alter choline metabolism. B12 vitamin B12; B2   
vitamin B2; CHDH choline dehydrogenase; BHMT betaine-homo-

cysteine S-methyltransferase; MTR methionine synthase; DNMT1 
DNA methyltransferase 1; PEMT phosphatidylethanolamine methyl-
transferase; CDP cytidine diphosphate; CHKA choline kinase alpha; 
FMO3 flavin monooxygenase isoform 3; MTHFR 5,10-methylenetet-
rahydrofolate reductase; MTHFD1/2 methylenetetrahydrofolate dehy-
drogenase; DMG dimethylglycine; SLC44A1 solute carrier family 44 
member 1; PRMT protein arginine methyltransferase
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Nightingale nuclear magnetic resonance-based metabo-
lomics platform (Nightingale Health Ltd., Helsinki, Finland) 
was used to obtain concentrations for serum total choline-c 
(mmol/l), and choline-containing moieties including phos-
phatidylcholine (mmol/l), and sphingomyelin (mmol/l) [27]. 
Total choline-c was derived as a primary measure of the 
class containing all compounds with a choline head group.

Potential lifestyle and environmental factors 
of choline status

Sociodemographic, family, and prenatal maternal factors 
were examined as possible factors associated with estimated 
dietary choline intake and serum choline-c levels. All fac-
tors were collected as part of a self-reported 1st and 2nd 
trimester questionnaire collected at 28 weeks of gestation. 
Fever during the third trimester was reported retrospectively 
(4 weeks after birth) using a self-reported questionnaire. 
Information on gestational diabetes was gathered through 
hospital record linkage collected between 24 and 28 weeks 
of gestation [28]. Sociodemographic factors included mater-
nal and parental education, mother’s age at conception and 
socioeconomic factor that was calculated using the Index 
of Relative Socioeconomic Advantage and Disadvantage 
(IRSD) based on the residential address from the Census of 
Population and Housing: Socioeconomic Indexes For Area 
(SEIFA) in Australia 2016 [29]. Family factors included par-
ity, birth order, number of children in the household at birth 
(0–10 years) and grandparents' ancestry. Prenatal maternal 
factors included pre-pregnancy BMI, maternal weight at 
28 weeks of gestation, maternal weight gain during preg-
nancy (calculated as the difference between pre-pregnancy 
weight and maternal weight at 28 weeks of gestation), fever 
during trimester 3, gestational diabetes, maternal vitamin D 
(25-hydroxyvitamin D3 in nmol/l) as published previously 
[30], maternal smoking (any or none) and environmental 
tobacco smoke (ETS) during preconception or pregnancy 
(any or none), seasonal indicator (based on estimated UVR 
exposure at trimester 2 in standard erythemal doses) as 
described previously [31] and perceived stress as described 
previously [32].

Potential prenatal nutritional factors

Dietary factors obtained from the 28-week food frequency 
questionnaire were assessed for their association with 
both daily dietary choline intake and serum levels. These 
included: energy intake, fibre intake, protein intake, iron 
intake, omega-3 and omega-6 fatty acid intake and sup-
plementation, alcohol intake, fish oil supplementation, and 
folate intake and supplementation. Dietary patterns were 
derived using principal component analysis as previously 
described [33]. In summary, PC1 included a “Modern 

healthy dietary pattern” with high loadings of fish, nuts, 
eggs, green vegetables, and whole grains. PC2 was identified 
as a “Western dietary pattern” with high loadings on pasta 
chips, meat, take-away foods, and sweets. PC3 was identi-
fied as a traditional “Anglo-Australian” dietary pattern with 
high loadings on meat and vegetables. PC data were centered 
and scaled into z-score, where negative z-scores indicated 
intakes lower than the mean and positive z-scores indicated 
intakes above the mean for each pattern. Different diets such 
as Modern healthy dietary pattern, Western dietary pattern, 
Anglo-Australian dietary patterns as well as vegetarian diet 
and the Australian Recommended Food Score (ARFS) [34] 
based on adherence to the Australian Dietary Guidelines 
[35] were also included as a potential factor.

Genetic profile

The whole-genome imputed SNP genotyping of infant sam-
ples was conducted using the Illumina GSA platform with 
methods reported previously [36]. Maternal genotype data 
are currently not available in BIS. In summary, genotype 
calling was performed by Erasmus MC University Medi-
cal Center with the GenTrain 3 algorithm in GenomeStudio 
and quality-control was performed in Plink 1.9. Genotype 
calling, quality control and imputation were all performed 
on the entire cohort as a single batch using cord blood and 
infant blood samples collected at birth and 12 months.

A total of 12 SNPs across nine genes, previously pub-
lished [20, 37, 38] as common variants associated with 
altered choline metabolism were available in the BIS cohort. 
These SNPs were coded as follows: (i) risk allele (0) for 
dietary choline partitioning to CDP pathway (ii) risk allele 
(2) for dietary choline partitioning to betaine, and therefore, 
1C cycle [37, 38]. The roles of these genes and SNPs in 
choline metabolism including dietary choline partitioning, 
are illustrated in Fig. 1, and relevant coding is summarised 
in Table S6. A pathway diagram was constructed using 
BioRender.com.

Misclassification analysis was conducted on the SNP 
data to account for using infant’s genotype information as a 
proxy for the mother’s. The latter was unavailable in the BIS 
cohort. Allele frequency was obtained from the BIS infants 
for each SNP and the probability of the maternal genotype 
was calculated given the infant’s genotype under the assump-
tion of Hardy–Weinberg equilibrium. A worked example of 
the method is provided in Supplementary Data Box S1.

Statistical methods

To assess dietary choline intake and serum choline-c distri-
bution, summary statistics were used. To determine the cor-
relation between dietary and serum choline-c Pearson cor-
relations were used. To avoid type I error in multiple testing 
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of the correlation between dietary choline intake and serum 
choline-c, a Bonferroni correction with p < 0.001 limit was 
applied. For linear regressions, no adjustments for multiple 
comparisons were undertaken to reduce the risk of type II 
errors as previously outlined [39].

Unadjusted linear regression models were performed 
to estimate the associations between lifestyle, environ-
ment, nutritional factors and dietary choline intake. Mul-
tivariable linear regression models were used to estimate 
the association between lifestyle, environment, nutritional 
factors, genetic factors and serum choline-c, adjusted for 
gestational age at blood collection and infant’s sex, as pre-
viously reported [27] and time interval between maternal 
serum collection and storage as reported previously [40]. 
The goodness of fit is indicated by the relative contribution 
variables in each model.

Further detailed multivariable analysis was beyond the 
scope of this study. Serum choline-c measures were con-
verted to µmol/l for the multivariable linear regression mod-
els. Data were analysed using STATA version 17 (StataCorp 
LP).

Sensitivity analysis

To examine dietary choline density, rather than absolute lev-
els, we also conducted a sensitivity analysis by adjusting for 
energy [41]. This sensitivity analysis was performed only on 
estimated daily dietary choline intake.

Results

Dietary choline intake (total choline, free choline, glycer-
ophosphocholine, phosphocholine, phosphatidylcholine and 
sphingomyelin) and serum choline-containing compounds 
(total choline-containing compounds, phosphatidylcholine 
and sphingomyelin) were normally distributed in the BIS 
cohort, therefore, no transformation was required. Par-
ticipant characteristics are shown in Table 1. The average 
estimated daily dietary total choline intake was 372 mg/day 
(Table 2). A total of 236 (23%) women met the adequate 
intake of 440 mg/day during pregnancy. When examining 
choline supplementation, 27 (2.6%) women consumed cho-
line supplementation daily during pregnancy (≥ 50 mg per 
dose). The average estimated daily dietary betaine intake 
was 442 mg/day. A positive correlation between dietary 
choline, dietary choline-containing moieties, and betaine 
(p < 0.001 for all correlations) was observed (Table 3).

The average serum level for total choline-containing com-
pounds was 3.27 mmol/l (SD 0.44) (Table 2). A positive cor-
relation among serum measures of total choline-containing 
compounds and serum phosphatidylcholine and sphingomy-
elin (p < 0.001) was observed. However, no correlation was 

observed between daily dietary choline intake and serum 
choline-c (R2 = − 0.005, p = 0.880 for choline; Table 3). 
Choline supplementation was also not correlated with 
serum choline-c (R2 = 0.030, p = 0.347). Data used in this 
analysis include duplicate prenatal measurements for preg-
nant women with twins (N = 7). Analysis that removed twin 
measurements was also performed on all determining factors 
with no significant changes to the results observed.

Commonly reported foods and nutritional factors 
contributing to dietary choline intake in the Barwon 
Infant Study

The top dietary food categories contributing most to higher 
estimated dietary choline intake were dairy and eggs with 
an average contribution of 22% (Table 4). The top two food 
items were eggs (9%) and flavoured milk, e.g. cocoa or hot 
chocolate (5%). The food category contributing the second 
most to higher dietary choline intake was baked products 
(12%), with grain bread (5%) and wholemeal (3%) being the 
top food items. Other food categories contributing to dietary 
choline intake were vegetables (10%), beef products (9%), 
chicken and turkey (8%) and fruit (7%). The food catego-
ries contributing most to higher dietary betaine intake are 
reported in Table S1, with 69% of betaine intake being from 
baked products such as multigrain and wholegrain bread. 
Dietary choline-containing moieties and their contribution 
to daily intake are reported in Table S2.

