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Abstract 

 

Choline, an essential dietary nutrient for humans, is involved in a broad range of critical 

physiological functions as a precursor for the synthesis of acetylcholine, phospholipids, and 

betaine. The current dietary recommendations for choline were set as Adequate Intakes (AIs), 

estimated based on limited data and expressed as total choline. However, dietary choline is 

present in different forms, which can be classified as water-soluble forms (free choline, 

phosphocholine, and glycerophosphocholine), and lipid-soluble forms (phosphatidylcholine and 

sphingomyelin). Despite its importance, there is still limited information available about choline 

intake and plasma and milk concentrations. Therefore, the overall goal of my research was to 

advance our knowledge of choline nutrition.  

To address this goal, I conducted four studies on healthy participants of different age 

groups across the life cycle, in which dietary choline intake was assessed and/or milk and plasma 

concentrations of choline and metabolites were determined by stable isotope dilution liquid 

chromatography-tandem mass spectrometry. The first study validated a food frequency 

questionnaire to assess dietary total choline intake. The second study showed that the 

concentrations of water-soluble forms of choline in human milk samples did not differ between 

lactating women from a high- (Canada) and a low-income (Cambodia) countries; in both cases, 

the estimated means of milk total choline were below the AI for infants aged 0 – 6 mo. The third 

study showed that one fasted or fed blood sample was adequate to quantify plasma choline 

concentrations, but recent food intake increased its concentrations in healthy adults. The last 

study showed that plasma free choline was not associated with choline intake among toddlers, 

children, and adults.  

This research has generated a considerable body of information about choline nutrition 

across the life cycle. In conclusion, these results suggest an overestimation of the current choline 

AI for infants and possibly for lactating women, thus emphasizing a need for reevaluating the 

AIs. The absence of an association between dietary choline intake and plasma free choline 

suggests the need for a better understanding of choline nutrition and metabolism is warranted. 
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Lay summary  

 

Choline is an essential nutrient needed in the diet to maintain human health. Choline is 

used in varied ways in the body and has especially important roles in early development. In 

1998, dietary recommendations for choline were set using limited information. Despite the 

awareness of its importance, there are very few studies to date describing choline intake and 

levels in plasma or milk. Therefore, the overall goal of my research was to increase our 

knowledge about human choline nutrition at different stages of the life cycle. My results suggest 

that the current dietary recommendation for choline might be overestimated for infants and likely 

for lactating women. Also, dietary choline intake was not associated with the plasma level. 

Therefore, more studies on choline metabolism are needed to update the current 

recommendations.  
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Chapter 1: Introduction, literature review, and objectives and hypotheses 

 

1.1 Introduction 

Choline is required for the synthesis of the neurotransmitter acetylcholine, phospholipids 

such as phosphatidylcholine and sphingomyelin, and the methyl group donor betaine, and 

therefore choline plays important roles across the life cycle (1, 2). Evidence from animal studies 

has shown that choline plays critical roles in brain development, consumption of choline-

deficient diets during perinatal periods leads to impaired neurodevelopment of the offspring (3, 

4). In humans, most studies of choline have focused on pregnancy (5-11). To date, there is 

limited information on dietary choline intake and the relationship between dietary choline intake 

and plasma free choline concentrations, an indicator of choline status, throughout the life cycle, 

especially during early childhood and in postmenopausal women.  

In 1998, the Dietary Reference Intakes (DRIs) were established for choline by the Food 

and Nutrition Board of the Institute of Medicine (12). However, the recommendations for 

choline were set as Adequate Intakes (AIs) due to a lack of sufficient evidence to establish 

Estimated Average Requirements (EARs) and therefore Recommended Dietary Allowances 

(RDAs) (12). For infants, the AI for choline was set based on the choline concentration in mature 

human milk and the daily volume intake consumed by breastfed infants (12). For adults, the AI 

for choline was set based on one depletion-repletion study conducted only in healthy men, which 

was then extrapolated to women and other age groups (12). 
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Although the recommendation for choline intake was set as total choline, dietary choline 

is present in water-soluble forms, including free choline, phosphocholine, and 

glycerophosphocholine, and lipid-soluble forms, including phosphatidylcholine and 

sphingomyelin (13). Interestingly, an average of 84% of the total choline in mature human milk 

is in water-soluble forms (14-17). In rodent models, it has been shown that different forms of 

choline present in milk differ in their metabolic fate and that the development of the immune 

system in the offspring can be influenced by the forms of choline consumed (18, 19). Our current 

knowledge on human milk choline concentrations is restricted to a limited number of studies 

with small sample sizes (14-17, 20, 21).  It has been reported that supplementing lactating 

women with choline increases the milk concentration of choline (17). Moreover, most of the data 

are from high-income countries where maternal consumption of animal-source food, the richest 

source of dietary choline (13), is probably higher than in low- and middle-income countries (22, 

23). As such, it is possible that differences in maternal usual dietary choline intake would impact 

the milk choline concentration.   

The AI for choline for adults was based on only a single choline-restricted diet study 

(24).  In this study, the concentration of plasma free choline in participants who received a 

choline-deficient diet, for three weeks, was lower compared to those receiving control diet.  

Further, elevated hepatic alanine aminotransferase was detected in the serum of choline-deficient 

participants, indicating liver damage, in those on a choline-deficient diet.  However, both lower 

concentration of plasma free choline and hepatic lesion were corrected when choline was added 

back to the diet, suggesting that the endogenous choline synthesis not be sufficient to support the 

body’s needs for choline (24). This study provided evidence suggesting choline as an essential 
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nutrient; however, it had a small sample size and was conducted only in males. Recent studies 

have shown that men and postmenopausal women are more susceptible to develop hepatic and 

muscular lesions when consuming low choline diets as compared to premenopausal women, 

suggesting that requirements may be lower in premenopausal women (25, 26). Estrogen has been 

shown to play an important role enhancing endogenous choline synthesis by gene estrogen 

response elements (27).  Evidence suggests that dietary choline requirement is influenced by 

many factors, including both gender and physiological stage of the life.  Thus, the validity of the 

current AI for choline for adults established based on a single study involving male participants 

is limited. 

Plasma free choline concentration was used as the biomarker of body choline status to set 

dietary choline recommendations, as it varies in response to restricted and supplemental choline 

intakes, and has usually been used to evaluate choline status (28, 29). However, it has been 

suggested that plasma free choline concentrations may not be sensitive to reflect small changes 

within the ranges of usual dietary choline intake (30). Moreover, plasma free choline 

concentration has been reported to vary within a wide range among participants (31) and that it 

can be influenced by many factors, including sex, age, and ethnicity (32, 33). Taken together, it 

appears that the relation between plasma free choline concentration and choline intake in 

subjects following their usual diet is poorly understood. 

  The overall objective of my dissertation research project was to advance knowledge on 

choline nutrition with a focus on dietary choline intake and the concentration of plasma free 

choline in healthy individuals of various life stages.  
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1.2 Literature review 

 

This literature review begins by providing background information on choline, followed 

by an overview of choline metabolism and biological functions.  Next, the Dietary Reference 

Intakes for choline are described, and information on dietary intakes and food sources is 

provided.  Finally, the literature review presents a summary of the current knowledge on 

circulating choline concentrations. 

 

1.2.1 Background on choline 

Choline, 2-hydroxyethyl-trimethyl-ammonium salt, is a positively charged molecule 

containing three methyl groups covalently attached to nitrogen (molecular weight 104 g/mol) 

(Figure 1.1) (34, 35). Choline was first described as part of animal bile (36), and almost a 

century later, choline-deficient diets were shown to lead to the development of hepatic steatosis 

and alterations in methionine metabolism in animal models (37, 38). Choline has many critical, 

diverse functions across all stages of the life cycle, including roles in neurotransmission, 

membrane synthesis, lipid transport, and one-carbon metabolism (1, 2, 39). Signs of choline 

deficiency have been reported in subjects fed experimental choline-deficient diets and also in 

patients receiving total parenteral nutrition (24, 40). In 1998, the Food and Nutrition Board of the 

Institute of Medicine established dietary recommendations for choline (12).  
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Figure 1.1 Structures of different forms of choline  

(a) Water-soluble forms and (b) lipid-soluble forms of choline. The dashed blue box indicates the choline portion of the structure and 

R represents a fatty acid chain. 
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Choline can be obtained by endogenous synthesis or through dietary intake of choline-

containing foods (12, 13). In foods, choline is found in both water-soluble (free choline, 

phosphocholine, and glycerophosphocholine) and lipid-soluble forms (phosphatidylcholine and 

sphingomyelin) (13). It is known that different forms of choline vary in absorption, with water-

soluble reaching the liver via portal circulation and the lipid-soluble forms packaged into 

chylomicrons which are absorbed and transported through lymphatic circulation (41). As such, it 

has been suggested that the form in which choline is consumed may impact its metabolic fate and 

it should be considered (42). Therefore, the intake of different forms of choline may be relevant 

at specific stages of the life cycle. 

  

1.2.2 Overview of choline metabolism and biological functions 

 

1.2.2.1 Overview of choline metabolism 

Choline metabolism can be divided into three main pathways which are involved in the 

synthesis of acetylcholine, betaine, and phospholipids (Figure 1.2). Choline is the precursor for 

the synthesis of the neurotransmitter acetylcholine, which reaction is catalyzed by choline 

acyltransferase in the cytosol of pre-synaptic cholinergic neurons (43). Acetylcholine is 

subsequently packaged into vesicles and released into the synaptic cleft, where it binds to 

receptors of the post-synaptic neuron in the central and peripheral nervous system (34, 44). 

Acetylcholine synthesis has also been reported in non-neural tissues including placenta, muscle, 

intestine, and lymphocytes (45-48).
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Figure 1.2 Simplified overview of choline metabolism  

BAD: betaine aldehyde dehydrogenase, BHMT: betaine homocysteine methyltransferase, ChAT: choline acyltransferase, ChD: 

choline dehydrogenase, ChK: choline kinase, CPT: choline phosphotransferase, CT: CTP-phosphocholine cytidylyltransferase, MAT: 

methionine adenosyltransferase, PL: phospholipases, SAM: S-adenosylmethionine, SAH: S-adenosylhomocysteine, SAHH: SAH 

hydrolase, PEMT: phosphatidylethanolamine N-methyltransferase, PLs: phospholipases. 
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Choline can be irreversibly oxidized to yield betaine in a 2-step process reaction 

catalyzed by choline dehydrogenase (ChD) and betaine aldehyde dehydrogenase (BAD) 

predominantly in the liver and kidney (49, 50). Betaine is an important osmolyte and a methyl 

group donor (51, 52). As a methyl group donor, betaine participates in the re-methylation of 

homocysteine to methionine by betaine-homocysteine S-methyltransferase (BHMT), also 

producing dimethylglycine (53, 54). It has been reported that BHMT accounts for nearly half of 

the hepatic homocysteine re-methylation activity (55). This reaction is an alternative pathway, 

parallel to the ubiquitous vitamin B12-folate-dependent pathway for homocysteine re-

methylation (51). Methionine is the precursor of the universal methyl donor S-

adenosylmethionine (SAM) by methionine adenosyltransferase (MAT). SAM is involved in 

several methylation reactions such as epigenetic regulation of DNA as well as the synthesis of 

phosphatidylcholine (56, 57). Dimethylglycine synthesis occurs primarily in the liver and kidney 

by BHMT, and further sequential demethylation of dimethylglycine produces sarcosine, which is 

metabolized to glycine, each time resulting in a carbon unit being transferred to the folate pool 

(58-61).  

Finally, choline is a precursor for the synthesis of phosphatidylcholine, the most abundant 

phospholipid in the body. Phosphatidylcholine can be synthesized through the cytidine 

diphosphate (CDP)-choline pathway, which occurs in all nucleated cells (62). In this pathway, 

choline is first phosphorylated to phosphocholine by choline kinase (ChK), then phosphocholine 

is metabolized to CDP-choline by CTP: phosphocholine cytidylyltransferase (CT), and finally 

generating phosphatidylcholine by CDP-choline:1,2-diacylglycerol choline phosphotransferase 

(CPT) (62, 63). It has been estimated that 70% of total phosphatidylcholine in the liver is 
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synthesized by this pathway (64-67). Alternatively, phosphatidylcholine can be generated by the 

sequential methylation of phosphatidylethanolamine by phosphatidylethanolamine N-

methyltransferase (PEMT) (68-70). This reaction consumes three molecules of SAM, which in 

turn generates three molecules of S-adenosylhomocysteine (SAH), a precursor of homocysteine 

by S-adenosylhomocysteine hydrolase (SAHH) (71, 72). It has been estimated that up to 50% of 

homocysteine production may originate from PEMT activity, with the highest activity being 

detected in the liver, and also in other tissues such as the mammary gland (65, 68, 72-76). In 

humans, this is the only known de novo endogenous pathway for choline synthesis. Furthermore, 

sphingomyelin can be synthesized by the transfer of phosphocholine from phosphatidylcholine to 

ceramide; this reaction is catalyzed by sphingomyelin synthase (77). Further, the catabolism of 

phosphatidylcholine can generate lysophosphatidylcholine by phospholipases (78, 79), which 

can be further metabolized to generate glycerophosphocholine by lysophospholipase (80). 