Several nutritional factors were positively associ-
ated with greater daily dietary choline intake (Table 5). 
These included, energy intake (β = 0.03 mg/day per kJ/
day increase; 95% CI 0.03, 0.03; p < 0.001), fibre intake 
(β = 6.75  mg/day per g/day increase; 95% CI 6, 7.51; 
p < 0.001), protein intake (β = 2.9 mg/day per g/day increase; 
95% CI 2.75, 3.05; p < 0.001), iron intake (β = 14.12 mg/
day per g/day increase; 95% CI 12.97, 15.27; p < 0.001), 
total dietary omega-3 (β = 103.74 mg/day per g/day increase; 
95% CI 95.3, 112.18; p < 0.001), total dietary omega-6 
(β = 11.07 mg/day per g/day increase, 95% CI 9.73, 12.41; 
p < 0.001) and folate intake (β = 0.58 mg/day per µg/day 
increase; 95% CI 0.52, 0.64; p < 0.001). Different diets were 
associated with higher daily dietary choline intake. For every 
increase in one SD in both the Modern healthy dietary pat-
tern (PC1) and Western dietary pattern (PC2), daily dietary 
choline intake increased by 25.6 mg/day (95% CI 19.44, 
31.7; p < 0.001) and 60.55 mg/day (95% CI 55.37, 65.72; 
p < 0.001) respectively. The food items with high positive 
loadings for the Modern healthy dietary pattern were fish, 
nuts, eggs, green vegetables, and wholegrains, whereas load-
ings for the Western dietary pattern were full-cream milk, 
pasta, chips, meat, and take-away foods, sweet biscuits, and 
confectionery products. PCA loadings are further detailed 
in the previously published study [33]. Positive loadings for 
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food items reflect an increase in dietary choline in relation 
to a one SD increase in the dietary pattern, negative loading 
for food items reflect a decrease in dietary choline intake in 
relation to a one SD increase in the dietary pattern. A posi-
tive increase in daily dietary choline intake of 5.83 mg/day 
(95% CI 5.12, 6.54; p < 0.001) was also observed for every 
unit increase in the Australian Recommended Food Score 
(ARFS).

Lifestyle and environmental factors associated 
with maternal dietary choline intake

Lifestyle and environmental factors associated with absolute 
daily dietary choline intake are shown in Table 5. The only 
sociodemographic factor associated with daily dietary cho-
line intake was maternal age at conception (β = − 2.09 mg/
day per 1-year increase, 95% CI − 3.44, − 0.74; p = 0.002). 
There was no evidence that other sociodemographic factors 
such as SEIFA IRSD, father’s age, maternal and paternal 

education were associated with daily dietary choline intake. 
A family factor associated with daily dietary choline intake 
was the number of children in household at birth, where 
a mean increase of 21.95 mg/day (95% CI 2.31, 41.59; 
p = 0.029) was observed for women having two other older 
children in the household compared to no other children in 
the household. There was no evidence that other family fac-
tors such as parity, birth order, and birth interval were asso-
ciated with higher daily dietary choline intake. Women who 
experienced fever during the third trimester of pregnancy on 
average had 43.36 mg/day (95% CI 7.8, 78.92; p = 0.017) 
higher intake of choline compared to those not experiencing 
fever. For every 1 unit (kg/m2) increase in pre-pregnancy 
BMI, the mean decrease in daily dietary choline intake was 
1.37 mg/day (95% CI − 2.57, − 0.17; p = 0.025).

Factors associated with daily dietary choline-contain-
ing moieties (phosphatidylcholine and sphingomyelin) are 
shown in Table S3 and Table S4, respectively. Two family 
factors associated with daily dietary phosphatidylcholine 

Table 1  Participant characteristics

BMI body mass index; ETS environmental tobacco smoke; T1 & T2 trimester 1&2

Characteristics N = 948 Maternal sample Inception cohort

Mean (SD), Median [IQR] or % (n) N = 1074 Mean (SD), Median [IQR] or % (n)

Parent and Household factors
 Mother's age at conception (years) 948 31.5 (4.7), 31.8 [28–34] 1074 31.3 (4.8), 31.7 [28–35]
 Father's age at conception (years) 907 33.6 (5.7), 33.4 [30–37] 1024 33.5 (5.9), 33.3 [30–37]
 Mother is university-educated 945 52.6% (497) 1068 51.3% (548)
 Father is university-educated 929 36.2% (336) 1044 35.2% (367)
 Socioeconomic index (lowest tertile) 937 32.2% (302) 1061 33.6% (357)
 All grandparents are of European descent 940 74.6% (701) 1060 73.0% (774)
 Child's sex 948 1074
  Female 48.3% (458) 48.3% (519)

Prenatal factors
 Pre-pregnancy BMI (kg/m2) 824 25.4 (5.4), 24.0 [22–28] 927 25.4 (5.5), 24.0 [22–28]
 Maternal weight—28-week interview (kg) 764 80.9 (15.4), 78.1 [70–88] 866 80.9 (15.5), 78.1 [70–89]
 Gestational age—blood collection (wks) 948 28.2 (1.2), 28.0 [28, 29] 1047 28.3 (1.3), 28.1 [28, 29]
 Edinburgh Depression Scale risk category 682 766
  Low risk < 10 83.6% (570) 82.9% (635)
  Moderate risk 10–12 10.9% (74) 11.0% (84)
  High risk > 12 5.6% (38) 6.1% (47)

 Any ETS during preconception or pregnancy 927 15.6% (145) 1049 16.9% (177)
 Maternal smoking throughout pregnancy 940 5.2% (49) 1061 6.3% (67)
 Gestational diabetes mellitus 812 4.9% (40) 908 4.8% (44)
 Pre-eclampsia 915 3.0% (27) 1039 3.4% (35)
 Any alcohol consumption during pregnancy 894 52.5% (469) 989 52.7% (521)
 Vegetarian diet 944 0.6% (6) 1016 0.6% (6)
 Folate supplementation during pregnancy 917 97.3% (892) 1030 97.4% (1,003)
 Omega-3 supplementation in pregnancy 589 57.4% (338) 637 57.9% (369)
 Omega-6 supplementation during pregnancy 919 0.2% (2) 1034 0.2% (2)
 Fish oil supplementation during pregnancy 562 16.4% (92) 608 16.1% (98)
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intake included a mean increase of 11.06 mg/day (95% 
CI 0.17, 21.95; p = 0.047) for those children being born 
third compared to being born first in the family order and 
a mean increase of 14.96 mg/day (95% CI 3.85, 26.08; 
p = 0.008) for women having two older children in the 
household compared to no other children in the house-
hold. One prenatal factor associated with an increase in 
daily dietary phosphatidylcholine intake included, ges-
tational diabetes (β = 22.03 mg/day; 95% CI 3.8, 40.26; 
p = 0.018). Nutrient factors such as energy, fibre, pro-
tein, and iron were associated with daily dietary phos-
phatidylcholine intake. Different diets such as Modern 
healthy dietary pattern (PC1) and Western dietary pattern 
(PC2) were associated with dietary phosphatidylcholine 
intake as well as vegetarian diet with a mean decrease 
of 75.89 mg/day (95% CI − 122.82, − 28.96; p = 0.002) 
for women who were vegetarian compared to women who 
were not vegetarian during pregnancy. However, the num-
ber of women who were vegetarian during pregnancy was 
low (N = 6). Three sociodemographic factors associated 
with a decreased daily dietary sphingomyelin intake were 
father’s age (β = − 0.08 mg/day per 1 year increase; 95% 
CI − 0.15, 0; p = 0.037), median maternal and paternal 
education (β = − 0.44 mg/day per score increase; 95% 
CI − 0.85, − 0.02; p = 0.039) and father’s university 

education (β = − 1.53 mg/day; 95% CI − 2.43, − 0.64; 
p = 0.001).

Dietary choline factors after adjusting for total 
energy

Energy intake explained 48% of the variation in dietary choline 
intake. Upon adjusting for energy intake, additional sociode-
mographic factors such as median maternal and paternal edu-
cation (β = 5.81 mg/day per score increase; 95% CI 1.31, 10.3; 
p = 0.011) and maternal university education (β = 9.78 mg/day 
per unit increase; 95% CI 0.6, 18.95; p = 0.037) were positively 
associated with higher total dietary choline intake (Table S5). 
After adjusting for energy intake, an increase in total dietary 
choline intake was associated with gestation diabetes. Some 
prenatal factors such as perceived stress during pregnancy 
and in the 6 months post birth (β = − 0.92 mg/day per score 
increase, 95% CI − 1.64, − 0.2; p = 0.012) and any mater-
nal smoking (β = − 14.19 mg/day; 95% CI − 27.12, − 1.26; 
p = 0.032) were associated with decreased total dietary choline 
intake. For dietary factors, only four factors (i.e. protein, total 
dietary, omega-3 fatty acid, and ARFS score) remained sig-
nificant after adjusting for energy intake.

Table 2  Distribution of 
daily dietary total choline 
intake, dietary choline-
containing moieties intake 
(free choline, phosphocholine, 
phosphatidylcholine, 
sphingomyelin, 
glycerophosphocholine), dietary 
betaine intake using the food 
frequency questionnaire and 
serum total choline-containing 
compounds and serum choline 
moieties (phosphatidylcholine, 
sphingomyelin) levels at 
28 weeks of gestation

AI adequate intake used from the Nutrient Reference Values for Australia and New Zealand, including rec-
ommended dietary intakes published in 2006 [5]
a Mean for gestational age at food frequency questionnaire collection = 28.1 weeks
b Mean for gestational age at serum collection, n = 28.3 weeks

Prenatal measures @ 28 weeks of gestation

Mean (SD) Median [IQR] N, %

Daily choline supplementation during preg-
nancy > 50 mg per dose

27, 2.6%

Meeting total choline adequate intake 440 mg/day 236, 23%
Choline dietary intake (N = 1020)a

 Betaine (mg/d) 442 (158) 435 [325–548]
 Choline esters (mg choline/d)
  Free choline 102 (29) 100 [83–120]
  Glycerophosphocholine 61 (22) 56 [45–72]
  Phosphocholine 15 (5) 15 [12–18]
  Phosphatidylcholine 174 (59) 166.5 [133–208]
  Sphingomyelin 19 (7) 18 [14–23]
  Total choline 372 (104) 362 [303–434]

 Energy intake (kJ,d) 7428 (2344) 7182 [5811–8697]
 Choline per energy intake (mg/kJ) 0.052 (0.12) 0.05 [0.04–0.059]

Maternal blood (N = 1010)b

 Phosphatidylcholine (mmol/l) 2.87 (0.41) 2.85 [2.59–3.09]
 Sphingomyelin (mmol/l) 0.57 (0.09) 0.57 [0.51–0.63]
 Total choline-containing compounds (mmol/l) 3.27 (0.44) 3.25 [2.98–3.52]
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Lifestyle and environmental factors associated 
with serum choline‑c

Lifestyle and environmental factors associated with serum 
total choline-c are shown in Table 5. Older maternal age at 
conception was associated with higher serum total choline-
c (β = 9 µmol/l per 1 year increase; 95% CI 3.27, 14.73; 
p = 0.002). One family factor was associated with serum 
total choline-c, having multiple births were associated with 

higher serum total choline-c. Family factors including grand-
parent ancestry, parity, number of children in household 
at birth (0–10 years), birth order and birth interval were 
not associated with serum total choline-c. Prenatal fac-
tors associated with lower serum total choline-c included 
higher pre-pregnancy BMI (β = − 6.82 µmol/l per one kg/
m2 increase, 95% CI − 12.24, − 1.39; p = 0.014), environ-
mental tobacco smoke during preconception or pregnancy 
(β = − 92.62 µmol/l, 95% CI 166.06, − 19.17; p = 0.014) and 
gestational diabetes (β = − 186.63 µmol/l; 95% CI − 332.95, 
− 40.31; p = 0.012). Other prenatal factors such as perceived 
stress, red blood cell folate levels (at 28 weeks of gestation), 
and vitamin D did not show any association with serum total 
choline-c.

Factors associated with phosphatidylcholine and sphin-
gomyelin serum levels are provided in supplementary docu-
ments (Table S3 and Table S4, respectively). For sphingo-
myelin serum levels, five prenatal factors were associated 
with lower levels which included, pre-pregnancy BMI 
(β = − 1.49 µmol/l per one kg/m2 increase, 95% CI − 2.64, 
− 0.33; p = 0.012), gestational diabetes (β = -50.63 µmol/l, 
95% CI − 81.56, − 19.7; p = 0.001), season indicator at 
trimester 2 (β = − 6.46 µmol/l, 95% CI − 10.98, − 1.95; 
p = 0.005), any maternal smoking (β = -20.52  µmol/l, 
95% CI − 36.79, -4.26; p = 0.013) and any environmental 
tobacco smoke during preconception and or pregnancy 
(β = − 25.87 µmol/l, 95% CI − 41.57, − 10.18; p = 0.001). 
Nutritional factors such as omega-3 supplementation 
(β = 21.76 µmol/l, 95% CI 6.37, 37.15; p = 0.006) and Mod-
ern healthy dietary pattern (β = 11.06 µmol/l, 95% CI 5.09, 
17.03; p < 0.001) were associated with higher serum sphin-
gomyelin levels.

Further analysis was completed to explore maternal 
weight at 28 weeks of gestation as a possible confounder. 
After adjusting for maternal weight at 28 weeks, gestational 
diabetes and any ETS during preconception and pregnancy 
were no longer significantly associated with serum total 
choline-c and phosphatidylcholine. Adjusting for maternal 
weight at 28 weeks of gestation did not materially alter find-
ings for sphingomyelin.

The association between infant genetic variants 
and maternal serum total choline‑c

A total of 12 infant SNPs previously identified to be asso-
ciated with serum total choline-c were examined (Table 6). 
Two genes showed a moderately significant association 
with higher serum total choline-c. A mean increase in 
serum total choline-c of 108.1 µmol/l (95% CI 25.21, 
190.98; p = 0.011) was observed for infants with homozy-
gous allele (CC) compared to the risk allele (AA) in the 
gene PEMT rs4646343. Likewise, an estimated mean 
increase in serum total choline-c of 80.12 µmol/l (95% 

Table 4  Most commonly reported food categories contributing to 
total dietary choline intake in the Barwon Infant Study at 28 weeks 
of gestation

Rank Total dietary choline contribution %
Food category

1 Dairy and eggs 21.9
 Eggs 9
 Flavoured milk drink (cocoa, Milo) 5

2 Baked products 12.1
 Grain bread 5
 Wholemeal 3

3 Vegetables and vegetable products 10.3
 Potatoes roasted, fried, or cooked 3
 Broccoli 2

4 Beef product 8.8
5 Chicken and turkey 7.9
6 Fruit and fruit products 7.3

 Oranges and other citrus fruit 2
 Fruit juice 1

7 Cereal grains pasta and snacks 5.3
 Pasta, noodles 5.1
 Rice 0.1

8 Fish and shellfish product 4.3
9 Lamb 4.3
10 Pork products 3.4
11 Legume and legume products 2.9

 Soy milk 1
 Baked beans 0.8

13 Sugar and sweets 2.6
 Chocolate 1.6
 Ice cream 0.9

14 Breakfast cereal 2.1
 Weet bix 0.8
 Porridge 0.6
 Mixed dishes (meat pies, pasties, quiche) 2.0

15 Fast foods 1.4
16 Sausages and luncheon meats 1.1
17 Nut and seed products 0.9
18 Snacks 0.7
19 Spices and Herbs 0.6
20 Alcoholic beverages 0.1
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Table 5  Factors associated with estimated mean change and relative contribution to daily dietary total choline intake and total choline-contain-
ing compounds levels at 28 weeks of gestation

Daily total choline dietary Intake (mg/d) Total choline-containing compounds in serum 
(µmol/l)a

β 95%CI p value Relative 
 contributionb 
(%)

β 95%CI p value Relative 
 contributionb 
(%)

Sociodemographic
 Mother's age at conception 

(years)
− 2.09 − 3.44, − 0.74 0.002 0.8 9 3.27, 14.73 0.002 1.12

 Father's age at conception 
(years)

− 0.24 − 1.36, 0.89 0.678 − 0.08 2.16 − 2.66, 6.98 0.379 0.25

 Median maternal and paternal 
education

5.27 − 0.98, 11.51 0.098 0.17 9.44 − 17.3, 36.17 0.489 0.24

 SEIFA IRSD in lowest tertile − 0.39 − 14.03, 13.25 0.955 − 0.1 12.42 − 46.27, 71.1 0.678 0.23
 Mother is university-educated 7.41 − 5.39, 20.21 0.256 0.03 18.7 − 36.4, 73.8 0.506 0.21
 Father is university-educated − 4.57 − 18.1, 8.95 0.507 − 0.06 − 6.94 − 65.05, 51.17 0.815 0.3

Family
 All grandparents of North 

European descent
14.12 − 0.51, 28.74 0.058 0.26 6.94 − 55.38, 69.26 0.827 0.22

 Parity above 1 − 1.43 − 14.31, 11.46 0.828 − 0.09 12.63 − 42.83, 68.09 0.655 0.19
 Birth order 0.23 0.29
  First Reference Reference
  Second − 0.31 − 15.12, 14.5 0.967 25.36 − 38.81, 89.53 0.438
  Third 15.14 − 4.07, 34.35 0.122 − 37.63 − 120.35, 45.1 0.372
  Fourth or later − 24.97 − 60.22, 10.28 0.165 111.11 − 40.26, 262.49 0.15

 Multiple Birth Indicator − 0.09 0.99
  None Reference Reference
  1st twin − 26.75 − 103.88, 50.38 0.496 429.62 79.25, 779.99 0.016
  2nd twin − 30.3 − 102.49, 41.89 0.41 325.92 1.41, 650.42 0.049

 Number of children in house-
hold at birth (0–10 years)

0.29 0.27

  None Reference Reference
  One 6.46 − 8.09, 21 0.384 − 0.69 − 63.74, 62.35 0.983
  Two 21.95 2.31, 41.59 0.029 − 66.85 − 151.45, 17.76 0.121
  Three − 20.41 − 75.48, 34.66 0.467 103.38 − 138.34, 345.1 0.401
  Four 111.04 − 92.11, 314.19 0.284 − 534.93 − 1393.88, 324.03 0.222

 Birth interval–BIS child and 
prior sibling (years)

6.46 − 8.09, 21 0.384 0.47 − 5.6 − 17.26, 6.05 0.346 − 0.09

Prenatal
 Pre-pregnancy BMI (kg/m2) − 1.37 − 2.57,− 0.17 0.025 0.45 − 6.82 − 12.24, − 1.39 0.014 1.01
 Maternal weight at 28-week 

interview (kg)
− 0.4 − 0.85, 0.04 0.074 0.27 − 1.32 − 3.36, 0.72 0.203 0.52

 Maternal weight gain (kg)c 0.86 − 0.5, 2.21 0.216 0.07 7.05 0.93, 13.17 0.024 0.95
 Fever 3rd trimester 43.36 7.8, 78.92 0.017 0.53 − 46.93 − 194.71, 100.84 0.533 0.19
 Gestational diabetes  mellitusg 29.15 − 3.07, 61.37 0.076 0.25 − 186.63 − 332.95, − 40.31 0.012 1.07
 Folate (red cell) (nmol/l) 0.01 − 0.01, 0.03 0.17 0.13 0.01 − 0.07, 0.09 0.803 0.01
 Perceived stress (pregnancy and 

1st 6 months)
0.13 − 0.88, 1.13 0.802 − 0.09 − 1.8 − 6.11, 2.5 0.412 0.2

 Seasonal indicator at trimester 
 2d

− 1.6 − 6.54, 3.33 0.524 − 0.06 − 16.56 − 37.73, 4.62 0.125 0.42

 Maternal vitamin D (nmol/l) 0.25 − 0.2, 0.69 0.273 0.06 0.06 − 1.77, 1.89 0.947 − 0.19
 Any maternal pregnancy smok-

ing
− 8.39 − 26.41, 9.63 0.361 − 0.02 − 44.63 − 120.93, 31.68 0.251 0.33
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β—mean change per unit increase in factor
SEIFA Socio-economic Indexes for Areas; IRSD Index of Relative Socioeconomic Disadvantage; BMI body mass index; ETS environmental 
tobacco smoke; BIS Barwon Infant Study; ARFS score Australian Recommended Food Score based on adherence to Australian Dietary Guide-
lines
a Serum total choline-containing compounds regression adjusted for gestational age at blood collection, child’s sex and time interval between 
maternal serum collection and storage
b R2 for the predictive model = 0.48 i.e. the model explains 48% of the variance in dietary choline intake
c Maternal weight gain during pregnancy calculated as the difference between pre-pregnancy weight and maternal weight gain at 28 weeks of 
gestation
d Estimated as UVR exposure in standard erythemal doses (trimester 1 and trimester 3 also not significant)
Omega-6 supplementation excluded due to low power N = 2
e Modern healthy dietary pattern: high positive loadings on fish, nuts, eggs, green vegetables, and wholegrains; for every increase in one standard 
deviation of Modern healthy dietary pattern the mean increase of dietary total choline was 25 mg
f Western dietary pattern: high loadings of full-cream milk, pasta, chips, meat and take-away foods, sweet biscuits, and confectionery products
Detailed PCA loadings plot previously  published33

g Gestational diabetes and any ETS during preconception and pregnancy were associated with higher maternal serum choline-containing com-
pounds at 28 weeks of gestation, however, after adjusting for maternal weight at 28 weeks, these factors were no longer significant (p = 0.056, 
p = 0.066)
p < 0.05 in bold