Alternatively, glycerophosphocholine can be directly synthesized from phosphatidylcholine by 

phospholipase B (81).  

In addition, before choline can be absorbed in the intestine, some can be metabolized by 

the intestinal microbiota to betaine and methylamines such as trimethylamine (TMA) (82, 83). 

After absorption, TMA can be metabolized to trimethylamine-N-oxide (TMAO) by flavin 

monooxygenases in the liver (84). 

 

In summary, choline can be metabolized to the neurotransmitter acetylcholine and 

betaine, which is an important osmolyte and methyl group donor. Also, choline is the precursor 

of the phospholipid phosphatidylcholine and sphingomyelin.  
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1.2.2.2 Biological functions of choline 

Choline has received considerable attention due to its inverse association with adverse 

health outcomes across the life cycle, including birth defects, neurodevelopment and cognition, 

hepatic steatosis, cardiovascular disease, and cancer (CVD) (2, 7, 25, 40, 85-98). Oxidation of 

choline to betaine and subsequent SAM synthesis involving methylation reactions is essential for 

epigenetic regulation of gene expression (99, 100). In rodents, maternal choline-deficient diets 

during the perinatal period altered DNA methylation in the offspring (101-103). In humans, 

maternal low choline intake during pregnancy alters DNA methylation in the placenta and cord 

blood (104). Notably, there is an inverse relationship between the risk of neural tube defect 

(NTD) and maternal choline intake (n = 424 cases and 440 controls, OR = 0.49) and plasma 

concentrations (n = 80 cases and 409 controls, OR = 0.40)  have been reported during pregnancy 

(85, 87); to some extent, this is analogous to that reported for folate. In addition, other birth 

defects associated with choline inadequacy include cleft lip, hypospadias, and cardiac defects 

(105-108).  

The role of choline in neurodevelopment and cognition involves not only the synthesis of 

acetylcholine and components of cellular membranes, but also gene expression. In rodents, 

maternal choline intake during the perinatal period impacts both anatomical and biochemical 

aspects of cognitive function, along with lifelong effects including memory decline in the 

offspring as they age (4, 109). The neuroprotective effect of maternal choline observed in rodent 

studies has also been studied in humans; however, with inconclusive results (6, 7, 88, 110, 111). 

In the only study published in children (n = 210, 5.6 y), no association between plasma free 

choline concentrations and child cognition was found, but plasma betaine was positively 
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associated with language (β = 0.066, P = 0.04) (89). In adults, a positive association between 

cognition and plasma free choline concentrations (n = 2195, P < 0.01), and also between dietary 

choline intake and better cognitive performance (n = 1391, β = 0.60, P < 0.01) have been 

described (112, 113).  However, other studies that have examined choline supplementation have 

reported inconsistent results (114-119). Therefore, more research is still needed to determine the 

relationship between choline and cognitive function in different age groups.   

In humans, liver damage (increase in serum alanine aminotransferase concentration) 

occurs in healthy men after three weeks of dietary choline restriction (< 13 mg/d, n = 15) (24). In 

the same study, a 30% decrease in plasma free choline concentration was observed in the 

choline-deficient group after three weeks. Similarly, muscular damage (increase serum creatine 

phosphokinase concentration) also has been reported to occur after three weeks of dietary 

choline restriction (< 50 mg/d, n = 8) (120). These tissue damages have been attributed to altered 

structural integrity and increased membrane permeability that arises due to a decreased 

phosphatidylcholine to phosphatidylethanolamine ratio (121-124). In addition, the production of 

very low-density lipoproteins involves phosphatidylcholine synthesis in the liver (125, 126). 

Without an adequate supply of choline for phosphatidylcholine synthesis, triacylglycerides will 

accumulate and result in fatty liver (127, 128). Similar alterations have been reported in patients 

receiving long-term total parenteral nutrition devoid of choline (129, 130). 

The reported association between choline status and CVD risk is linked to homocysteine 

and TMAO concentrations. Elevated homocysteine concentrations have been positively 

associated with risk of CVD (131, 132). In prospective cohort studies, dietary choline intakes 

have been negatively associated with homocysteine concentrations (n = 903, P < 0.05) and 
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plasma betaine concentrations negatively associated with risk of CVD (n = 7074, P < 0.05) (133, 

134). A recent meta-analysis reported no evidence of a positive association between dietary 

choline or betaine and CVD incidence (135). Intervention studies, with phosphatidylcholine or 

betaine supplementation, have reported a reduction in homocysteine concentrations (136-138). 

However, lowering homocysteine concentrations, with B-vitamins such as folate and B12, does 

not reduce CVD risk (139, 140).  Furthermore, the concern about choline intake and CVD is 

related to a possible increase in TMAO concentration, which has been positively associated with 

CVD risk (141-143). However, it has been reported that only a low proportion (14%) of choline 

intake from eggs is converted to TMAO (144), which is then excreted and does not accumulate 

in the blood (145). In addition to choline intake, and metabolism by the intestine microbiota, 

TMAO concentrations are controlled by renal excretion (146). To date, the mechanisms by 

which TMAO increases CVD risk and the identification of the type of bacteria involved in TMA 

synthesis are just starting to be understood (83, 147).  

 

 In summary, choline and its metabolites participate in different metabolic pathways, and 

they have been related to diverse health outcomes. In animals, low choline intake during the 

perinatal period leads to impaired neural development with long-lasting effects throughout 

adulthood. In humans, higher choline intake during pregnancy has been associated with a lower 

risk of neural tube defects. In addition, studies conducted in healthy adults have shown that 

choline deficiency results in hepatic steatosis and muscular damage. However, the specific 

underlying mechanisms behind these associations between choline and its metabolites and health 

outcomes are complex and not completely understood.  



13 

 

1.2.3 Dietary reference intakes for choline 

In 1998, the Food and Nutrition Board of the Institute of Medicine published the DRIs for 

choline, as part of a set of reference values for nutrient intakes for healthy populations in the 

United States and Canada (12). Due to the lack of sufficient evidence at the time, an EAR could 

not be calculated, and, instead, an AI was used as the dietary recommendation for total choline 

intake. 

 

1.2.3.1 Choline deficiency 

At the time when the DRIs for choline were being established, choline deficiency had 

been reported in only one experimental depletion-repletion study, which involved only eight and 

seven healthy men in the control and the deficient group, respectively (24). This study assigned 

participants to either a choline-deficient (< 13 mg/70 kg/d) or a control diet (500 mg/70 kg/d) for 

three weeks. After this period, hepatic damage indicated by a significant increase in plasma 

alanine aminotransferase activity (48%), along with a significant decrease in free choline 

concentrations compared to the baseline (30%, 10.3 vs. 7.3 µmol/L) were reported in the 

choline-deficient group. In contrast, no significant changes in the plasma alanine 

aminotransferase and plasma free choline concentration were reported in the control group (24). 

Similarly, elevated plasma alanine aminotransferase concentrations, hepatic steatosis, and 

decreased plasma free choline concentrations have been reported in patients receiving total 

parenteral nutrition devoid of choline (40, 148). As such, these available data supported the 

conclusion that the endogenous synthesis of choline was not sufficient to meet the body’s 

requirements.  
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1.2.3.2 Adequate intakes of choline by stage of the life cycle 

The AI for choline for infants from 0 – 6 mo old was set at 125 mg/d (Table 1.1), based 

on a milk volume intake of 0.78 L/d and milk choline concentration of 160 mg/L (12, 149). The 

mean milk volume intake was estimated from test weighing before and after each feeding by 

healthy, full-term birth infants who were exclusively breastfed (150, 151). It is important to 

mention that at the time that the AI for choline was set, the only one available study, measuring 

all five individual forms of choline present in mature human milk, reported a lower mean 

concentration of 134 mg/L (n = 16) (14). However, no rationale was provided for the 20% 

increase in total choline concentration in human milk (134 rounded to 160 mg/L) to establish the 

AI for early infancy. For infants from 7 – 12 months old, the AI was set at 150 mg/d using body 

weight ratio calculation to extrapolate the AI from early infancy. 

  

 

Table 1.1 Dietary reference intakes for choline 

  Adequate Intake (mg/d) Tolerable upper 

intake level (mg/d)   Males Females 

   Infants       0 – 6 mo 125 125 - 

 7 – 12 mo 150 150 - 

   Children 1 – 3 y 200 200 1000 

 4 – 8 y 250 250 1000 

 9 – 13 y 375 375 2000 

 14 – 18 y 550 400 3000 

   Adults ≥ 19 y 550 425 3500 

   Pregnancy  - 450 3000 

   Lactation  - 550 3500 
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For adults, the AI for choline was set at 550 mg/d for men and 425 mg/d for women. This 

value was based on the amount (7 mg/kg/d) that prevented hepatic alteration, defined as elevated 

alanine aminotransferase concentration in serum (24), and reference body weight of 76 kg and 59 

kg for men and women, respectively (149). This value was obtained from a previously described 

small depletion-repletion study conducted only in men, which does not provide information if 

less choline would be effective as they only used one dose (24). Then, the AIs for children and 

adolescents were extrapolated using the following formula: AI = AI adult (weight child/weight 

adult) 0.75 (1 + growth factor). The growth factors for children are 0.30 between 7 mo – 3 y, 0.15 

between 4 – 13 y, 0.15 for males between 14 – 18 y, and 0.00 for females between 14 – 18 y 

(149). For pregnant women, the AI for choline was set at 450 mg/d for all trimesters, which was 

calculated as AI for adult women plus fetal and placental choline accumulation, based on animal 

data (152-154). For lactating women, the AI for choline was set at 550 mg/d, calculated as the AI 

for adult women plus an increment to cover choline output in mature milk, using the AI set for 

early infancy. 

 

1.2.3.3 Tolerable upper intake levels 

The UL for choline was set as 3.5 g/d for adults based on the prevention of hypotension. 

One study reported a hypotensive effect after the oral administration of 10 g/d of choline 

chloride (equivalent to 7.5 g choline) (155). A lowest-observed-adverse-effect level of 7.5 g/d 

was divided by an uncertainty factor of 2 to obtain a UL of 3.75 g/d for adults, which was 

rounded down to 3.5 g/day. This value was also used to set UL for pregnant and lactating 

women, and the ULs for children and adolescents were extrapolated using body weight. 
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Studies conducted in the last decade, after the DRIs were published, have shown that the 

occurrence of fatty liver or muscle damage after choline-deficient diets differs between sex and 

age groups (25, 26). Specifically, men and postmenopausal women are more susceptible to organ 

dysfunction compared to premenopausal women, when consuming choline-deficient diets (< 50 

mg/d, up to 42 d) (25, 26).  This observation was related to higher estrogen concentrations in 

premenopausal women, which may enhance the endogenous synthesis of phosphatidylcholine 

via the PEMT pathway (16). Additional recent studies have identified several single nucleotide 

polymorphisms to impact PEMT and other enzymes involved in the one-carbon metabolism, thus 

influencing the susceptibility to organ dysfunction (28, 156).  

 

In summary, due to the limited data published available on choline nutrition, the DRIs 

were set as AIs instead for all age groups in 1998. The recommendations were based on only two 

small studies: for infants, using an overestimated concentration of total choline in human milk; 

and for other age groups, the dietary total choline intake needed to prevent hepatic alterations 

from a depletion-repletion study conducted in men. In addition, in 1998, a database of choline 

content in foods was not available, and thus no data on dietary choline intake estimation were 

possible in both the United States and Canada at that time. These antecedents highlight the scarce 

data about choline available for establishing the DRIs, as the AIs for choline were set based on 

insufficient information. 
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1.2.4 Dietary intake of choline 

 

1.2.4.1 Choline content in dietary food sources 

The first database on the content of total choline, and its individual forms, in foods that 

are common in North American diets was made available in 2004 by the United States 

Department of Agriculture (USDA). The database listed 434 food items (157), which was 

updated and expanded in 2008 (13). These databases include values for the individual forms of 

choline, including free choline, phosphocholine, glycerophosphocholine, phosphatidylcholine, 

and sphingomyelin, as well as values for total choline and betaine. Although betaine is a choline 

metabolite, it is generated by two successive irreversible reactions (158); it is not a choline-

containing molecule, nor can it be used to resynthesize choline (159). Therefore, betaine is not 

included in the total choline value. However, dietary betaine may have a choline-sparing effect, 

particularly decreasing the use of choline needed to synthesize betaine (160).  