Table 5  (continued)

Daily total choline dietary Intake (mg/d) Total choline-containing compounds in serum 
(µmol/l)a

β 95%CI p value Relative 
 contributionb 
(%)

β 95%CI p value Relative 
 contributionb 
(%)

 Any ETS during preconception 
or  pregnancyg

− 6.79 − 24.5, 10.93 0.452 − 0.04 − 92.62 − 166.06, − 19.17 0.014 0.79

Nutrition and nutrients
 Energy (kJ/day) 0.03 0.03, 0.03  < 0.001 48.06 0 − 0.01, 0.01 0.643 0.01
 Fibre (g/day) 6.75 6, 7.51  < 0.001 23.21 1.82 − 1.99, 5.63 0.348 0.09
 Protein (g/day) 2.9 2.75, 3.05  < 0.001 58.96 − 0.04 − 1.06, 0.98 0.94 − 0.01
 Iron (g/day) 14.12 12.97, 15.27  < 0.001 36.4 0.73 − 5.64, 7.09 0.823 0
 Total dietary omega-3 (g/day) 103.74 95.3, 112.18  < 0.001 36.39 24.67 − 21.6, 70.94 0.296 0.11
 Omega-3 supplementation in 

preg. (yes vs no)
8.61 − 7.03, 24.25 0.28 0.03 29.8 − 41.75, 101.35 0.414 0.11

 Total dietary omega-6 (g/day) 11.07 9.73, 12.41  < 0.001 20.55 5.48 − 1.17, 12.12 0.106 0.27
 Alcohol (g/day) 4.74 − 0.03, 9.5 0.051 0.28 4.28 − 16.22, 24.78 0.682 0.01
 Consistent fish oil supp. in 

preg. (yes vs no)
− 12.03 − 33.61, 9.54 0.274 0.03 23.62 − 77.78, 125.02 0.647 − 0.19

 Folate (ug/day) 0.58 0.52, 0.64  < 0.001 27.58 0.02 − 0.28, 0.32 0.89 − 0.01
 Folate supplementation in preg. 

(yes vs no)
− 5.6 − 46.84, 35.64 0.79 − 0.09 69.72 − 98.49, 237.94 0.416 0.24

Dietary patterns
 Modern healthy dietary pattern 

(PC1 z-score per 1 SD)e
25.6 19.44, 31.77  < 0.001 6.05 24.15 − 3.96, 52.26 0.092 0.3

 Western dietary pattern (PC2 
z-score per 1SD)f

60.55 55.37, 65.72  < 0.001 34.17 − 5.33 − 33.24, 22.58 0.708 0.01

 Traditional Anglo-Australian 
diet (PC3 z-score per 1 SD)

3.11 − 3.26, 9.49 0.38 − 0.01 10.89 − 17.52, 39.29 0.452 0.05

 ARFS score (per unit) 5.83 5.12, 6.54  < 0.001 20.21 − 0.25 − 3.76, 3.27 0.89 − 0.01
 Vegetarian diet (yes vs no) − 71 − 153.92, 11.91 0.093 0.18 − 193.78 − 546.34, 158.79 0.281 0.12
 Choline supplementation in 

preg. (yes vs no)
− 33.25 − 73.05, 6.54 0.101 0.17 − 17.03 − 202.74, 168.69 0.857 0.22
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Table 6  SNPs associated with serum total choline-containing compounds (µmol/l)

Total N = 948 Allele frequency in BIS SNPs related to choline  demanda Relative 
contribution 
(%)β 95%CI p value

Methionine cycle in 1C pathway
 BHMT gene rs3733890 0.21
  0 8.3% (79) Reference
  1 40.7% (386) − 26.52 − 134.76, 81.73 0.631
  2 50.9% (483) 21.81 − 84.22, 127.85 0.686

 PEMT gene  rs4646343b 0.68
  0 19.0% (180) Reference
  1 50.7% (481) 80.12 4.16, 156.08 0.039
  2 30.3% (287) 108.1 25.21, 190.98 0.011

 Additive model (0 to > 2)c 49.07 8.88, 89.26 0.017 0.81
 PEMT gene rs7946 0.26
  0 7.0% (66) Reference
  1 35.7% (338) − 18.86 − 135.53, 97.81 0.751
  2 57.4% (544) 33.44 − 79.54, 146.42 0.561

 CHDH rs9001 − 0.02
  0 1.1% (10) Reference
  1 15.7% (149) − 25.2 − 306.87, 256.47 0.861
  2 83.2% (789) 0.06 − 273.97, 274.09 1

 CHDH rs12676 − 0.06
  0 51.7% (490) Reference
  1 39.7% (376) 3.01 − 57.47, 63.49 0.922
  2 8.6% (82) − 4.37 − 110.25, 101.5 0.935

Folate cycle in 1C pathway
 MTHFR gene rs1801133 0.22
  0 46.5% (441) Reference
  1 42.2% (400) − 15.44 − 75.8, 44.91 0.616
  2 11.3% (107) − 79.47 − 175.95, 17.01 0.106

 MTR gene rs1805087 − 0.03
  0 65.4% (620) Reference
  1 30.9% (293) − 17.47 − 79.96, 45.02 0.583
  2 3.7% (35) 12.17 − 139.25, 163.59 0.875

 MTHFD1 rs2236225 − 0.05
  0 18.2% (173) Reference
  1 53.2% (504) 7.11 − 70.34, 84.57 0.857
  2 28.6% (271) 14.06 − 71.51, 99.62 0.747

CDP (cytidine diphosphate-choline) pathway
 CHKA gene rs10791957 0.41
  0 31.9% (302) Reference
  1 49.2% (466) 67.93 3.11, 132.75 0.04
  2 19.0% (180) 50.31 − 32.18, 132.8 0.232

 Additive model (0 to > 2)b 24.64 − 15.19, 64.47 0.225 0.36
Choline transport
 SLC44A1 gene rs7873987 0.15
  0 78.4% (743) Reference
  1 19.9% (189) − 43.75 − 115.94, 28.44 0.235
  2 1.7% (16) − 86.38 − 303.33, 130.57 0.435

 SLC44A1 gene rs3199966 0.28
  0 82.9% (786) Reference
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CI 4.16, 156.08; p = 0.039) was observed for infants with 
heterozygous allele (AC) compared to the risk allele (AA) 
at this locus. The gene CHKA rs10791957 involved in the 
phosphorylation of choline as the first step in the CDP-
choline pathway also showed moderate evidence of an 
association. There was a mean increase of 67.93 µmol/l 
(95% CI 3.11, 132.75; p = 0.04) in serum total choline-c for 
infants with heterozygous risk allele (AC) compared to the 
homozygous allele (AA), although for this locus the mean 
increase for the risk allele (CC) infants of 50.31 µmol/l 
(95% CI -32.18, 132.8; p = 0.232) did not reach statistical 
significance. The contribution of the PEMT and the CHKA 
gene variation to serum total choline-c was < 1%.

Misclassification analysis was performed to account for 
the use of the infant’s genotype instead of the mother’s, 
which is unavailable in the BIS cohort. The estimated 
mean increase in serum total choline-c was 98.15 µmol/l 
(95% CI 17.77, 178.52; p = 0.017) for one unit increase 
in risk allele in the expected maternal rs4646343 risk 
score (Table S7). This can be compared to the original 
analysis using infant’s genotype where the estimated mean 
increase in serum total choline-c was 49.07 µmol/l (95% 
CI 8.88, 89.26; p = 0.017) for each risk allele the infant 
carried (Table 6). When accounting for misclassification, 

the effect size and confidence intervals were consistently 
higher, but the p value and relative contribution remained 
unchanged. Thus, misclassification adjustment deattenu-
ated the magnitude of association by accounting for meas-
uring error when using infant’s genotypes instead of the 
mother’s genotype.

Discussion

In this study, 23% of pregnant women met the recommended 
choline intake of 440 mg/day during pregnancy and only 27 
(2.6%) of women were taking prenatal supplements con-
taining choline ( ≥ 50 mg per dose) daily during pregnancy. 
Similarly low dietary choline intake has been reported in 
many countries including Belgium, US, Canada and Aus-
tralia [9–13].

The importance of choline supplementation during preg-
nancy is increasingly recognised. The American Academy of 
Paediatrics recognised choline as a ‘brain-building’ nutrient 
and called upon paediatricians to ensure pregnant women 
and young children have adequate intakes of choline [42]. In 
2017, the American Medical Association (AMA) reported 
that prenatal choline supplementation is uncommon [43]. 

Relevant SNPs were also explored against dietary choline with no significance observed
BIS Barwon Infant Study; 1C one-carbon cycle; Genes: BHMT betaine-homocysteine S-methyltransferase; PEMT phosphatidylethanolamine 
N-methyltransferase; CHDH choline dehydrogenase; MTHFR methylenetetrahydrofolate reductase; MTR methionine synthase; MTHFD1 meth-
ylenetetrahydrofolate dehydrogenase 1; CHKA choline kinase alpha; SLC44A1 solute carrier family 44 member 1; FMO3 flavin monooxygenase 
isoform
a Serum total choline-containing compounds regression adjusted for gestational age at blood collection and child's sex and time interval between 
maternal serum collection and storage
Note: SNPs were coded as follows: (i) wild type allele (0) for dietary choline partitioning to CDP pathway (ii) wild type allele (2) for dietary 
choline partitioning to betaine
Interpretation of PEMT gene:
b β = 93.52, estimated mean increase in serum choline-containing compounds is 93.52 µmol/l for children with heterozygous allele AC (1) com-
pared to the homozygous reference allele AA (0) genotype
b β = 111.4, estimated mean increase in serum choline-containing compounds is 111.4 µmol/l for children with homozygous allele CC (2) com-
pared to the homozygous reference allele AA (0) genotype
c β = 51.2, estimated mean increase in serum choline-containing compounds is 51.2 µmol/l for each C allele the child carries
p < 0.05 in bold

Table 6  (continued)

Total N = 948 Allele frequency in BIS SNPs related to choline  demanda Relative 
contribution 
(%)β 95%CI p value

  1 16.1% (153) − 67.2 − 144.99, 10.6 0.09
  2 0.9% (9) − 81.15 − 368.76, 206.45 0.58

Microbial metabolism of trimethylamine in the gut
 FMO3 rs2266782 0.06
  0 32.7% (310) Reference
  1 52.4% (497) 3.24 − 60.37, 66.85 0.92
  2 14.9% (141) − 40.57 − 129.18, 48.05 0.369
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Similar to this study, a group in Canada reported that only 
3% of pregnant women were supplementing choline during 
pregnancy [9]. Moreover, current prenatal multivitamins 
and supplements either do not contain choline at all or only 
very low amounts (30–50 mg), therefore adequate intake 
of choline during pregnancy is unlikely to be met via sup-
plementation alone, in contrast to other nutrients such as 
folate and vitamin B 12 [14, 43]. Further, the importance of 
optimal choline intake during pregnancy is not commonly 
known; therefore, education and improved public health 
knowledge regarding the importance of choline during preg-
nancy, which highlights foods high in choline is warranted to 
provide adequate maternal dietary choline in the first place. 
Currently, the low intake of eggs, dairy products, meat, nuts, 
and legumes among Australian women in pregnancy likely 
results in low estimated dietary choline intake.

In addition, the adequate intake level for dietary choline 
was derived based on the intake required to prevent liver 
damage in healthy men and women, which was then adjusted 
for pregnancy and lactation based on choline accretion by the 
foetus and placenta and the amount secreted in human breast 
milk [5]. Therefore, there is a need to understand choline 
demands, particularly during pregnancy and explore whether 
the current choline recommendations are adequate for opti-
mal foetal outcomes. Indeed, current literature suggests that 
doses above the recommended intake may be beneficial. 
Several clinical trials examined the effectiveness of choline 
in relation to cognition, visual and memory tasks, with many 
intervention doses ranging from 550 to 930 mg/day [44–46]. 
Greater daily choline intake was associated with increased 
blood concentrations of choline and betaine, increasing the 
methyl donor pool for DNA methylation that is essential to 
foetal development [45]. Choline supplementation also has 
an effect on other essential nutrients such as vitamin B-12 
[47] and lysophosphatidylcholine enriched with DHA [48] 
status during pregnancy, supporting a functional relationship 
between these nutrients. Further clinical trial with higher 
dose intervention (930 mg/day vs 480 mg/day during third 
trimester) during pregnancy showed improved child memory 
at year seven [49].

In this study, we have outlined that both quantity and 
dietary patterns are associated with higher dietary total 
choline intake. Both the Modern healthy dietary pattern 
and Western dietary pattern were associated with higher 
dietary total choline intake. It is important to note that other 
dietary patterns (such as vegetarian or vegan dietary pattern) 
may impact choline intake therefore, in the future research, 
additional further dietary patterns should be examined in 
relation to low choline intake. Reduction in consumption 
of dairy and other animal products is increasingly com-
mon with plant-based diets increasing in popularity due to 
environmental and animal welfare concerns [50]. A global 
survey in 2019 reported that 40% of consumers are trying to 

reduce their consumption of animal proteins, while 10% are 
avoiding meat completely [50]. In addition, the plant-based 
milk alternatives have also reduced consumption of dairy 
milk [51]. Since the primary food sources of choline are 
milk, eggs and red meat, supplementation during pregnancy 
and lactation may be even more important as the intake of 
choline-rich food sources decline. Notably, a study in 2020 
demonstrated no difference in water-soluble choline com-
pounds in breastmilk between vegetarian lactating women 
and non-vegetarians [52]. Due to the low number of vegetar-
ian pregnant women (N = 6) in this study, we were unable 
to examine differences in breastmilk choline by vegetarian 
status.

The serum total choline-containing compounds at 
28 weeks of pregnancy reported in this study were found 
to have a median of 3.25 mmol/l, which is slightly higher 
than that previously reported in pregnancy [53] (i.e. median 
of 2.62 mmol/l at 24–26 weeks of gestation). The mean 
for serum choline in a healthy adult population was previ-
ously reported to be approximately 11.7 µmol/l [54]. These 
findings indicate that serum levels are much higher during 
pregnancy. The concentration of total choline-containing 
compounds in maternal serum was not correlated with the 
estimated dietary intake of choline during the third trimester 
of pregnancy. It is of note that this study did not measure 
free choline from plasma but rather serum total choline-
containing compounds. Further serum betaine measure was 
not available for analysis despite it being a choline-saving, 
methyl donor in the 1C cycle. Further, due to the nature 
of choline, a multi-functional nutrient involved in multiple 
pathways, multiple blood markers might be required to fully 
understand choline metabolism. For example, a study in 
2009 suggested no association between moderate changes in 
the dietary intake of choline and blood status, possibly due 
to the interplay of choline and folate in the 1C cycle [55].

Here we investigated the role of genetic variants on cho-
line metabolism. We used the infant genotype as a surrogate 
for the maternal genotype and demonstrated that this is a 
suitable proxy. The misclassification would likely be non-
differential, biasing results towards the null yet gene variant- 
choline-containing compounds associations were evident, 
indicating that choline metabolism is dependent on enzymes 
related to the 1C cycle in particular PEMT, responsible 
for choline de novo synthesis [37, 38]. The methyl group 
required in the synthesis of phosphatidylcholine via the 
PEMT enzyme is partially from exogenous choline, betaine 
and possibly folate [37]. This is consistent with our finding 
of a link between genetic variation at PEMT with serum 
total choline-containing compounds. Further, studies have 
demonstrated that apart from low dietary choline resulting 
from low consumption of choline-rich foods, a polymor-
phism in the PEMT rs1235817 promoter region can result 
in reduced synthesis of choline and increase the odds of 
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developing organ dysfunction [20]. Polymorphism in the 
PEMT gene has also been linked to preterm birth in a low 
choline environment [56, 57]. It has been suggested that the 
lack of agreement between dietary and serum total choline-
containing compounds under conditions of folate adequacy 
may be due to the interaction of folate and methionine on 
choline levels [55, 58]. In the case of folate deficiency, the 
need for choline may be increased. For example, those that 
abuse alcohol become folate deficient; hence, more choline 
is required [59, 60]. Studies have found that polymorphism 
in the MTHFR gene is associated with reduced efficiency, 
requiring higher folate intake; therefore, supplementation 
may be crucial for pregnancies with these variants. Overall, 
it is important to explore 1C metabolites all at once and 
measure not only the key enzymes, but also genotypes of 
these as well as the intermediates in the pathway.

In this study, we examined possible lifestyle, environmen-
tal, and nutritional factors associated with dietary choline 
intake and serum total choline-containing compounds. To 
our knowledge, this is the first study to comprehensively 
investigate early life factors and their effect on total choline, 
phosphatidylcholine, and sphingomyelin in diet and serum.

Key strengths and limitations

The key strength of this study is the comprehensive analy-
sis of early life factors, including prenatal factors such as 
sociodemographic, family, maternal, dietary, and genetics 
factors. In addition, we undertook an extensive misclassifica-
tion analysis to account for the use of the infant’s genotype. 
One limitation is that the frequencies of some genotypes 
in specific genes were low, possibly explaining the lack of 
association in other genes. A further limitation of this study 
is that serum choline-containing compounds were measured 
on non-fasted blood samples, and therefore, we were unable 
to measure levels on plasma free choline measure used to 
understand the levels of unbound, free choline available in 
the blood rather than bound total choline-containing com-
pounds [61]. Therefore, the interpretation of bound total 
choline-containing compounds with respect to nutrition 
and dietary measures is to be taken with caution as these 
levels are influenced by lipoprotein metabolism [62, 63]. 
Nevertheless, an examination of phosphatidylcholine, and 
sphingomyelin with respect to nutritional choline intake 
is important as these choline-containing compounds have 
major biological roles [7].

We focussed on key choline elements, but other related 
choline factors are not available in this cohort such as tri-
methylamine N-oxide indicative of choline metabolism in 
the gut. Further, we acknowledge possible misclassification 
when deriving daily dietary choline intake measures from 
the food frequency questionnaire; however, as choline is in 
primary food groups such as dairy, eggs and meat, which are 

well captured in the validated questionnaire, the impact of 
any potential misclassification is reduced compared to other 
nutrients that are not as well characterised. Data used in this 
analysis were collected in 2010–2013 in Australia, therefore, 
choline reference values were used based on the Nutrient 
Reference Values for Australia and New Zealand [5]. The 
recommended intake during pregnancy is higher (450 mg) 
in countries such as Canada or the US [6], therefore, based 
on the National Institutes of Health (NIH) guidelines [64], a 
total of 207 women (20.3%) would have had adequate cho-
line intake during pregnancy. Finally, BIS is a cohort that is 
relatively homogenous in terms of education level, socioeco-
nomic index, and ethnicity and therefore, these results may 
not be generalisable across all populations.