Total choline content is higher in foods of animal origin compared to foods of vegetable 

origin on a per unit of weight basis (13). Foods that contain the highest content of choline 

include liver, eggs, beef, fish, pork, and chicken (Table 1.2) (13). In these foods, the majority of 

choline is present as phosphatidylcholine, a lipid-soluble form, as part of cell membrane. Milk is 

also a good food source for water-soluble forms of choline, which contribute to 87% of the total 

choline content (13). Information on choline for specific food groups continues to expand with 

recent data for choline content in pulses becoming available (161). However, the information on 

choline content of many foods from outside North America remains scarce, thus limiting the 

estimation of dietary choline intake worldwide.  
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Table 1.2 Choline and betaine content in different food sources  

Food item 
Betaine 

Choline 

FC PCho GPC PC SM TC 

 Content (mg per 100 g of weight) 

    Beef liver, cooked 5.6 62.0 12.0 83.0 250.0 24.0 431.01 

    Egg, hard boiled 0.6 0.7 0.5 0.5 210.0 14.0 225.71 

    Beef steak, cooked 13.0 0.7 1.3 5.2 86.0 11.0 104.21 

    Salmon, cooked 1.8 7.8 1.2 41.0 37.0 3.4 90.41 

    Pork chops, cooked 2.8 1.1 0.6 12.0 57.0 7.5 78.2 

    Chicken breast, cooked 6.4 3.2 2.1 1.6 46.0 8.9 61.8 

    Nuts, almonds 0.5 9.4 1.9 1.2 40.0 0.0 52.51 

    Broccoli, cooked 0.1 8.5 9.3 1.3 21.0 0.0 40.1 

    Beans, baked canned 0.1 17.0 0.8 1.3 12.0 0.0 31.11 

    Milk, 2% fat 0.9 2.8 1.6 10.0 1.2 0.9 16.51 

    Red potato, cooked 0.2 8.5 1.2 3.8 5.3 0.0 18.8 

    White rice, cooked 0.3 0.7 0.0 1.0 0.4 0.0 2.1 

1TC is reported as the sum of all individual choline forms when a discrepancy was found with the value reported for TC in the 

database.  

FC: free choline, GPC: glycerophosphocholine, PC: phosphatidylcholine, PCho: phosphocholine, SM: sphingomyelin, TC: total 

choline (sum FC + PCho + GPC + PC + SM). Source: USDA choline content database release two (13). 
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1.2.4.2 Choline concentration in human milk  

Human milk is the only source of choline for exclusively breastfed infants during the first 

six months of life and is considered the optimal source of nutrition for infants by the World 

Health Organization (WHO) (162) and other agencies such as Health Canada (163). Neonates 

and infants require large amounts of choline to support a rapid growth rate and optimal 

development (164). Studies have reported a total choline in mature human milk ranging from 

125 to 166 mg/L (1198 to 1600 µmol/L) (Table 1.3) (16, 165). In human milk, phosphocholine is 

the predominant form of choline, followed by glycerophosphocholine; thus, the water-soluble 

forms of choline account for approximately 84% of the total choline concentration in mature 

human milk (14, 15, 17, 166).  

In contrast, the lipid-soluble forms of choline (phosphatidylcholine and sphingomyelin) 

are mainly found as part of the milk fat globule membrane, and make up a relatively small 

fraction of the total choline in human milk (167, 168). Milk choline is either transported from the 

maternal circulation or obtained through de novo synthesis via the PEMT pathway in the 

mammary gland (169, 170). The concentration of total choline in human milk almost double 

during the first week after birth and remains relatively constant after that in mature milk (15, 20, 

166). Studies in rodents have suggested that the different forms of choline vary in bioavailability 

and impact on infant development, due to different absorption and tissue uptake (18, 19). 

However, in humans, the relationship between the different forms of choline in milk and infant 

development is not well understood. 
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Table 1.3 Studies reporting on choline concentrations in mature human milk 

Country n 

Choline  

Reference 

FC PCho GPC PC SM TC1 

  Concentrations (µmol/L)1  

   United States 10 85 - - 180 206 - (171) 

   United States 16 116 570 362 82 124 1254 (14) 

   United States 48 83 553 388 107 67 1198 (16) 

   United States 60 158 - - - - - (172) 

   United States 28 84 500 403 63 175 1225 (17) 

   Turkey 12 286 438 465 155 97 14412 (15) 

   Turkey3 54 93 351 958 - - 1532 (173) 

   Japan 62 - - - - - 950 (21) 

   Korea 36 283 - - - - 1600 (165) 

   Sweden 1 188 704 672 - - - (174) 

1Data are presented as mean concentrations unless otherwise noted. 
2TC is reported as the sum of all individual choline forms when a discrepancy was found with the value reported for TC in each study.  
3Median is presented.  

FC: free choline, GPC: glycerophosphocholine, PC: phosphatidylcholine, PCho: phosphocholine, SM: sphingomyelin, TC: total 

choline (sum FC + PCho + GPC + PC + SM). 
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Some authors have suggested that maternal dietary choline intake may influence the milk 

choline concentration (22, 23, 171). Choline supplementation (> 550 mg/d) has been reported 

significantly increase (ranging between 20 to 38%) the concentrations of free choline, 

phosphocholine, glycerophosphocholine, and total choline in mature milk (16, 17). As mentioned 

before, the main dietary source of choline for lactating women are those foods of animal origin, 

including meats, eggs, and dairy (10). Studies of the choline concentration in human milk have 

mainly come from high-income countries, where consumption of food of animal origin, thus 

choline, is presumably higher than in low-income countries (175-181). 

A small study comparing choline concentrations, including free choline, 

phosphatidylcholine, and sphingomyelin in milk from lactating women in the United States (n = 

11) and Ecuador (n = 55) reported that women from Ecuador had a lower concentration of free 

choline than that in the United States, but lipid-soluble forms did not differ (22). This 

observation was attributed to a possible difference in dietary choline intake; however, the actual 

intake of choline was not assessed in the study. Furthermore, free choline represents only a small 

fraction (approximately 10%) of total choline in human milk; thus this difference may not be of 

biological relevance. More research in this area is required to substantiate the difference in 

choline concentrations in mature human milk samples of lactating women from different 

countries with different choline intake levels.  
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1.2.4.3 Dietary choline intakes in different age groups 

The first report describing dietary choline intake (n = 32 adults) was published in 2005 in 

the United States (182). The 2007–2008 National Health and Nutrition Examination Survey 

(NHANES), which is a population representative sample survey of the United States, indicated 

that the estimated mean choline intake in adults was 396 mg/day for men and 260 mg/day for 

women using two 24-hour recalls (24HR) (Table 1.4) (183). This report also included 

information indicating that choline intakes differ by ethnic background (183). Comparable 

estimated mean choline intakes have been reported from 2009-2010, 2011-2012, and 2013-2014 

NHANES (184, 185). In Canada, mean total choline intake in adults has been estimated at 372 

mg/day for men and 292 mg/day for women in Newfoundland using a food frequency 

questionnaire (186). Of relevance, only a few dietary instruments have been validated for dietary 

choline intakes (187-190), which is a crucial step to obtain accurate dietary estimations. 

A recent report describes the dietary choline intake and food sources from national 

surveys performed in nine European countries (191). These data showed that the highest dietary 

intake was collected from people in the Northern countries, whereas Mediterranean countries had 

the lowest intakes (191). Worldwide, total choline intake in adult ranges from 291 mg/d in 

Greece to 468 mg/d in Sweden in men, and from 279 mg/d in the United States to 374 mg/d in 

Sweden in women (191). Given that the AIs were set based on a single study conducted in men 

where only one choline dose was used, it is interesting to note that a common finding is that 

mean intakes are below the corresponding dietary choline recommendation.  
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Table 1.4 Studies reporting on dietary total choline intake in healthy adults  

Country 

Dietary total choline intake (mg/d)1 

Reference Men Women 

n Intake n Intake 

    United States - - 39246 331 ± 80 (192) 

    United States 5419 325 ± 140  6043 288 ± 115 (193) 

    United States 428 369 ± 67 424 316 ± 57 (194) 

    United States2 2563 421 (408) 2704 279 (271) (185) 

    Canada 822 372 ± 287 2232 292 ± 213 (186) 

    Greece 1514 291 ± 79 1528 285 ± 75 (91) 

    New Zealand - - 125 316 ± 65 (195) 

    China 18763 318 ± 92 37432 289 ± 85 (90) 

    Finland2 585 450 (425) 710 344 (327) (191) 

    France2 936 370 (362) 1340 291 (283) (191) 

    Ireland2 634 461 (443) 640 318 (314) (191) 

    Italy2 1068 357 (341) 1245 293 (282) (191) 

    The Netherlands2 1023 448 (425) 1034 334 (317) (191) 

    Sweden2 623 468 (442) 807 374 (356) (191) 

    United Kingdom2 560 407 (385) 706 294 (282) (191) 

1Data are presented as mean ± SD or mean (median).  

2Data were obtained from a number of nationally representative surveys. 



24 

 

Only a small number of studies have reported on the individual choline forms in addition 

to total choline intake. In adults, lipid-soluble choline forms contribute between 45 to 60% of 

total choline intake, with phosphatidylcholine being the primary form (94, 192, 196-199). With 

respect to the intake of water-soluble choline forms, free choline and glycerophosphocholine 

contribute to approximately 25% and 15% of total choline, respectively (33, 187). The richest 

food groups identified contributing to dietary choline intake in the United States are the animal-

food sources: meat, poultry, and fish (183). Major sources of dietary choline vary by country. 

For example, eggs, meat, and dairy are the major sources of total dietary choline in New Zealand 

(195). In contrast, eggs, seafood, meats, and soy products are the major sources of total dietary 

choline in Japan and China (90, 199).  

In comparison to data obtained from adults in general, there is less information available 

on dietary choline intake levels and their major food group sources in specific life-stage groups 

in the life cycle, including infancy, childhood, lactation, and in the elderly (Table 1.5). In North 

America, the estimated mean choline intake during late pregnancy 353 – 363 mg/d, is similar to 

the choline intake estimated during lactation (346 – 369 mg/d) (6, 10). During pregnancy and 

lactation, phosphatidylcholine and glycerophosphocholine have been described as the main 

contributors to total choline intake (7, 11, 200). As for adults, the estimated mean total choline 

intakes in pregnant and lactating women are commonly reported to be below the current 

recommended AI (5-7, 10, 11, 176, 185, 191, 200). A similar situation exists for older adults 

(184, 185, 191). On the contrary, the mean intakes reported for young children in Germany and 

toddlers and young male children in the United States are above the corresponding AI for choline 

(184, 185, 191).  
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Table 1.5 Studies reporting on dietary choline intake in specific age groups in healthy subjects 

Life stage Country 

Total choline intake (mg/d)1 

Reference 
Specific group n Intake 

Toddlers (1-3 y) Finland2 - 

- 

500 

1316 

176 (172) 

224 (217) 

(191) 

United States2 (185) 

Children (4-10 y) Germany2 Male 

Female 

426 

409 

304 (291) 

272 (260) 
(191) 

United States2 Male 

Female 

1452 

1322 

265 (258) 

218 (211) 
(185) 

Pregnancy United States2 - 

T3 

593 

50 

319 (309) 

363 ± 90 

(185) 

(6) 

Canada T1 

T2 

T3 

123 

562 

493 

340 ± 148 

349 ± 154 

353 ± 144 

(10) 

Latvia2 - 990 356 (330) (191) 

Jamaica T1 16 279 ± 116 (5) 

Bangladesh T3 103 190 ± 98 (176) 

Lactation Canada 90 dpp 488 346 ± 151 (10) 

United States 45 dpp 50 369 ± 124 (6) 

Older adults (>71 y) Italy2 Male 

Female 

69 

159 

335 (320) 

269 (269) 
(191) 

United States2 Male 

Female 

1099 

1145 

363 (351) 

266 (259) 
(185) 

1Data are presented as mean (median) or mean ± SD.  

2Data were obtained from a number of national surveys.  

dpp: days postpartum, T1: first trimester, T2: second trimester, T3: third trimester. 
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Interestingly, no differences have been reported in total choline intake during lactation 

compared to pregnancy (6, 10). This observation is relevant since the AI for choline was set 

higher for lactating women (550 mg/d) compared to pregnancy (450 mg/d). Additionally, it has 

been highlighted by several authors, in both animal and human studies, that a higher choline 

intake during the perinatal period may be a protective effect in the offspring (17, 29, 39, 85, 104, 

129, 201-205). In humans, higher dietary choline intakes (> 480 mg/d compared to < 290 mg/d) 

are inversely associated with risk of neural tube defects (85). Choline supplementation studies 

during pregnancy and lactation suggest that maternal choline above the current AI intakes (980 

vs. 430 mg/d) decreases preeclampsia risk marker (205) and increases milk choline 

concentrations (17). Currently, most of the commercially available prenatal supplements do not 

contain choline, and the estimated choline intake from supplements has been estimated to be low, 

ranging between 14 to 25 mg/d (185). Recently, the American Medical Association adopted the 

inclusion of choline in all prenatal supplements (206). However, more research is still needed to 

determine the specific choline requirement for both pregnant and lactating women. 