Future studies

Due to the close relationship among dietary choline, folate 
and other 1C nutrients, the role of choline bioavailability and 
epigenetic modification through 1C mechanisms should be 
further understood. Thus, understanding choline bioavail-
ability, utilisation, and dependency and consequences on 
other nutrients such as folate and B12 are the next step away 
from a “one-size-fits-all” approach and towards personalised 
nutrition [65]. Overall, prenatal levels of all metabolites in 
the 1C cycle would ideally be measured at once rather than 
individually. Changes and interventions on an individual 
level, especially by specific healthy eating interventions dur-
ing pregnancy, have enormous potential in improving public 
health. Further, there is evidence in the literature that the gut 
microbiome affects the utility and bioavailability of choline, 
therefore, in future studies, we suggest exploring the role of 
the gut on choline metabolome [65].

This is the first study exploring a comprehensive list of 
lifestyle and environmental factors in both dietary and serum 
choline-containing compounds. Our findings indicate that 
dietary choline intake was below the recommended ‘ade-
quate’ level. Dietary choline intake did not correlate with 
serum choline-containing compounds, possibly due to cho-
line being a multi-functional nutrient with other nutrients 
such as folate, and genetics of endogenous synthesis and 
the gut microbiome affecting choline bioavailability. Fur-
ther, serum choline-containing compounds may also indi-
cate plasma lipoprotein metabolism including hepatic very 
low-density lipoproteins (VLDL), rather than representing 
nutritional intake alone.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00394- 023- 03186-w.

Acknowledgements The authors thank the BIS families for the gener-
ous contribution they have made to this project. The other members 
of the BIS Investigator Group are Mimi LK Tang, Amy Loughman, 
Lawrence Gray, Sarath Ranganathan, Len Harrison, and Peter Sly. We 

https://doi.org/10.1007/s00394-023-03186-w


2870 European Journal of Nutrition (2023) 62:2855–2872

1 3

thank Terry Dwyer and Katie Allen for their past work as foundation 
investigators and John Carlin for statistical advice in the Barwon Infant 
Study. We thank Rhonda Bell for contribution to the choline database 
used to estimate dietary choline intake in the Barwon Infant Study.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions. The establishment work and infrastructure 
for the BIS were provided by the Murdoch Children's Research Insti-
tute, Deakin University and Barwon Health. Subsequent funding was 
secured from the National Health and Medical Research Council of 
Australia (NHMRC), Minderoo Foundation, The Shepherd Foundation, 
The Jack Brockhoff Foundation, the Scobie & Claire McKinnon Trust, 
the Shane O'Brien Memorial Asthma Foundation, the Our Women Our 
Children's Fund Raising Committee Barwon Health, the Rotary Club 
of Geelong, the Ilhan Food Allergy Foundation, GMHBA, Vanguard 
Investments Australia Ltd, and the Percy Baxter Charitable Trust, 
Perpetual Trustees. In-kind support was provided by the Cotton On 
Foundation and CreativeForce. The study sponsors were not involved 
in the collection, analysis, and interpretation of data; writing of the 
report; or the decision to submit the report for publication. Research 
at Murdoch Children's Research Institute is supported by the Victorian 
Government's Operational Infrastructure Support Program. L Staskova 
is supported by The Florey Institute of Neuroscience and Mental Health 
graduate research scholarship, funded by the MRFF Preventative and 
Public Health Research grant [AP1200719]. This work was also sup-
ported by NHMRC, Australia Investigator Grants [APP1197234 to AL 
Ponsonby; APP1175744 D Burgner].

Data Availability Access to BIS data including all data used in this 
paper can be requested through the BIS Steering Committee by con-
tacting the corresponding author. Requests to access cohort data are 
considered on scientific and ethical grounds and, if approved, provided 
under collaborative research agreements. Deidentified cohort data can 
be provided in Stata or CSV format. Additional project information, 
including cohort data description and access procedures, is available 
at the cohort study’s website http:// www. barwo ninfa ntstu dy. org. au 
(accessed on 15 June 2023).

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Zeisel SH (2006) The fetal origins of memory: the role of 
dietary choline in optimal brain development. J Pediatr 149(5 
Suppl):S131-136. https:// doi. org/ 10. 1016/j. jpeds. 2006. 06. 065

 2. Zeisel SH (2006) Choline: critical role during fetal development 
and dietary requirements in adults. Annu Rev Nutr 26:229–250. 
https:// doi. org/ 10. 1146/ annur ev. nutr. 26. 061505. 111156

 3. Zeisel SH, Blusztajn JK (1994) Choline and human nutrition. 
Annu Rev Nutr 14:269–296. https:// doi. org/ 10. 1146/ annur ev. nu. 
14. 070194. 001413

 4. Niculescu MD, Zeisel SH (2002) Diet, methyl donors and DNA 
methylation: interactions between dietary folate, methionine and 
choline. J Nutr 132(8):2333S-2335S. https:// doi. org/ 10. 1093/ jn/ 
132.8. 2333S

 5. National Health and Medical Research Council (2006) Nutrient 
reference values for australia and New Zealand. Australian Gov-
ernment Department of Health and Ageing, Canberra

 6. Institute of Medicine Standing Committee on the Scientific 
Evaluation of Dietary Reference I, its Panel on Folate OBV, Cho-
line (1998) The national academies collection: reports funded 
by National Institutes of Health. Dietary reference intakes for 
thiamin, riboflavin, niacin, vitamin B(6), folate, vitamin B(12), 
pantothenic acid, biotin, and choline. National Academies Press, 
National Academy of Sciences, Washington. https:// doi. org/ 10. 
17226/ 6015

 7. Korsmo HW, Jiang X, Caudill MA (2019) Choline: exploring the 
growing science on its benefits for moms and babies. Nutrients. 
https:// doi. org/ 10. 3390/ nu110 81823

 8. Yonemori KM, Lim U, Koga KR, Wilkens LR, Au D, Boushey CJ, 
Le Marchand L, Kolonel LN, Murphy SP (2013) Dietary choline 
and betaine intakes vary in an adult multiethnic population. J Nutr 
143(6):894–899. https:// doi. org/ 10. 3945/ jn. 112. 171132

 9. Lewis ED, Subhan FB, Bell RC, McCargar LJ, Curtis JM, Jacobs 
RL, Field CJ (2014) Estimation of choline intake from 24 h die-
tary intake recalls and contribution of egg and milk consumption 
to intake among pregnant and lactating women in Alberta. Br J 
Nutr 112(1):112–121. https:// doi. org/ 10. 1017/ s0007 11451 40005 
55

 10. Wiedeman AM, Barr SI, Green TJ, Xu Z, Innis SM, Kitts DD 
(2018) Dietary choline intake: current state of knowledge across 
the life cycle. Nutrients 10(10):1513. https:// doi. org/ 10. 3390/ 
nu101 01513

 11. Probst Y, Guan V, Neale E (2019) Development of a choline data-
base to estimate australian population intakes. Nutrients. https:// 
doi. org/ 10. 3390/ nu110 40913

 12. Pauwels S, Ghosh M, Duca RC, Bekaert B, Freson K, Huybre-
chts I, Langie SAS, Koppen G, Devlieger R, Godderis L (2017) 
Maternal intake of methyl-group donors affects DNA methylation 
of metabolic genes in infants. Clin Epigenetics 9:16. https:// doi. 
org/ 10. 1186/ s13148- 017- 0321-y

 13. Wallace TC, Fulgoni VL (2017) Usual choline intakes are associ-
ated with egg and protein food consumption in the United States. 
Nutrients 9(8):839. https:// doi. org/ 10. 3390/ nu908 0839

 14. Bell CC, Aujla J (2016) Prenatal vitamins deficient in recom-
mended choline intake for pregnant women. J Fam Med Dis Prev. 
https:// doi. org/ 10. 23937/ 2469- 5793/ 15100 48

 15. Irvine N, England-Mason G, Field CJ, Dewey D, Aghajafari F 
(2022) Prenatal folate and choline levels and brain and cognitive 
development in children: a critical narrative review. Nutrients. 
https:// doi. org/ 10. 3390/ nu140 20364

 16. Hunter SK, Hoffman MC, McCarthy L, D’Alessandro A, Wyrwa 
A, Noonan K, Christians U, Nakimuli-Mpungu E, Zeisel SH, Law 
AJ, Freedman R (2021) Black American maternal prenatal cho-
line, offspring gestational age at birth, and developmental predis-
position to mental illness. Schizophr Bull 47(4):896–905. https:// 
doi. org/ 10. 1093/ schbul/ sbaa1 71

 17. Holm PI, Ueland PM, Kvalheim G, Lien EA (2003) Deter-
mination of choline, betaine, and dimethylglycine in plasma 
by a high-throughput method based on normal-phase 

http://www.barwoninfantstudy.org.au
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jpeds.2006.06.065
https://doi.org/10.1146/annurev.nutr.26.061505.111156
https://doi.org/10.1146/annurev.nu.14.070194.001413
https://doi.org/10.1146/annurev.nu.14.070194.001413
https://doi.org/10.1093/jn/132.8.2333S
https://doi.org/10.1093/jn/132.8.2333S
https://doi.org/10.17226/6015
https://doi.org/10.17226/6015
https://doi.org/10.3390/nu11081823
https://doi.org/10.3945/jn.112.171132
https://doi.org/10.1017/s0007114514000555
https://doi.org/10.1017/s0007114514000555
https://doi.org/10.3390/nu10101513
https://doi.org/10.3390/nu10101513
https://doi.org/10.3390/nu11040913
https://doi.org/10.3390/nu11040913
https://doi.org/10.1186/s13148-017-0321-y
https://doi.org/10.1186/s13148-017-0321-y
https://doi.org/10.3390/nu9080839
https://doi.org/10.23937/2469-5793/1510048
https://doi.org/10.3390/nu14020364
https://doi.org/10.1093/schbul/sbaa171
https://doi.org/10.1093/schbul/sbaa171


2871European Journal of Nutrition (2023) 62:2855–2872 

1 3

chromatography-tandem mass spectrometry. Clin Chem 
49(2):286–294. https:// doi. org/ 10. 1373/ 49.2. 286

 18. Depeint F, Bruce WR, Shangari N, Mehta R, O’Brien PJ (2006) 
Mitochondrial function and toxicity: role of the B vitamin family 
on mitochondrial energy metabolism. Chem Biol Interact 163(1–
2):94–112. https:// doi. org/ 10. 1016/j. cbi. 2006. 04. 014

 19. Craig SAS (2004) Betaine in human nutrition. Am J Clin Nutr 
80(3):539–549. https:// doi. org/ 10. 1093/ ajcn/ 80.3. 539

 20. Ganz AB, Klatt KC, Caudill MA (2017) Common genetic vari-
ants alter metabolism and influence dietary choline requirements. 
Nutrients 9(8):837. https:// doi. org/ 10. 3390/ nu908 0837

 21. Clare CE, Brassington AH, Kwong WY, Sinclair KD (2019) 
One-carbon metabolism: linking nutritional biochemistry to 
epigenetic programming of long-term development. Annu 
Rev Anim Biosci 7:263–287. https:// doi. org/ 10. 1146/ annur 
ev- animal- 020518- 115206

 22. Arias N, Arboleya S, Allison J, Kaliszewska A, Higarza SG, Guei-
monde M, Arias JL (2020) The relationship between choline bio-
availability from diet, intestinal microbiota composition, and its 
modulation of human diseases. Nutrients 12(8):2340. https:// doi. 
org/ 10. 3390/ nu120 82340

 23. Vuillermin P, Saffery R, Allen KJ, Carlin JB, Tang ML, Ran-
ganathan S, Burgner D, Dwyer T, Collier F, Jachno K, Sly P, 
Symeonides C, McCloskey K, Molloy J, Forrester M, Ponsonby 
AL (2015) Cohort profile: the Barwon Infant Study. Int J Epide-
miol 44(4):1148–1160. https:// doi. org/ 10. 1093/ ije/ dyv026

 24. Giles G, Ireland P (1996) Dietary questionnaire for epidemiologi-
cal studies (version 2). The Cancer Council Victoria, Melbourne

 25. Patterson KY, Bhagwat S, Williams RJ, Howe CJ, Holden MJ, 
Zeisel SH, Dacosta KA, Mar MH (2008) USDA database for the 
choline content of common foods, release 2. Agricultural Reser-
ach Services

 26. Zheng M, Wu JH, Louie JC, Flood VM, Gill T, Thomas B, Clean-
thous X, Neal B, Rangan A (2016) Typical food portion sizes con-
sumed by Australian adults: results from the 2011–12 Australian 
National Nutrition and Physical Activity Survey. Sci Rep 6:19596. 
https:// doi. org/ 10. 1038/ srep1 9596

 27. Marx W, Thomson S, O’Hely M, Symeonides C, Collier F, Tang 
MLK, Loughman A, Burgner D, Saffery R, Pham C, Mansell 
T, Sly PD, Vuillermin P, Ranganathan S, Ponsonby AL (2022) 
Maternal inflammatory and omega-3 fatty acid pathways medi-
ate the association between socioeconomic disadvantage and 
childhood cognition. Brain Behav Immun 100:211–218. https:// 
doi. org/ 10. 1016/j. bbi. 2021. 12. 002

 28. Nankervis A, McIntyre HD, Moses RG, Ross GP, Callaway LK 
(2013) Testing for gestational diabetes mellitus in Australia. 
Diabetes Care 36(5):e64. https:// doi. org/ 10. 2337/ dc12- 2345

 29. Pink B (2011) Technical paper: socio-economic indexes for 
areas (SEIFA). Australian Bureau of Statistics

 30. Thorsen SU, Collier F, Pezic A, O’Hely M, Clarke M, Tang 
MLK, Burgner D, Vuillermin P, Ponsonby AL (2021) Maternal 
and cord blood 25-hydroxyvitamin D(3) are associated with 
increased cord blood and naive and activated regulatory t cells: 
the Barwon Infant Study. J Immunol 206(4):874–882. https:// 
doi. org/ 10. 4049/ jimmu nol. 20005 15

 31. Molloy J, Koplin JJ, Allen KJ, Tang MLK, Collier F, Carlin 
JB, Saffery R, Burgner D, Ranganathan S, Dwyer T, Ward AC, 
Moreno-Betancur M, Clarke M, Ponsonby AL, Vuillermin P 
(2017) Vitamin D insufficiency in the first 6 months of infancy 
and challenge-proven IgE-mediated food allergy at 1 year of 
age: a case-cohort study. Allergy 72(8):1222–1231. https:// doi. 
org/ 10. 1111/ all. 13122

 32. Cohen S, Kamarck T, Mermelstein R (1994) Perceived stress 
scale. Measuring stress: a guide for health and social scientists. 
J Health Soc Behav 24:386–396

 33. Dawson SL, O’Hely M, Jacka FN, Ponsonby AL, Symeonides 
C, Loughman A, Collier F, Moreno-Betancur M, Sly P, Burgner 
D, Tang MLK, Saffery R, Ranganathan S, Conlon MA, Har-
rison LC, Brix S, Kristiansen K, Vuillermin P (2021) Maternal 
prenatal gut microbiota composition predicts child behaviour. 
EBioMedicine 68:103400. https:// doi. org/ 10. 1016/j. ebiom. 
2021. 103400

 34. Collins CE, Young AF, Hodge A (2008) Diet quality is associ-
ated with higher nutrient intake and self-rated health in mid-aged 
women. J Am Coll Nutr 27(1):146–157. https:// doi. org/ 10. 1080/ 
07315 724. 2008. 10719 686

 35. Commonwealth of Australia NHAM, Council R (2003) Dietary 
guidelines for Australian adults. A guide to healthy eating. NHAM

 36. Ponsonby A-L, Symeonides C, Saffery R, Mueller JF, O’Hely M, 
Sly PD, Wardrop N, Pezic A, Mansell T, Collier F, Burgner D, 
Thompson K, Vijayasarathy S, Sugeng EJ, Dwyer T, Rangana-
than S, Anderson PJ, Anderson V, Vuillermin P (2020) Prenatal 
phthalate exposure, oxidative stress-related genetic vulnerability 
and early life neurodevelopment: a birth cohort study. Neurotoxi-
cology 80:20–28. https:// doi. org/ 10. 1016/j. neuro. 2020. 05. 006

 37. Ganz AB, Shields K, Fomin VG, Lopez YS, Mohan S, Lovesky 
J, Chuang JC, Ganti A, Carrier B, Yan J, Taeswuan S, Cohen VV, 
Swersky CC, Stover JA, Vitiello GA, Malysheva OV, Mudrak 
E, Caudill MA (2016) Genetic impairments in folate enzymes 
increase dependence on dietary choline for phosphatidylcho-
line production at the expense of betaine synthesis. FASEB J 
30(10):3321–3333. https:// doi. org/ 10. 1096/ fj. 20150 0138rr

 38. Ganz A, Cohen V, Swersky C, Stover J, Vitiello G, Lovesky J, 
Chuang J, Shields K, Fomin V, Lopez Y, Mohan S, Ganti A, 
Carrier B, Malysheva O, Caudill M (2017) Genetic variation in 
choline-metabolizing enzymes alters choline metabolism in young 
women consuming choline intakes meeting current recommenda-
tions. Int J Mol Sci 18(2):252. https:// doi. org/ 10. 3390/ ijms1 80202 
52

 39. Rothman KJ (1990) No adjustments are needed for multiple com-
parisons. Epidemiology 1(1):43–46

 40. Pham C, Bekkering S, O’Hely M, Burgner D, Thomson S, Vuill-
ermin P, Collier F, Marx W, Mansell T, Symeonides C, Sly PD, 
Tang MLK, Saffery R, Ponsonby AL (2022) Infant inflammation 
predicts childhood emotional and behavioral problems and par-
tially mediates socioeconomic disadvantage. Brain Behav Immun 
104:83–94. https:// doi. org/ 10. 1016/j. bbi. 2022. 05. 011

 41. Willett WC, Howe GR, Kushi LH (1997) Adjustment for total 
energy intake in epidemiologic studies. Am J Clin Nutr 65(4 
Suppl):1220S-1228S. https:// doi. org/ 10. 1093/ ajcn/ 65.4. 1220S. 
(discussion 1229S-1231S)

 42. Schwarzenberg SJ, Georgieff MK (2018) Advocacy for improv-
ing nutrition in the first 1000 days to support childhood develop-
ment and adult health. Pediatrics. https:// doi. org/ 10. 1542/ peds. 
2017- 3716

 43. AMA (2022) Wire AMA backs global health experts in calling 
infertility a disease. https:// wire. ama- assn. org/ ama- news/ ama- 
backs- global- health- exper ts- calli ng- infer tility- disea se. Accessed 
Mar 2022

 44. Ross RG, Hunter SK, McCarthy L, Beuler J, Hutchison AK, 
Wagner BD, Leonard S, Stevens KE, Freedman R (2013) Peri-
natal choline effects on neonatal pathophysiology related to later 
schizophrenia risk. Am J Psychiatry 170(3):290–298. https:// doi. 
org/ 10. 1176/ appi. ajp. 2012. 12070 940

 45. Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Devapatla 
S, Pressman E, Vermeylen F, Stabler SP, Allen RH, Caudill MA 
(2012) Maternal choline intake modulates maternal and fetal 
biomarkers of choline metabolism in humans. Am J Clin Nutr 
95(5):1060–1071. https:// doi. org/ 10. 3945/ ajcn. 111. 022772