 

In summary, our current knowledge of the concentration of choline in human milk is 

limited to relatively few studies with small sample sizes. Most studies are from high-income 

countries, where lactating women presumably consume larger amounts of animal products, thus 

choline, than in low-and-middle-income countries. In addition, information on the usual dietary 

choline intake across different age groups during the life cycle remains scarce, particularly for 

early childhood and postmenopausal women.  
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1.2.5 Circulating choline concentrations 

 

1.2.5.1 Assessment of choline status 

Plasma free choline concentration was the selected biomarker for choline status used to 

set dietary choline recommendations (12). Plasma free choline concentration varies in response 

to choline intake, decreasing between 30 to 40% when subjects are consuming choline-deficient 

diets (< 50 mg/d) (24, 25, 28). Also, plasma free choline increases between 63 to 400% after 

choline supplementation (i.e., 860 to 5000 mg) compared with baseline concentration (156, 207-

210). However, plasma free choline concentration has been reported to not reflect small 

variations in dietary choline intake (i.e., change from 344 to 486 mg/d) in premenopausal women 

(30), and weak correlations have been reported in pregnant (211) and lactating women (16). 

Further, the relationship between usual dietary choline intake and plasma free choline in other 

age groups, such as children and postmenopausal women, has not been addressed.  

Potential factors that can influence the measurement of free choline concentrations are 

the subject’s fasting state at blood collection, analysis of choline from serum or plasma, and the 

different analytical methods used to quantify choline concentration (212). Relevant is the fact 

that the fasting state of the participants is not always reported, so it is not clear whether the 

participants were requested to fast overnight when sampled. Commonly, blood samples for 

specific subject groups that include infants, children, pregnant and lactating women are collected 

at random during the day, mostly due to ethics regulations of requesting sampling after an 

overnight fast. As such, this raises the question whether measuring plasma free choline 

concentrations are significantly increased after recent food intake.   
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1.2.5.2 Plasma free choline concentrations at different stages of the life cycle 

Plasma free choline concentrations have previously been reported for different age 

groups across the life cycle (Table 1.6). Most of the data on plasma free choline concentration 

have been reported during pregnancy and lactation from different countries (5, 8, 15, 16, 213-

216). During pregnancy, free choline concentrations increase throughout the gestational period 

(ranging from 38% to 64%), with similar relative increases being reported from independent 

studies conducted in different countries (8, 214-216). At birth, plasma free choline 

concentrations in newborns, measured in the umbilical cord, are several folds higher in 

comparison with their mothers (213, 216-218). During lactation, only a couple of studies have 

reported plasma free choline concentrations within the first three months postpartum, which are 

close to the early pregnancy concentrations (16, 214).  

Less information is available about plasma free choline concentrations during other 

stages such as early childhood. It has been observed that circulating free choline concentrations 

decrease progressively until the second year of life, when they reach similar concentrations 

found in adulthood (15). A similar tendency in the difference in plasma free choline 

concentration has been described in animals (164, 219). Only two studies have reported on 

plasma free choline concentrations in toddlers and children (89, 217). Among adults, fasting 

plasma free choline concentrations have been reported to range from 6 to 13 µmol/L (31). Not all 

studies report sex-specific free choline concentrations (15, 31, 113, 220). This lack of detail 

makes it difficult to make comparisons between studies since free choline concentrations are 

described to be higher in men than women (32, 134).  
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Table 1.6 Studies reporting on plasma free choline concentrations in healthy subjects  

Life stage Country 
Plasma free choline (µmol/L) 

Reference 
Specific group n Concentration1 

   Pregnancy Curacao T1 50 6.6 (4.5, 9.7)2 (214) 

 Curacao T3 50 10.8 (7.5, 15.6)2 (214) 

 Canada  T2 264 7.2 ± 1.84 (8) 

 Canada T3 220 9.9 ± 2.34 (8) 

 Jamaica T1 16 8.4 ± 1.64 (5) 

   Birth Canada Mothers 296 10.7 (10.4, 11.1)2 (216) 

 Canada Umbilical cord 266 34.5 (33.4, 35.7)2 (216) 

 Ireland Mothers 200 12.3 (11.9, 12.8)2 (213) 

 Ireland Umbilical cord 200 36.6 (34.9, 38.4)2 (213) 

   Lactation Curacao 105 dpp 40 7.9 (5.4, 11.5)2 (214) 

 United States 45 dpp 48 7.7 ± 2.1 (16) 

   Toddlers United States  12 12.8 ± 2.0 (217) 

   Children The Republic of Seychelles 210 9.2 ± 2.1 (89) 

   Adults  Norway Men  1271 9.9 (9.8, 10.0)2 (32) 

     Norway Women  1686 9.1 (9.0, 9.2)2 (32) 

Canada Women 88 7.7 ± 2.0 (8) 

   PM women United States - 835 9.4 ± 2.24 (221) 

 Ireland - 23 6.9 (6.1 – 7.6)3 (222) 

 Norway - 1580 9.8 (9.7, 10.0)2 (32) 

1Data are presented as mean ± SD, unless otherwise stated.  
2Mean (95% CIs) is presented. 
3Median (IQR) is presented.  
4Blood samples were collected after an overnight fasting. 

dpp: days postpartum, PM: postmenopausal, T1: first trimester, T3: third trimester. 
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It has been described that free choline concentrations in plasma are more stable compared 

to serum when stored at room temperature up to 72 hours, with free choline quantified in serum 

reporting a seven times fold increase (223). Different laboratory methodologies have been used 

to determine plasma free choline concentrations including chemical radio-enzymatic assays and 

analytical methods such as gas chromatography, liquid chromatography, and liquid 

chromatography-tandem mass spectrometry (154, 223-225). The higher accuracy and precision 

of liquid chromatography-tandem mass spectrometry analysis of choline and related metabolites 

makes it the current method of preference. Moreover, individual variability may also affect 

plasma free choline concentrations (226). For choline status, the information on the variability of 

plasma free choline is limited to fasting state (227, 228).  This is relevant as in specific age 

groups, such as in infancy, childhood, and pregnancy, a collection of repeated fasting blood 

samples after an overnight fast might be not possible, or ethical.  

 

In summary, it has been suggested that plasma free choline is impacted by both deficient 

and supplemental choline intake in adults. However, it has also been reported that plasma free 

choline concentrations do not reflect small changes in dietary choline intake in premenopausal 

women. As such, it is crucial to assess the individual variability of the biomarker, and also to 

expand the data available on the assessment of the relationship between plasma free choline 

concentration and the usual dietary choline intake in different age groups. 
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1.3 Summary of the rationale 

Choline is an essential dietary nutrient required for diverse metabolic functions in the 

body (12). In humans, evidence suggests that low choline intakes or plasma concentrations are 

associated with adverse health outcomes including an increased risk for neural tube defects (85-

87) and poor cognition (7, 88, 89). Also, hepatic and muscular alterations (25, 40, 90), 

cardiovascular disease (91), and cancer (92-98) have also been reported to be associated with 

choline during adulthood.  

Valid dietary instruments for assessing choline intake and reliable biomarkers are critical 

to obtaining an estimation of dietary intakes and choline status, respectively.  The richest sources 

of total choline are foods of animal origin (12, 24), which may not be consumed on a daily basis 

and only a few dietary instruments have been validated for dietary choline intakes (187-190). 

Also, choline is present in foods in water-soluble (free choline, phosphocholine, and 

glycerophosphocholine) and lipid-soluble (phosphatidylcholine and sphingomyelin) forms (159), 

which may differ in absorption and metabolic fate (18, 19). Thus, the dietary intake of individual 

forms of choline may be relevant for specific age groups (42).  

Exclusive breastfeeding is recommended from 0 – 6 months of age (162), and the 

majority of the choline (mean 84%) present in human milk is found in the water-soluble forms 

(15-17, 20). Most of the information available on choline concentration in human milk are from 

high-income countries, where maternal animal-source food consumption, the richest sources for 

choline intake, is higher than in low- or middle-income countries (175, 179-181). As such, 

lactating women from countries with less availability of animal-source foods, as a proxy for 

choline intake, might produce milk with lower choline concentrations.   
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It is common that, in clinical studies, biomarker quantification is based on only one blood 

sample collection per subject to assess nutrient status, raising the concern of the significance of 

the inherent biological intra-individual variability (226). This consideration is important as in 

specific age groups, such as in infancy, childhood, and pregnancy, a collection of repeated blood 

samples after an overnight fast might be not possible, or ethical. For choline status, the 

information on the variability of plasma free choline is limited to fasting state (227, 228).   

Plasma free choline concentration has been shown to be directly correlated to 

supplemental or restricted choline intake (16, 24, 222). However, no or weak correlations 

between dietary total choline intakes and plasma free choline concentrations have been reported 

in healthy premenopausal women (30), and also in pregnant (211) and lactating (16) women. As 

such, studies on choline nutrition are needed to better understand the relationship between 

dietary choline intake and plasma choline concentrations in other age groups.  

The DRIs for choline were established in 1998, and the limited data available did not 

allow the calculation of EAR, and therefore AIs were set instead for choline (12). For infants, the 

AI was based on a 20% increase of total choline concentrations in mature milk from a single 

study with small sample size (14, 24). For men, the AI was set based on a single depletion-

repletion study conducted to determine the amount necessary to prevent hepatic alterations (24). 

For the other sex and age groups, the AI for choline was then extrapolated from the AI for men 

by weight, growth factor, or output in milk according to the age group (12). At that time, no 

information on dietary choline intakes was available, and it was unknown how a population’s 

intake related to the AIs established for choline, and even up to date information on dietary 

choline intake is still scarce. 
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1.4 Research objectives and hypotheses 

 

The objectives of my dissertation were: 

1. To validate a semi-quantitative food frequency questionnaire (FFQ) as an instrument for 

the assessment of choline and betaine intake, by comparing it with the intake estimated 

from multiple 24HR among healthy adults of both sexes from Vancouver, Canada.  

a. Null hypothesis: there will be no statistically significant associations between 

dietary choline and betaine intake estimated from the FFQ and intake estimated 

using the mean of multiple 24HR.  

b. Research hypothesis: there will be statistically significant positive associations (r 

> 0.50) between dietary choline and betaine intake estimated from the FFQ and 

intake estimation using the mean of multiple 24HR.  

 

2.  To determine whether the concentrations of choline in mature milk differ between 

lactating women from Canada and Cambodia, where animal-source food availability is 

thought to differ drastically.   

a. Null hypothesis: the concentrations of water-soluble forms of choline in milk will 

not differ between lactating women from Canada (a country with high availability 

of animal-source foods, and thus choline) and Cambodia (a country with low 

availability of animal-source foods, and thus choline).  

b. Research hypothesis: the concentration of water-soluble forms of choline in milk 

will be different (P < 0.05) in lactating women from Canada (a country with high 



34 

 

availability of animal-source foods, and thus choline) than from Cambodia a 

country with low availability of animal-source foods, and thus choline). 

 

3. To determine the individual variability of plasma free choline concentrations and its 

associated metabolites in fasting and fed states in healthy adults from Vancouver, 

Canada. 

a. Null hypothesis: plasma choline and its associated metabolite concentrations will 

be not correlated when collected in the fasted state, and also will be not correlated 

when comparing fasted to the fed state.  

b. Research hypothesis: plasma choline and its metabolite concentrations will be at 

least moderately correlated (intra-class correlation (ICC) ≥ 0.50) between 

repeated fasted samples, and also when comparing fasted to fed state within the 

same participant. 

 

4. To determine the association between dietary total and individual forms of choline and 

betaine intakes and the concentrations of plasma free choline and its metabolites in 

toddlers, children, men, and postmenopausal women from Vancouver, Canada. 

a. Null hypothesis: there will be no association between dietary total and individual 

forms of choline and betaine intakes and the concentrations of plasma free choline 

and its metabolites regardless of age.  

b. Research hypothesis: dietary total and individual forms of choline and betaine 

intakes will be positively associated (r > 0.50) with the concentrations of plasma 

free choline and its metabolites regardless of age. 
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Chapter 2: Validation of a food frequency questionnaire to assess usual 

dietary choline and betaine intakes among adults 

 

2.1 Chapter synopsis 

Choline is an essential nutrient that plays a number of important roles, including as the 

precursor for the synthesis of acetylcholine, phosphatidylcholine, and betaine. In humans, studies 

on choline or betaine intakes and the association with adverse health outcomes have been 

reported with a mixed result. Food frequency questionnaires (FFQs) are often selected as the 

dietary assessment instrument to estimate usual dietary intake in large epidemiological surveys. 

An adequate dietary intake assessment of usual choline and betaine intakes, reflecting long-term 

daily intake, is a prerequisite for the association with health and disease outcomes. Therefore, the 

purpose of this study was to validate a semi-quantitative FFQ to estimate daily choline and 

betaine intakes in apparently healthy adults (n = 40, both sexes, mean age 33 y) living in 

Vancouver, Canada. The estimation of usual intake of choline and betaine from the FFQ was 

compared to the mean of three non-consecutive days’ 24-hour recalls (24HRs) as the reference 

instrument. The relative validity was assessed by evaluating the instruments’ mean, estimated 

differences, correlation coefficients, limits of agreement, and cross-classification analysis. The 

results of this study indicated a significantly positive moderate to strong de-attenuated 

correlation coefficients (r = 0.47 – 0.70) and acceptable agreement between the estimation of 

dietary choline and betaine intakes obtained from FFQ compared to the mean of three 24HRs. 