 46. Li Q, Guo-Ross S, Lewis DV, Turner D, White AM, Wil-
son WA, Swartzwelder HS (2004) Dietary prenatal choline 

https://doi.org/10.1373/49.2.286
https://doi.org/10.1016/j.cbi.2006.04.014
https://doi.org/10.1093/ajcn/80.3.539
https://doi.org/10.3390/nu9080837
https://doi.org/10.1146/annurev-animal-020518-115206
https://doi.org/10.1146/annurev-animal-020518-115206
https://doi.org/10.3390/nu12082340
https://doi.org/10.3390/nu12082340
https://doi.org/10.1093/ije/dyv026
https://doi.org/10.1038/srep19596
https://doi.org/10.1016/j.bbi.2021.12.002
https://doi.org/10.1016/j.bbi.2021.12.002
https://doi.org/10.2337/dc12-2345
https://doi.org/10.4049/jimmunol.2000515
https://doi.org/10.4049/jimmunol.2000515
https://doi.org/10.1111/all.13122
https://doi.org/10.1111/all.13122
https://doi.org/10.1016/j.ebiom.2021.103400
https://doi.org/10.1016/j.ebiom.2021.103400
https://doi.org/10.1080/07315724.2008.10719686
https://doi.org/10.1080/07315724.2008.10719686
https://doi.org/10.1016/j.neuro.2020.05.006
https://doi.org/10.1096/fj.201500138rr
https://doi.org/10.3390/ijms18020252
https://doi.org/10.3390/ijms18020252
https://doi.org/10.1016/j.bbi.2022.05.011
https://doi.org/10.1093/ajcn/65.4.1220S
https://doi.org/10.1542/peds.2017-3716
https://doi.org/10.1542/peds.2017-3716
https://wire.ama-assn.org/ama-news/ama-backs-global-health-experts-calling-infertility-disease
https://wire.ama-assn.org/ama-news/ama-backs-global-health-experts-calling-infertility-disease
https://doi.org/10.1176/appi.ajp.2012.12070940
https://doi.org/10.1176/appi.ajp.2012.12070940
https://doi.org/10.3945/ajcn.111.022772


2872 European Journal of Nutrition (2023) 62:2855–2872

1 3

supplementation alters postnatal hippocampal structure and func-
tion. J Neurophysiol 91(4):1545–1555. https:// doi. org/ 10. 1152/ jn. 
00785. 2003

 47. King JH, Kwan STC, Bae S, Klatt KC, Yan J, Malysheva OV, 
Jiang X, Roberson MS, Caudill MA (2019) Maternal choline 
supplementation alters vitamin B-12 status in human and murine 
pregnancy. J Nutr Biochem 72:108210. https:// doi. org/ 10. 1016/j. 
jnutb io. 2019. 07. 001

 48. Klatt KC, McDougall MQ, Malysheva OV, Brenna JT, Rob-
erson MS, Caudill MA (2019) Reproductive state and choline 
intake influence enrichment of plasma lysophosphatidylcholine-
DHA: a post hoc analysis of a controlled feeding trial. Br J Nutr 
122(11):1221–1229. https:// doi. org/ 10. 1017/ s0007 11451 90020 09

 49. Bahnfleth C, Canfield R, Nevins J, Caudill M, Strupp B (2019) 
Prenatal choline supplementation improves child color-location 
memory task performance at 7 y of age (FS05–01–19). Curr Dev 
Nutr. https:// doi. org/ 10. 1093/ cdn/ nzz048. FS05- 01- 19

 50. Alcorta A, Porta A, Tárrega A, Alvarez MD, Vaquero MP (2021) 
Foods for plant-based diets: challenges and innovations. Foods. 
https:// doi. org/ 10. 3390/ foods 10020 293

 51. Aschemann-Witzel J, Gantriis RF, Fraga P, Perez-Cueto FJA 
(2021) Plant-based food and protein trend from a business per-
spective: markets, consumers, and the challenges and opportu-
nities in the future. Crit Rev Food Sci Nutr 61(18):3119–3128. 
https:// doi. org/ 10. 1080/ 10408 398. 2020. 17937 30

 52. Perrin MT, Pawlak R, Allen LH, Hampel D (2020) Total water-
soluble choline concentration does not differ in milk from 
vegan, vegetarian, and nonvegetarian lactating women. J Nutr 
150(3):512–517. https:// doi. org/ 10. 1093/ jn/ nxz257

 53. Signore C, Ueland PM, Troendle J, Mills JL (2008) Choline con-
centrations in human maternal and cord blood and intelligence 
at 5 y of age. Am J Clin Nutr 87(4):896–902. https:// doi. org/ 10. 
1093/ ajcn/ 87.4. 896

 54. Garcia E, Shalaurova I, Matyus SP, Wolak-Dinsmore J, Oskard-
may DN, Connelly MA (2022) Quantification of choline in serum 
and plasma using a clinical nuclear magnetic resonance analyzer. 
Clin Chim Acta 524:106–112. https:// doi. org/ 10. 1016/j. cca. 2021. 
11. 031

 55. Abratte CM, Wang W, Li R, Axume J, Moriarty DJ, Caudill 
MA (2009) Choline status is not a reliable indicator of moderate 
changes in dietary choline consumption in premenopausal women. 
J Nutr Biochem 20(1):62–69. https:// doi. org/ 10. 1016/j. jnutb io. 
2007. 12. 002

 56. Bernhard W, Poets CF, Franz AR (2019) Choline and choline-
related nutrients in regular and preterm infant growth. Eur J Nutr 
58(3):931–945. https:// doi. org/ 10. 1007/ s00394- 018- 1834-7

 57. Zhu J, Liu YH, He XL, Kohlmeier M, Zhou LL, Shen LW, Yi 
XX, Tang QY, Cai W, Wang B (2020) Dietary choline intake 
during pregnancy and PEMT rs7946 polymorphism on risk of pre-
term birth: a case-control study. Ann Nutr Metab 76(6):431–440. 
https:// doi. org/ 10. 1159/ 00050 7472

 58. Kulinski A, Vance DE, Vance JE (2004) A choline-deficient diet in 
mice inhibits neither the CDP-choline pathway for phosphatidyl-
choline synthesis in hepatocytes nor apolipoprotein B secretion. 
J Biol Chem 279(23):23916–23924. https:// doi. org/ 10. 1074/ jbc. 
M3126 76200

 59. Akison LK, Kuo J, Reid N, Boyd RN, Moritz KM (2018) Effect 
of choline supplementation on neurological, cognitive, and behav-
ioral outcomes in offspring arising from alcohol exposure during 
development: a quantitative systematic review of clinical and pre-
clinical studies. Alcohol Clin Exp Res 42(9):1591–1611. https:// 
doi. org/ 10. 1111/ acer. 13817

 60. Medici V, Halsted CH (2013) Folate, alcohol, and liver disease. 
Mol Nutr Food Res 57(4):596–606. https:// doi. org/ 10. 1002/ mnfr. 
20120 0077

 61. Wu BT, Dyer RA, King DJ, Richardson KJ, Innis SM (2012) Early 
second trimester maternal plasma choline and betaine are related 
to measures of early cognitive development in term infants. PLoS 
ONE 7(8):e43448. https:// doi. org/ 10. 1371/ journ al. pone. 00434 48

 62. Li Z, Vance DE (2008) Thematic review series: glycerolip-
ids. Phosphatidylcholine and choline homeostasis. J Lipid Res 
49(6):1187–1194. https:// doi. org/ 10. 1194/ jlr. R7000 19- JLR200

 63. McGowan MW, Artiss JD, Zak B (1982) A procedure for the 
determination of high-density lipoprotein choline-containing 
phospholipids. J Clin Chem Clin Biochem 20(11):807–812. 
https:// doi. org/ 10. 1515/ cclm. 1982. 20. 11. 807

 64. National Institutes of Health (2022) Choline-health professional. 
U.S. Department of Health and Human Services. https:// ods. od. 
nih. gov/ facts heets/ Choli ne- Healt hProf essio nal/# ref. Accessed 
June 2017

 65. Goh YQ, Cheam G, Wang Y (2021) Understanding choline bio-
availability and utilization: first step toward personalizing choline 
nutrition. J Agric Food Chem 69(37):10774–10789. https:// doi. 
org/ 10. 1021/ acs. jafc. 1c030 77

https://doi.org/10.1152/jn.00785.2003
https://doi.org/10.1152/jn.00785.2003
https://doi.org/10.1016/j.jnutbio.2019.07.001
https://doi.org/10.1016/j.jnutbio.2019.07.001
https://doi.org/10.1017/s0007114519002009
https://doi.org/10.1093/cdn/nzz048.FS05-01-19
https://doi.org/10.3390/foods10020293
https://doi.org/10.1080/10408398.2020.1793730
https://doi.org/10.1093/jn/nxz257
https://doi.org/10.1093/ajcn/87.4.896
https://doi.org/10.1093/ajcn/87.4.896
https://doi.org/10.1016/j.cca.2021.11.031
https://doi.org/10.1016/j.cca.2021.11.031
https://doi.org/10.1016/j.jnutbio.2007.12.002
https://doi.org/10.1016/j.jnutbio.2007.12.002
https://doi.org/10.1007/s00394-018-1834-7
https://doi.org/10.1159/000507472
https://doi.org/10.1074/jbc.M312676200
https://doi.org/10.1074/jbc.M312676200
https://doi.org/10.1111/acer.13817
https://doi.org/10.1111/acer.13817
https://doi.org/10.1002/mnfr.201200077
https://doi.org/10.1002/mnfr.201200077
https://doi.org/10.1371/journal.pone.0043448
https://doi.org/10.1194/jlr.R700019-JLR200
https://doi.org/10.1515/cclm.1982.20.11.807
https://ods.od.nih.gov/factsheets/Choline-HealthProfessional/#ref
https://ods.od.nih.gov/factsheets/Choline-HealthProfessional/#ref
https://doi.org/10.1021/acs.jafc.1c03077
https://doi.org/10.1021/acs.jafc.1c03077

	The distribution of dietary choline intake and serum choline levels in Australian women during pregnancy and associated early life factors
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design and participants
	Ingested choline intake estimation
	Metabolic measures
	Potential lifestyle and environmental factors of choline status
	Potential prenatal nutritional factors
	Genetic profile
	Statistical methods
	Sensitivity analysis

	Results
	Commonly reported foods and nutritional factors contributing to dietary choline intake in the Barwon Infant Study
	Lifestyle and environmental factors associated with maternal dietary choline intake
	Dietary choline factors after adjusting for total energy
	Lifestyle and environmental factors associated with serum choline-c
	The association between infant genetic variants and maternal serum total choline-c

	Discussion
	Key strengths and limitations
	Future studies

	Anchor 26
	Acknowledgements 
	References