These findings suggest that this FFQ is a valid instrument to assess dietary choline intakes in 

adults, but less accurate to estimate betaine intake. 
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2.2 Introduction 

Choline is an essential dietary nutrient that plays a number of important roles in 

metabolism (12). Choline is required for the synthesis of the neurotransmitter acetylcholine 

involved in muscle contraction and cognition (34, 229), as well as phospholipids, 

phosphatidylcholine, and sphingomyelin, thus is essential for membrane synthesis and 

maintenance (24, 34). In addition, choline can be irreversibly oxidized to betaine, which is an 

important methyl group donor involved in the remethylation of homocysteine to methionine (52). 

Although it can be obtained by the endogenous synthesis of phosphatidylcholine (230), choline 

synthesized from endogenous source is not enough to meet the body requirements (24), and thus 

choline needs to be consumed in the diet (12). In addition to the endogenous synthesis from 

choline, betaine can also be directly obtained from the diet (13). Given the interrelation between 

choline and betaine, dietary choline and betaine intakes should be assessed together.  

Recent interest in the assessment of dietary choline and betaine intakes in humans is 

related to the evidence from its well-established roles in health outcomes during development 

and adulthood in rodents (101, 109, 203, 231, 232). In humans, an association between low 

choline or betaine intakes and an increased risk of adverse health outcomes has been described in 

a number of studies (7, 85, 86, 88, 91-93, 112), particularly including neural tube defects (85, 

86), poor cognition (7, 88, 112) cardiovascular disease (91), and cancer (92, 93). However, other 

studies have found no or only a weak association between choline or betaine intakes and these 

adverse health outcomes (111, 133, 233). The inconsistency of the results in the influence of 

dietary choline and betaine intakes in health outcomes raises the question of the validity of the 

instrument used to assess dietary choline and betaine intakes. 
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 FFQs are widely used to estimate dietary intake in epidemiological studies (33, 234) 

because of their low participant burden and cost (235). The purpose of an FFQ is to obtain 

information on the usual frequency of food consumption and to rank individuals according to 

their intake level (236). In some cases, FFQs also include information on portion sizes, allowing 

the estimation of absolute daily intakes (237). However, absolute daily intakes from an FFQ are 

not usually as accurate as those derived from other instruments such as a 24HR or weighed food 

record, which allows the collection of more detailed information on the portion size of foods 

consumed (237-240). Therefore, the instrument selected to collect dietary intake data can 

influence the estimation of the nutrient of interest. 

Although choline is commonly classified together with other water-soluble vitamins, 

choline is also present in lipid-soluble forms in the diet. Specifically, water-soluble forms of 

choline include free choline, phosphocholine, and glycerophosphocholine, and lipid-soluble 

forms of choline include phosphatidylcholine and sphingomyelin (159). The current dietary 

recommendations for choline are expressed for total choline, as the sum of all forms of choline 

(12), and no dietary intake recommendation has been set for betaine. The specific forms of 

choline consumed have been reported to differ between age groups, with infants consuming most 

of their choline in water-soluble forms naturally present in human milk (14). In contrast, adults 

consume the majority of choline as lipid-soluble forms, mainly as phosphatidylcholine, present 

in eggs and meats (10, 33, 161, 187). Notably, these different forms of choline differ in 

absorption and metabolic fate, which is related to the chemical structure of these compounds (18, 

19). Thus, information on the dietary intake of individual forms of choline may be relevant for 

specific age groups (42).  
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Before using any dietary instrument, it should be validated in the population and for the 

nutrient of interest. However, only a small number of FFQs (n = 4) have been validated for the 

assessment of dietary choline and betaine intakes over the past three to 12-month period (187-

190), and no studies have focused on the individual forms of choline. Given there is often no 

‘gold standard’ methodology for dietary nutrient intakes, relative validity is often assessed where 

a selected instrument is compared to another reference instrument (235). The mean of multiple 

24HRs has frequently been used as a reference instrument to assess the validity of FFQs (236). 

The administration of only one 24HR does not adequately represent the usual intake and the 

number of days required to estimate usual nutrient intakes at the individual level varies 

considerably, with a range of three to 41 days depending on the nutrient (241). The numbers of 

days necessary to assess dietary intake of choline or betaine are not known. However, for 

practical purposes, the number of days of 24HRs used to assess the validity of FFQs is frequently 

lower, and the mean of at least two 24HRs has been suggested for energy intake estimation 

(242).   

The relative validity of each new FFQ requires testing (243), which is often assessed by 

the use of different statistical analyses ideally in the population that it is going to be used (244). 

Commonly, statistical analyses include correlation coefficients (245, 246), Bland-Altman plots 

(247, 248), cross-classification, and weighted Cohen’s kappa coefficients (249, 250).  The 

overall objective of the study presented in this chapter was to validate a semi-quantitative FFQ as 

an instrument for the assessment of dietary choline and betaine intakes, by comparing it with the 

mean intake estimated from three 24HRs among healthy adults (>19 y, 23-61 y) of both sexes 

from Vancouver, Canada. 
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2.3 Participants and methods 

 

2.3.1 Study design and participants 

This study used a repeated measures design in a convenience sample of 40 adults 

recruited from Vancouver, Canada. A power analysis calculation indicated a minimum of 38 

participants was required to provide 90% power to detect an energy-adjusted de-attenuated 

correlation coefficient of r ≥ 0.5 between the two dietary assessment instruments (236, 251), 

with significance at 5% (two-tailed). Inclusion criteria were apparently healthy adults (both 

sexes) between the ages of 19 – 65 y who were able to understand and speak English. Exclusion 

criteria included: history of chronic disease, taking prescribed medication, taking dietary 

supplements containing choline or betaine, and following a special diet (i.e., vegan). In addition, 

women were excluded if they were pregnant or breastfeeding. Potential participants were 

screened to check their eligibility for the study. Eligible participants were invited to attend three 

study visits at the Child and Family Research Institute at the Oak Street campus of the University 

of British Columbia in Vancouver, Canada. 

On the first visit, sociodemographic data including age, sex, and ethnicity were self-

reported and collected by questionnaire (Figure 2.1). Also, anthropometric measurements were 

taken using standard procedures, with subjects in light clothing and no shoes. Body weights were 

measured using a digital scale to the nearest 0.1 kg. Heights were measured using a wall-

mounted stadiometer to the nearest 1 mm. Waist circumferences were measured in the standing 
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position, with measurements obtained midway between the lateral lower rib margin and the iliac 

crest. Measurements were repeated at least three times, and the average values were used.   

 

Figure 2.1 Diagram of the study design 

 

All procedures included in the protocol of this study were reviewed and approved by the 

University of British Columbia – Children's & Women's Health Centre of British Columbia 

Research Ethics Board according to the guidelines of the Declaration of Helsinki (252, 253). All 

subjects provided written informed consent prior to participation.  

2.3.2 Multiple 24-hour recalls 

On each of the three study visits, a 24HR (reference instrument) was conducted by a 

trained interviewer using the multiple pass method (254). The participants were asked to report 

all consumed foods and drinks on the previous day. Food models and common kitchen 

measurement tools were utilized to aid in portion size estimates. The 24HRs were conducted on 
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three non-consecutive days, including the collection of information for two weekdays and one 

weekend day, as recommended for optimal energy intake estimation (242). The mean of three 

24HRs was used as the reference instrument because it is reliable in measuring energy intake and 

it can capture within-subject variability in dietary patterns (235, 243). It also represented a 

feasible compromise between the number of days required to assess usual intake accurately (241) 

and participant burden. 

2.3.3 Food frequency questionnaire 

The FFQ, tested instrument, was a semi-quantitative questionnaire designed to assess 

usual intake during the previous month (Appendix A). The FFQ was adapted from our 

previously developed FFQ designed to estimate usual fatty acid intake (255, 256), by revising 

food items listed and clarifying food descriptions and the options for amount and frequency of 

consumption. The final FFQ included 170 food items divided into 13 groups: milk products; 

cereal, grain products, and baked goods; rice and pasta; combination foods and meals; meats, 

poultry, and alternatives; fish and seafood; potato and salads; cooking fat; beverages; alcohol; 

fruit; vegetables; and snacks. A reference portion size and unit were specified for each food item, 

with the space to modify as necessary to reflect actual food intake. The FFQ included eight 

questions asking about the consumption of any other foods not included in the FFQ at the end of 

some of the food item sections. 

During the first study visit, participants received a detailed explanation of how to 

complete the self-administrated FFQ. For each food item, participants were instructed to select 

their answer from a list of portion size categories (i.e., volume consumed in oz, cup, or ml for 

milk; and the number of slices of bread) and frequencies (per day, week, or month). The FFQ 
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was completed on the participant’s own time after the first study visit, and it was returned at the 

third study visit. Each returned FFQ was reviewed and checked for errors or omissions by trained 

study personnel, and errors were clarified with the participant. Nutrient intakes estimated by the 

FFQ were compared to nutrient intakes estimated by the mean of three 24HRs. 

2.3.4 Daily dietary intake assessment 

First, the frequency data from the FFQ were converted to servings per day. Then, both 

dietary data from FFQ and the three 24HRs were entered, and daily intake was estimated using a 

nutrient analysis software (ESHA Food Processor SQL, version 10.14.41; Salem, OR). Although 

the software for analyzing Canadian diets includes the nutritional composition for 163 nutritional 

components (257), it does not provide information on the individual forms of choline (free 

choline, phosphocholine, glycerophosphocholine, phosphatidylcholine, and sphingomyelin), as 

only total choline is reported in the Canadian Nutrient File (258). However, the United States 

Department of Agriculture (USDA) database for the Choline Content of Common Foods (release 

2) has the content of individual forms of choline in foods (13). Therefore, the nutrient analysis 

software database was manually updated for the individual forms of choline in the food items 

consumed by the participants using the USDA database. The updated nutrient analysis software 

was then used to assess dietary intake of total and individual forms of choline by the participants. 

Water-soluble forms of choline correspond to the sum of free choline, phosphocholine; lipid-

soluble forms of choline correspond to the sum of phosphatidylcholine and sphingomyelin; and 

total choline corresponds to the sum of all the individual forms. Dietary intake of energy was 

expressed as kcal per day, and choline and betaine intakes were expressed as mg per day. 
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2.3.5 Statistical analysis 

All statistical analyses were performed using SPSS for Windows (version 19; SPSS Inc. 

Chicago, US). The significance level was set at P < 0.05 for two-sided testing. Normality of the 

data was assessed using the Kolmogorov–Smirnov test.  If distributions were skewed, data were 

then normalized using logarithmic transformations to improve normality before further analysis. 

If normality was not achieved after logarithmic transformation, non-parametric tests were used 

instead. All data are presented as mean ± SD, unless otherwise noted. Participant’s weights, 

measured at study visit-1 and visit-3, were compared using paired samples Student’s t-test. Daily 

dietary intake data are presented as both absolute and energy-density intakes (per 1000 kcal) 

from the FFQ and the mean of the three 24HRs.  

Paired samples Student’s t-test was used to compare the dietary intake assessed by the 

FFQ against the mean of the three 24HRs, using both absolute and energy-density intakes.  Pair-

wise correlation coefficients were calculated using Pearson’s or Spearman’s test on unadjusted 

and energy-adjusted nutrient intakes from the FFQ and the mean of the three 24HRs, and used to 

measure the direction and strength of the relationship between the instruments. Energy-adjusted 

nutrient intakes were computed as the residual for a participant from the regression model with 

the nutrient intake as the dependent variable and total caloric intake as the independent variable, 

and the mean nutrient intake of the study population was used to calculate the energy-adjusted 

intake for each nutrient of interest (250). Adjustment of nutrient intakes to the mean energy 

intake of the group mitigates the effects of measurement error in data collection using self-

reported dietary assessments (259). This allows the comparison between the FFQ and the mean 

of three 24HRs without the influence of individual differences in estimates from the two 
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instruments of the total amounts eaten. In addition, to correct for the within-subject variation for 

nutrient intake in the three 24HRs, the observed correlation coefficient was multiplied by a de-

attenuation factor, which was calculated as: = √(1 +  λ/𝑛) , where λ is the ratio of the within- 

to the between-subject variation, and n is the number of 24HRs used (245, 260). Interpretation 

for all correlation coefficients was defined as poor < 0.20, acceptable between 0.20 – 0.49, and 

good ≥ 0.50 (261).  

Bland-Altman plots were constructed as the mean of the two instruments’ measures 

against the difference between the two instruments’ measures, and the limits of agreement 

(LOAs) were calculated as ± 1.96 SD of the mean difference. The LOAs allow the identification 

of the presence and direction of bias, as well as whether or not bias is consistent depending on 

the magnitude of the value (262, 263). Normal distribution of the differences was assessed by 

using the Kolmogorov–Smirnov test. Acceptable agreement between the two instruments was 

defined as the absence of constant bias.  The agreement between the FFQ and the mean of three 

24HRs was also determined by tertiles cross-classification. For each instrument, participants 

were divided into tertiles and the percentage of participants classified into the same, adjacent, 

and opposite tertiles of nutrient intake were calculated (251, 264). Interpretation for the 

classification of participants in the opposite tertile was defined as poor > 10% and good ≤ 10% 

(261). In addition, the agreement between both instruments was assessed using weighted 

Cohen’s kappa coefficient (κw) (249, 250). Interpretation for κw was defined as poor < 0.20, 

acceptable between 0.20 – 0.60, and good ≥ 0.61 (261, 265). 
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2.4 Results 

 

2.4.1 Sociodemographic characteristics of the participants 

A total of 40 participants completed the study, and their characteristics are provided in 

Table 2.1. The age of the participants was 33 ± 12 y, with a BMI of 24.9 ± 4.9 kg/m2. 

Participants’ weight compared between study visit-1 and visit-3 (mean ± SD of 73.3 ± 18.4 and 

73.3 ± 8.6 kg, respectively) did not differ (P = 0.987). A little over 50% of participants were 

male, and the majority of all participants (60%) was of European ethnicity. 

 

Table 2.1 Sociodemographic characteristics of the participants  

Characteristics 

Participants  

(n = 40) 

 
Mean ± SD 

Age (y) 33.4 ± 12.4 

Weight (kg) 73.3 ± 18.4 

Height (m) 1.7 ± 0.1 

BMI (kg/m2) 24.9 ± 4.9 

Waist circumference (cm) 84.7 ± 14.4 

Sex (n; %) 

    Men 

    Women 

 

21; 52.5 

19; 47.5 

Ethnicity (n; %) 

    European 

    Chinese 

    Other Asian 

    Latin-American 

 

24; 60.0 

7; 17.5 

7; 17.5 

2; 5.0 
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2.4.2 Estimated daily dietary intakes 

The estimated intakes of energy, total and individual forms of choline, and betaine 

intakes are presented as absolute unadjusted daily intakes in Table 2.2, and as energy-density 

daily intakes per 1000 kcal in Table 2.3. For the FFQ, energy, free choline, water-soluble forms 

of choline, phosphatidylcholine, and lipid-soluble forms of choline intakes were normally 

distributed, while betaine, phosphocholine, glycerophosphocholine, and sphingomyelin were 

skewed. For the mean of three 24HRs, the estimated intakes were normally distributed, except 

for betaine, free choline, glycerophosphocholine, and water-soluble forms of choline intakes. 

Unadjusted total energy intake was (mean ± SD) 2232 ± 873 kcal/d estimated from the FFQ and 

1920 ± 565 kcal/d based on the mean of three 24HRs. Overall, the mean unadjusted intakes 

estimated by the FFQ were significantly higher compared to the estimated intake by the mean of 

three 24HRs, except for energy, phosphatidylcholine, and sphingomyelin, which did not differ.  

The estimated intakes of energy, total and individual forms of choline, and betaine 

intakes are presented as energy-density daily intakes per 1000 kcal in Table 2.3. For the FFQ, 

most of the estimated intakes were normally distributed, but betaine was skewed. For the mean 

of three 24HRs, most of the estimated intakes were normally distributed, except for betaine, 

glycerophosphocholine, and water-soluble forms of choline intakes. When nutrients were 

compared as energy-density per 1000 kcal values, intakes did not differ except for significantly 

higher intakes of phosphocholine and betaine estimated from FFQ compared to those by the 

mean of three 24HRs. 
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Table 2.2 Daily energy and nutrient intakes as absolute values estimated from the FFQ and the mean of three 24HRs 

Intakes 

Absolute daily intake (n = 40) 

P-value1 FFQ 24HRs 

Mean ± SD Median (IQR) Mean ± SD Median (IQR) 

Energy (kcal/d) 2232 ± 873 2111 (1695-2725) 1920 ± 565 1824 (1518-2341) 0.075 

Total choline (mg/d) 395 ± 168 368 (282-499) 340 ± 133 318 (251-397) 0.025 

    Free choline (mg/d) 85 ± 34 81 (58-101) 71 ± 29 64 (53-90) 0.007 

    Phosphocholine (mg/d) 16 ± 9 15 (10-21) 12 ± 5 13 (9-15) 0.004 

    Glycerophosphocholine (mg/d) 72 ± 43 64 (46-84) 56 ± 35 50 (36-68) 0.002 

    Phosphatidylcholine (mg/d) 202 ± 98 209 (124-247) 184 ± 87 176 (135-228) 0.233 

    Sphingomyelin (mg/d) 21 ± 12 16 (12-31) 18 ± 9 16 (11-22) 0.379 

Betaine (mg/d) 196 ± 148 152 (104-244) 128 ± 87 97 (75-165) 0.001 

1Group differences were compared by paired samples Student t-test after log-transformation.  

FFQ: food frequency questionnaire, 24HRs: 24-hour recalls. 
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Table 2.3 Daily energy and nutrient intakes as energy-density values estimated from the FFQ and the mean of three 24HRs  

Intakes 

Energy-density per 1000 kcal daily intake (n = 40) 

P-value1 FFQ 24HRs 

Mean ± SD Median (IQR) Mean ± SD Median (IQR) 

Total choline (mg/d) 179.4 ± 41.9 172.5 (147.0-202.0) 178.1 ± 40.5 178.5 (150.2-205.2) 0.825 

    Free choline (mg/d) 39.0 ± 9.0 38.8 (32.8-45.3) 37.5 ± 10.9 36.6 (31.1-43.2) 0.367 

    Phosphocholine (mg/d) 7.4 ± 2.5 7.1 (5.8-9.2) 6.6 ± 2.3 6.5 (4.8-8.4) 0.049 

    Glycerophosphocholine (mg/d) 31.5 ± 10.8 28.4 (22.7-39.9) 29.0 ± 11.9 26.1 (21.3-32.9) 0.084 

    Phosphatidylcholine (mg/d) 92.2 ± 33.2 87.9 (66.5-114.8) 95.7 ± 33.9 96.9 (76.4-117.0) 0.447 

    Sphingomyelin (mg/d) 9.2 ± 4.8 8.4 (6.0-11.8) 9.2 ± 4.0 9.0 (6.1-11.0) 0.990 

Betaine (mg/d) 90.5 ± 58.1 74.6 (49.1-110.1) 65.0 ± 30.6 60.6 (47.5-75.5) 0.008 

1Group differences were compared by paired samples Student t-test after log-transformation.  

FFQ: food frequency questionnaire, 24HRs: 24-hour recalls. 
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2.4.3 Correlations between instruments  

The correlation coefficients between nutrient intakes estimated by the FFQ and the mean 

of three 24HRs are presented in Table 2.4. The correlation coefficients ranged from 0.42 for 

betaine to 0.72 for glycerophosphocholine for unadjusted intakes. For energy-adjusted values, 

the correlation coefficients ranged from 0.39 for betaine to 0.60 for phosphocholine, the 

correlation coefficients for all nutrients increased when corrected by de-attenuation. A good 

correlation was observed for total choline (r = 0.70), whereas the correlation coefficient for 

betaine intake was within the range of acceptable coefficients (r = 0.47).  

 

Table 2.4 Correlation coefficients between nutrient intakes estimated from FFQ and the mean of 

three 24HRs 

Intakes 

Correlation coefficients (n = 40) 1  

Unadjusted Energy-adjusted 

r P-value r P-value De-attenuated r 

Energy 0.448 0.004 - - - 

Total choline 0.526 <0.001 0.543 <0.001 0.696 

    Free choline 0.519 0.001 0.341 0.031 0.359 

    Phosphocholine 0.482 0.002 0.597 <0.001 0.621 

    Glycerophosphocholine 0.719 <0.001 0.358 0.023 0.409 

    Phosphatidylcholine 0.465 0.003 0.5072 <0.001 0.695 

    Sphingomyelin 0.660 <0.001 0.4732 0.002 0.610 

Betaine 0.418 0.007 0.3862 0.014 0.467 

1Data are presented as Pearson’s correlation coefficients after log-transformation, unless 

otherwise noted. 
2Data are Spearman’s correlation coefficients.  

FFQ: food frequency questionnaire, 24HR: 24-hour recalls. 
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2.4.4 Bland-Altman analysis 

Details of mean differences and LOA based on unadjusted intakes are presented in Table 

2.5. Similar results were obtained when using energy-adjusted values. Overall, the FFQ over-

estimated nutrient intakes compared to the mean of three 24HRs. The Bland-Altman plots 

(Figure 2.2) showed that in most cases the bias did not differ systematically as a function of the 

magnitude of the difference, except for betaine, where it appears that the bias was more likely to 

be positive at higher intakes.  

 

Table 2.5 Bias measured by Bland-Altman method 

Intakes 

Bland-Altman (n = 40) 

Mean difference Lower LOA Upper LOA 

Energy (kcal/d) 312 -1288 1913 

Total choline (mg/d) 55 -110 220 

    Free choline (mg/d) 14 -31 59 

    Phosphocholine (mg/d) 4 -5 13 

    Glycerophosphocholine (mg/d) 16 -44 76 

    Phosphatidylcholine (mg/d) 18 -115 152 

    Sphingomyelin (mg/d) 3 -12 18 

Betaine (mg/d) 68 -135 272 

LOA: limits of agreement. 
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Figure 2.2 Bland-Altman plots  

Plots showing the difference between the intake estimated by FFQ and the mean intake of three 24HRs in the Y-axis against the mean 

intake by the two instruments in the X-axis for each participant (n = 40). The solid black line represents the difference in intake of 

zero, the dotted blue line represents the mean difference, and the dotted red lines represent the upper and lower limits of agreement. 
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2.4.5 Cross-classification analysis 

The results of the cross-classification analysis between the two instruments based on 

unadjusted intakes are presented in Table 2.6. Similar results were obtained when using energy-

adjusted values. Overall, the proportion of participants categorized in the opposite dietary intake 

tertile was ≤ 10%, except for betaine, for which it was 15%. This result was consistent with the 

weighted Cohen’s kappa coefficients, which were ≥ 0.2 for all nutrient intakes suggesting an 

acceptable agreement between instrument, apart from betaine (κw = 0.192) that did not reach 

statistical significance. 

 

Table 2.6 Cross-classification between nutrient intakes estimated from FFQ and the mean of 

three 24HRs  

Intakes 

Cross-classification (n = 40) 

Tertiles (%)  Weighted Cohen’s kappa 

Same Adjacent Opposite  κw 95% CI 

Energy 42.5 50.0 7.5  0.259 0.028 – 0.490 

Total choline 47.5 45.0 7.5  0.316 0.084 – 0.548 

    Free choline 47.5 45.0 7.5  0.316 0.084 – 0.548 

    Phosphocholine 50.0 40.0 10.0  0.316 0.077 – 0.556 

    Glycerophosphocholine 57.5 40.0 2.5  0.487 0.280 – 0.694 

    Phosphatidylcholine 50.0 45.0 5.0  0.373 0.150 – 0.596 

    Sphingomyelin 52.5 40.0 7.5  0.373 0.142 – 0.604 

Betaine 43.6 41.0 15.4  0.192 -0.059 – 0.444 
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2.5 Discussion 

The present study aimed to estimate the relative validity of a semi-quantitative FFQ to 

assess dietary choline and betaine intakes in the past month among apparently healthy adults (n = 

40, both sexes, mean age 33 y) in Vancouver, Canada. These results showed: 1) acceptable to 

good correlations between the FFQ and the mean of three 24HRs for choline and betaine intake 

among adults; 2) in general, the Bland-Altman plots showed (except for betaine) that bias did not 

appear to vary as a function of the magnitude of the difference; and 3) cross-classification 

analysis indicated that miss-classification into opposite tertiles was ≤ 10%, apart from betaine 

intake. Likewise, weighted Cohen’s kappa statistics were ≥ 0.20, indicating an acceptable 

agreement between instruments, with the exclusion of betaine intake. 

FFQs are commonly used to assess dietary intake, as they reflect usual food intake of the 

participants, have a low respondent burden, and are feasible to use in large epidemiological 

studies (266). Before estimation of dietary intake, it is essential to validate the FFQ to use for the 

nutrients of interest. Only a few recent studies (n = 4) have reported on validation of instruments 

to assess choline and betaine intakes (187-190). This could be related to the fact that the first 

food composition database for these nutrients only became available for use less than 15 years 

ago (157). Moreover, no validation studies assessing the intake of the individual forms of choline 

have been published to date. In the study reported in this chapter, significantly higher intakes 

were found when comparing the FFQ to the mean of three 24HRs of total choline (395 vs. 340 

mg/d, respectively; P = 0.025) and betaine (196 vs. 128 mg/d, respectively; P = 0.001). A similar 

tendency for higher intakes estimated from an FFQ compared to the mean intake from the 

reference method has been reported in the United States and Europe (188-190). In a previous 
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study from the United States (n = 42, pregnant women), with mean total choline intake of 391 vs. 

376 mg/d, and betaine intake of 230 vs. 174 mg/d, estimated using an FFQ compared to the mean 

of two 24HRs, respectively (189). In Europe, dietary choline and betaine intakes appear to be 

lower compared to North America. In the United Kingdom (n = 64, premenopausal women), 

median total choline intake has been reported as 285 vs. 255 mg/d and betaine intake as 130 vs. 

130 mg/d, estimated from FFQ and mean of three 24HRs, respectively (190). In Belgium (n = 

80, premenopausal women), mean total choline intake has been reported of 287 vs. 284 mg/d and 

betaine intake of 179 vs. 147 mg/d, estimated from FFQ and mean of seven dietary records, 

respectively (188). As such, the present results in adults confirm previous findings from similar 

comparison studies in various populations, that FFQs commonly overestimate the absolute 

choline and betaine intakes when compared to 24HRs and dietary records. In addition, the 

estimated energy intake tended to be higher in the FFQ compared to 4HR, which supports the 

overestimation of intakes. 

The discrepancy between FFQ and multiple 24HRs found in the present study has been 

commonly reported in other studies (188-190). A possible explanation could be the long list of 

food items included in FFQs, as participants may lose focus after a while, or the difficulty in 

assessing portion size or frequency of consumption. In contrast, it is also likely that under-

reporting of energy from multiple 24HRs rather than an over-reporting of nutrient intake 

assessed by FFQ occurred, as has also been suggested by others (182). In the present study, total 

choline intake, when expressed as energy-densities mean intakes did not differ between 

instruments (179 vs. 178 mg/d/1000 kcal, respectively; P = 0.825). Another possibility is that the 

time frame, during which the reference instrument (the mean of three 24HRs) was administrated 

was not long enough to adequately quantify the usual choline and betaine intakes of the 
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participants. However, similar time frames have been used in other validation studies (267). Yet, 

for betaine the intake of rich food sources such as beets and quinoa (260 mg and 630 mg per 100 

g of food, respectively) (13), that are not frequently consumed may be captured in the FFQ but 

not in the three 24HRs. Based on estimates of within-subject variability for other nutrients, it is 

probable that additional days of dietary recalls would have been required to improve the 

accuracy of the 24HRs at the individual level (241, 268). This limitation is inherent in most 

studies that use 24HRs as the reference instrument for validation, as reporting accuracy in 24HRs 

may diminish as the respondent burden increases. As such, there are multiple possibilities for 

higher intakes assessed by FFQs including underreporting energy and nutrient intakes by 24HRs. 

It has been recommended to adjust by energy intake before assessing the association of 

estimated intake values between instruments (259). Additionally, as the within-subject variance 

in daily intake from 24HRs may affect the strength of the correlations, it has been suggested to 

correct this issue by using de-attenuation (250). It has been stipulated that reasonable correlation 

coefficients between instruments to assess dietary intake should be at least > 0.20 to be 

considered acceptable (261). In the present study, the energy-adjusted de-attenuated correlation 

coefficients were good (r = 0.70) for total choline intake and acceptable (r = 0.47) for betaine 

intake. This finding is consistent with the results from other studies, in which significant positive 

de-attenuated correlation coefficients were reported between 0.42 to 0.68 for total choline intake 

and 0.32 to 0.39 for betaine intake, among premenopausal women (188, 190). In contrast, 

another study reported a non-significant negative de-attenuated correlation coefficient of -0.40 

for total choline in pregnant women (189). As such, our FFQ appears to have a better 

performance than previously validated FFQs for the assessment of dietary total choline and 

betaine intakes.  However, it was noticed that betaine tended to differ systematically as a 
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function of the magnitude of the difference, with the bias being more likely to be positive at 

higher intakes which may limit the use of the FFQ. 

In the present study, the cross-classification analysis showed that more than 85% of the 

participants’ dietary intake estimations were classified in the same or adjacent tertiles, with a 

gross misclassification into the opposite tertile of 8% for total choline and 15% for betaine. A 

previous study, comparing an FFQ to seven days of dietary records in premenopausal women in 

Belgium, reported higher gross misclassification for total choline (20%) and similar for betaine 

(14%) intakes (188). A study including pregnant women, in the United States, reported higher 

gross misclassification rates, which was 38% for total choline and 31% for betaine when 

classified in quartiles (189). The small proportion of gross misclassification in the study 

presented in this chapter demonstrates a good ability of the FFQ to rank the participants, and thus 

a reasonable agreement with the mean of three 24HRs (251, 261). The weighted Cohen’s kappa 

coefficients in the present study suggested acceptable agreement for total choline (κw = 0.32), but 

poor agreement for betaine (κw = 0.19) intake classification between instruments. Lower values 

for total choline (κw = 0.10) and similar for betaine (κw = 0.21) have been reported in only one 

previous study (188). As previously mentioned, the results of the present study indicate a better 

performance than previously validated FFQs for the assessment of dietary total choline intake, 

but the lower for betaine intake. However, the lower performance of the FFQ to estimate dietary 

betaine intake, as has been reported in previous studies, should be taken in account when using 

betaine intake to associate with another variable of interest, such as plasma concentrations or 

health outcomes. 
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The present study has a number of strengths. First, this is the first study performed to 

validate total and individual forms of choline and betaine intakes estimated from an FFQ among 

adults in Canada. Second, the reference instrument (the mean of three 24HRs) included two 

weekdays and one weekend day, which were assessed during a similar time frame to the FFQ. 

Third, a comprehensive examination was conducted using several statistical analyses, including 

an adjustment for within-subject variability that is known to attenuate correlations, which is 

strongly recommended in dietary intake validation studies when assessing correlations (246).  

However, the present study has some limitations. First, a small sample size of participants 

was used (n = 40). Yet, it had enough power to detect correlation coefficients of 0.50, whereas a 

minimum of 0.20 has been recommended for acceptable validity (246, 261). Second, ideally, the 

reference instrument selected has different errors associated with it. For the FFQ, recall bias and 

incorrect estimation of the portion size are the major sources of error, whereas, portion size is 

commonly better estimated using 24HRs, however, recall bias is also an important source of 

error for 24HRs (269). As such, recall bias could not be eliminated as a common error in both, 

the instrument tested and the reference in the present study. Therefore, in this study, the 24HRs 

were conducted using in-person interviews with food models and the multiple-pass method in an 

effort to increase the accuracy of the information collected by the reference instrument (254). 

Third, self-reported energy intakes may not reflect actual energy intakes, and both instruments 

may have under-reported it (270). Thus, it is possible that choline and betaine intakes were also 

under-reported by both instruments. In addition, the betaine intake estimated from the mean of 

three 24HRs may not have been able to capture the consumption of rich food sources of betaine 

(i.e., beets and quinoa), as their intake may not be as frequent compared to other foods.  
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In summary, this is the first study to evaluate the relative validity of a semi-quantitative 

FFQ used to estimate dietary choline and betaine intakes among adults in Canada. Overall, the 

results suggest that the dietary intake estimated from the FFQ is comparable to the estimation of 

the mean of three 24HRs when energy-adjusted values were used. Acceptable correlation 

coefficients and agreement by cross-classification analyses were obtained for total choline and 

the individual forms. However, it may be less accurate for betaine intake, and thus estimated 

betaine intakes should be interpreted carefully. Overall, the findings suggest that this FFQ is a 

useful instrument for assessing the usual dietary intake of total and individual forms of choline 

among healthy adults. 
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Chapter 3: Concentrations of choline in milk from Canadian and Cambodian 

lactating women 

 

3.1 Chapter synopsis 

Human milk choline concentrations are thought to reflect maternal dietary choline intake. 

Since the main contributors to dietary choline intake are animal-source foods, lactating women 

from low-income countries with low intakes of these particular foods could produce milk lower 

in choline. In human milk, the majority (84%) of choline is present in the water-soluble forms. 

Moreover, limited data on mean concentrations in human milk were used to establish dietary 

choline recommendations for early infancy. To date, choline concentrations in mature human 

milk have been reported in studies with small numbers of participants.  Even though most data 

on choline concentrations in mature human milk are from high-income countries, there was no 

information available from Canada. Further, there was only one study that reported on choline 

concentrations in human milk in a low-income country about three decades ago. Therefore, the 

principal aim of this study was to determine the concentrations of water-soluble forms of choline 

in mature human milk from a large number of lactating women living in Canada (n = 301) and 

Cambodia (n = 67, a low-income country). All human milk samples were collected using similar 

protocols and analyzed by stable isotope dilution liquid chromatography-tandem mass 

spectrometry. The key findings of this study indicate that the concentrations of water-soluble 

forms of choline in mature human milk did not differ between Canadian and Cambodian women 

(P > 0.05) and that the estimated infant’s total choline intake was significantly below the current 
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intake recommendation for early infancy (P > 0.001). These results suggest that the current 

dietary recommendations for choline during early infancy should be revisited. 

 

3.2 Introduction 

Choline is an essential nutrient for humans and is critically important during periods of 

rapid growth and development, most notably in early infancy (12, 35).  Although some choline is 

synthesized endogenously, the amounts are not sufficient to meet the needs of the body, and 

consequently, choline must be provided in the diet (24). Choline is a precursor for the synthesis 

of acetylcholine (52, 271), phospholipids (such as phosphatidylcholine and sphingomyelin), and 

betaine (1, 34, 51). Acetylcholine is a neurotransmitter that participates in muscle contraction 

and cognition (52). Phosphatidylcholine and sphingomyelin are essential for maintaining cell 

membrane structure and function, and for the synthesis of lung surfactant, bile, and lipoproteins 

(272), respectively. In contrast, betaine is an important osmolyte and methyl group donor for the 

remethylation of methionine and the one-carbon folate pool (51, 203).  Such as, choline plays a 

crucial role in many biochemical and physiological processes.  

During pregnancy, choline is transferred to the fetus through the placenta as free choline, 

while human milk provides choline as the sole dietary source for breastfed infants for the first six 

months postpartum (171, 273, 274). In human milk, choline is present in both water- and lipid-

soluble forms. Water-soluble forms of choline, including free choline, phosphocholine, and 

glycerophosphocholine, contribute to an average of 84% (range 81 – 88%) of the total choline in 

human milk (14-16). The remaining portion of the total choline in human milk (mean 16%, range 

12 – 19%) is present as lipid-soluble forms, including phosphatidylcholine and sphingomyelin as 



61 

 

part of the fat globule membrane (275). It has been reported that human milk choline 

concentrations are associated with serum free choline concentration in infants (15) and that 

elevated circulating free choline augments choline uptake across the blood-brain barrier (276, 

277). A recent observational study suggested that a higher milk choline concentration is 

associated with better infant recognition memory (n = 55, P < 0.05) at six months postpartum 

(172).  

Exclusive breastfeeding is recommended for 0 – 6 months old (162), and the average 

concentration of nutrients in mature human milk from healthy, well-nourished mothers is 

commonly used as the reference value for setting dietary recommendations for infants (12). Also, 

the amount of choline secreted in mature human milk is used to identify the increment of choline 

over the dietary recommendations of non-lactating women for lactation (12). For early infancy (0 

– 6 months), the Adequate Intake (AI) for choline was set at 125 mg/d, based on a mean choline 

concentration of 1500 µmol/L in mature human milk, assuming a daily intake of 0.78 L of 

human milk (12).  

In the view of the fundamental importance of adequate nutrient supply for infant growth 

and development, there remains limited knowledge about the concentrations of various nutrients 

in human milk, including choline. The current literature on choline concentration in human milk 

is scarce, with only 12 studies reported worldwide (14-17, 21, 22, 165, 171-174, 278). In these 

studies, the milk samples were collected from groups of lactating women after a full-term, pre-

term, or mixed birth term pregnancy, with very small sample sizes ranging from one in Sweden 

(174) to 62 in Japan (21). Moreover, the report available from Ecuador, a low-middle-income 

country in 1982 (279), included the analysis of only free choline, phosphatidylcholine, and 
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sphingomyelin, which together contribute to 26% of total choline in human milk (22). 

Additionally, most of the limited data published on choline concentrations in human milk are 

from high-income countries, where maternal animal-source food consumption, the most 

important dietary source of choline, is higher than in low- or middle-income countries (175, 179-

181). This information raises the question of whether lactating women consuming diets low in 

animal-source foods are more likely to produce milk that is lower in choline.  

The primary objective of the study presented in this chapter was to determine the 

concentrations of choline in mature milk from lactating women in Canada and Cambodia, where 

the availability of animal-source foods is thought to differ drastically. According to the Food and 

Agriculture Organization’s (FAO) food balance sheets, 9% (216 / 2411 kcal) of total energy 

available in the Cambodian diet is derived from animal products, compared to 27% (913 / 3419 

kcal) in Canada  (180). This study focused on the water-soluble forms of choline to estimate total 

choline, as they contribute an average of 84% of total choline in human milk (15-17, 20), and 

methodology to quantitate the lipid-soluble forms of choline was not available in our research 

group. A secondary objective was to explore the potential associations between maternal dietary 

choline intake during pregnancy and the concentrations of water-soluble forms of choline in 

human milk in a subset of Canadian participants.  
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3.3 Participants and methods 

 

3.3.1 Study design and participants 

The study presented in this chapter was a cross-sectional analysis of convenience samples 

of mature milk collected from apparently healthy lactating women (18 – 45 y) from Vancouver, 

Canada (n = 301) (280, 281), and Prey Veng province, Cambodia (n = 67) (282). A power 

analysis calculation indicated a minimum of 34 participants for each group was required to 

provide 90% power to detect a large effect size (d = 0.80) (283, 284) in group means when 

comparing two independent samples, with significance at the 5% (two-tailed). Only women who 

had low-risk pregnancies, uncomplicated deliveries, and gave birth to healthy, full-term (> 37 

weeks of gestation) infants were included. Sociodemographic information including maternal 

age, education level, household income, and ethnicity, as well as infant age at sample collection, 

were obtained from the participants. For the secondary objective, a subset of the Canadian 

participants was used (n = 143). A power size calculation indicated a minimum of 38 participants 

was required to provide 90% power to detect a correlation of r ≥ 0.5 (283, 284) between dietary 

intake and milk concentrations with significance at 5% (two-tailed). 

In Canada, the participants were enrolled in two separate supplementation randomized 

controlled trials (neither of which contained choline) as described previously (280, 281), and 

therefore all participants, either assigned to treatments or control group, were included in the 

analysis presented in this chapter. In the first trial, women had consumed a daily supplement 

containing docosahexaenoic acid or placebo from 16 weeks of gestation through to the end of 

pregnancy (280). In the second trial, women had consumed a daily prenatal multivitamin and 



64 

 

mineral supplement and were assigned to one of three vitamin D supplement groups targeted 

between 13 – 24 weeks of gestation through eight weeks postpartum (281). In Cambodia, the 

participants had been consuming either a thiamin-fortified or placebo fish sauce ad libitum for 

six months prior to milk collection as part of a randomized controlled trial (282). Daily fish 

sauce consumption is estimated to provide only 2 mg of total choline per 16 ml (258, 285); thus, 

it did not represent a good source of choline, and therefore all participants, either assigned to 

treatments or control group, were included in the analysis presented in this chapter. 

The Canadian trials were approved by the University of British Columbia – Children's & 

Women's Health Centre of British Columbia Research Ethics Board, while the Cambodian trial 

was approved by the Cambodian National Ethics Committee for Health Research, according to 

the guidelines of the Declaration of Helsinki (252, 253). All subjects provided written informed 

consent prior to participation. 

3.3.2 Milk sample collection and handling  

The Canadian participants, in both trials, provided a mature milk sample at eight weeks 

postpartum. In the first trial, hindmilk samples (n = 147) were collected at the participant’s 

house, using a mechanical or electric pump, into pre-labeled tubes and stored in a home freezer 

for up to three days. The milk samples were then transported to the Child and Family Research 

Institute (CFRI) at the Oak Street campus of the University of British Columbia in Vancouver, 

where they were stored at -80oC. In the second trial, milk samples (n = 154) were collected 

during a visit at CFRI, using a mechanical or electric pump, as a full breast expression from the 

breast that had not been most recently emptied.  The samples were immediately placed on ice, 
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and stored at -80°C within one hour until analysis. Previously, it has been reported that there is 

no difference among choline concentrations in fore, middle, and hindmilk (171).   

In Cambodia, the participants provided a mature milk sample (n = 67) between 3 – 28 

weeks postpartum. Previous studies have reported that choline concentration in human milk does 

not significantly change after two weeks postpartum (15, 21, 166) and remains constant 

throughout the first twelve months postpartum (21). Milk samples were collected, using a 

mechanical or electric pump as a full breast expression from the breast that had not been most 

recently emptied. Milk samples were provided by lactating women in their villages, placed on 

ice, and were subsequently transported to the National Institute of Public Health in Phnom Penh 

(< 5 hours) for storage at -80°C until they were shipped on dry ice to CFRI, Vancouver, Canada 

for analysis. 

3.3.3 Water-soluble forms of choline analysis in milk 

The concentrations of water-soluble forms of choline (free choline, phosphocholine, and 

glycerophosphocholine) in milk were quantified by stable isotope dilution liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) using the method described previously 

(225), with modifications (172, 286). The concentration of betaine in the milk samples was also 

assessed, as betaine was included in method development. The LC-MS/MS was a Waters I-class 

ACQUITY UPLC system connected to a Quattro Micro tandem MS configured with an 

electrospray source (Waters Corporation, MA, USA). The LC was equipped with a Zorbax Rx-

Sil pre-column (2.1 x 12.5 mm) and a column (2.1 x 150 mm), both with 5 µm particle size 

(Agilent Technologies, CA, USA).  
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Before analysis, frozen milk samples were thawed in a water bath (25°C) and 

homogenized to ensure constant quality of the samples. For analysis, aliquots of 20 μL of milk 

were transferred to an Eppendorf tube (1.5 mL) containing 10 μL of internal standards (choline-

d9, phosphocholine-d9, glycerophosphocholine-d9, and betaine-d9; CDN Isotopes Inc, QC, 

Canada). Milk protein was precipitated by adding 30 μL of methanol containing 0.1% formic 

acid to the tube followed by vortexing and centrifugation (13,000 × g; 10 min; 4°C). Then, a 20 

µL aliquot of the supernatant was transferred to a 150 µL glass insert placed inside a high-

performance liquid chromatography vial, containing 100 µL of acetonitrile with 0.1% formic 

acid.  

The chromatographic separation was carried out at a flow of 0.5 mL/min with a mobile 

phase consisting of A: acetonitrile with 0.1% formic acid and 0.1% trifluoroacetic acid, and B: 

15 mmol/L ammonium formate with 0.1% formic acid and 0.2% trifluoroacetic acid in H20.  The 

gradient separation started at 95% A plus 5% B for 2 min followed by separation in a linear 

gradient to 55% A plus 45% B at 4 min and then held for 5.8 min after which the column was 

subsequently flushed with 100% B and re-equilibrated to starting conditions. The MS was 

operated in positive ion mode with multiple reaction monitoring, using the following paired 

precursor-product ion transitions: 103.959.9 choline and 11368.9 choline-d9; 184.1125.0 

phosphocholine and 93.1125.0 phosphocholine-d9; 258124.9 glycerophosphocholine and 

289.0221.0 glycerophosphocholine-d9; and 117.958.9 betaine and 126.967.9 betaine-d9. 

The auto-sampler chamber and column were maintained at 5°C and 25°C, respectively. The 

injection volume used for the analysis was 4 μL, with a total analytical time of 9 min. Each milk 

sample was only analyzed one time. 



67 

 

A standard curve and an in-house prepared pooled human milk samples were analyzed 

every day for quality assurance. The standard curve, corresponding to 10 different concentrations 

of the choline metabolites of interest (Table 3.1), yielding a standard linear curve (r > 0.99; 

Figure 3.1). In addition, a reagent blank and the internal standard alone were run for quality 

control purposes. The unknown areas of identified peaks were compared with the area curve 

from the standard for quantification. The milk concentrations of free choline, phosphocholine, 

glycerophosphocholine, and betaine were expressed as µmol/L.  Replicates of aliquots of pooled 

human milk were included for quality control and to determine the analytical variability. The 

inter- and intra-assay coefficients of variance, calculated based on ten replicates each, were: 

4.8% and 1.4% for free choline, 5.4% and 0.2% for phosphocholine, 3.6% and 2.1% for 

glycerophosphocholine, and 5.9% and 2.3% for betaine, respectively.  

 

Table 3.1 Concentrations of standard solutions for milk concentrations 

Standards Free Choline Phosphocholine Glycerophosphocholine Betaine 

Concentrations (µmol/L)  

1 6.0 15.0 20.0 0.6 

2 15.0 37.5 50.0 1.5 

3 30.0 75.0 100.0 3.0 

4 45.0 112.5 150.0 4.5 

5 60.0 150.0 200.0 6.0 

6 120.0 300.0 400.0 12.0 

7 240.0 600.0 800.0 24.0 

8 360.0 900.0 1200.0 36.0 

9 480.0 1200.0 1600.0 48.0 

10 600.0 1500.0 2000.0 60.0 
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Figure 3.1 A representative plot of response factors and residuals from chromatograms of standard curve for free choline in milk 

  

Compound name: Choline

Correlation coefficient: r = 0.998199, r^2 = 0.996401

Calibration curve: 0.0194917 * x + -0.0743551

Response type: Internal Std ( Ref 6 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis trans: None
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3.3.4 Calculation of total choline intake from milk in infants 

The current AI recommendation for choline of 125 mg/d for infants aged 0 – 6 months 

was based on milk choline concentrations and volume intake (12). Specifically, the assumption 

that breastfed infants consumed an average of 0.78 L/d of human milk during the first six months 

of life was used (12, 149-151, 287, 288). The available data provide information that on average 

the water-soluble forms of choline make up 84% while the lipid-soluble forms contribute to 16% 

of total choline in human milk (14-16, 166). In this study, the concentration of total choline in 

the milk samples was calculated by multiplying the concentration of the sum of the water-soluble 

forms of choline of each individual participant, quantified as previously described, by a 

conversion factor of 1.19. This factor was calculated as the ratio between total choline and the 

contribution of the water-soluble forms of choline to total choline (1.19 = 1.00 / 0.84). The molar 

mass of choline (104 g/mol) was used to express the data as mg/d and is referred to as total 

choline estimation. This estimation allowed the values to be compared with the AI for choline.  

3.3.5 Dietary intake assessment in a subset of the Canadian participants 

Dietary intake information from participants was available from the first of the two 

Canadian trials (n = 143). In this trial, dietary intake was assessed using a food frequency 

questionnaire (FFQ) administered by face-to-face interviews, at 16 and 36 weeks of gestation 

(289). Previous studies have observed a minor and non-significant variation in the maternal diet 

when comparing total choline intakes during pregnancy and lactation (6, 10). The FFQ gathered 

information on the foods and beverages consumed, including frequency of intake and portion 

sizes, over the previous month. Dietary choline and betaine intakes were estimated using a 

nutrient analysis software (ESHA Food Processor SQL, version 10.14.41; Salem, OR) (257) and 
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the United States Department of Agriculture (USDA) database on the Choline Content of 

Common Foods (Version 2) (13). Detailed information is provided in Chapter 2 of this 

dissertation. The estimated dietary choline and betaine intakes were expressed as mg per day. 

3.3.6 Statistical analysis 

All statistical analyses were performed using SPSS for Windows (version 19; SPSS Inc. 

Chicago, US). The significance level was set at P < 0.05 for two-sided testing. Normality of the 

data was assessed using the Kolmogorov–Smirnov test.  If distributions were skewed, data were 

then normalized using logarithmic transformations to improve normality before further analysis. 

If normality was not achieved after logarithmic transformation, non-parametric tests were used 

instead. All data are presented as mean ± SD, unless otherwise noted.  

Prior to the hypothesis testing, the concentration of water-soluble forms of choline and 

betaine in milk were compared by randomization groups within each trial, by independent 

samples Student’s t-test or one-way ANOVA, as appropriate. Next, the concentration of water-

soluble forms of choline and betaine in milk were compared between the two Canadian trials, as 

the trials differed in the fraction of milk sample collected (hindmilk vs. full breast expression) by 

independent samples Student’s t-test or Mann-Whitney U test, as appropriate. Since Cambodian 

milk samples were collected between 3 – 28 weeks postpartum (whereas all Canadian samples 

were collected at eight weeks), the association between the concentration of water-soluble forms 

of choline and betaine in milk and weeks postpartum was assessed by Pearson’s correlation test 

in the Cambodian trial. None of these results were statistically significant (P > 0.05 for all 

comparisons; Appendix B). Therefore, participants from both Canadian trials were merged into 

one group, and there was no need to control for weeks postpartum among the Cambodian group. 
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Descriptive statistics were used to summarize the sociodemographic characteristics of the 

participants and were compared between Canadian and Cambodian participants, using Mann-

Whitney U test for age and Fisher’s exact test for categorical variables.  Milk concentrations of 

water-soluble forms of choline and betaine were compared between Canadian and Cambodian 

participants by independent samples Student’s t-test. The estimated total choline intake of infants 

was compared to the choline AI for early infancy (125 mg/d), in both Canadian and Cambodian 

participants separately and also together as one group, by one sample Student’s t-test.   

In one of the Canadian trials, dietary information from the participants (n = 143) was 

available at 16 and 36 weeks of gestation. A paired samples Student’s t-test was used to 

determine the difference between dietary choline intakes collected at the two-time points and a 

pair-wise correlation coefficient was calculated using Pearson’s correlation test between dietary 

total choline intake estimated at 16 and 36 weeks of gestation. As dietary choline intakes 

estimated at both time points did not differ (P = 0.927) and were strongly correlated (r = 0.590, P 

< 0.001; Appendix C), only the second-time point was used. The estimated total choline intake 

was compared to the choline AI, for both pregnancy and lactation (450 and 550 mg/d, 

respectively), by one sample Student’s t-test. The relationships between maternal dietary choline 

and betaine intakes during pregnancy and the concentrations of water-soluble forms of choline 

and betaine in milk samples at eight weeks postpartum were explored using Pearson’s or 

Spearman’s correlation test, as appropriate. Interpretation for all correlation coefficients was 

defined as weak < 0.30, moderate between 0.30 – 0.49, and strong > 0.50 (284). Bonferroni 

correction was performed to adjust for multiple comparisons of dietary intakes on the same 

metabolite concentration in milk (0.05 / 9 = 0.0055, significance at P < 0.006). 



72 

 

3.4 Results 

 

3.4.1 Sample analysis 

In the first Canadian trial, 148 participants provided a milk sample, from which 147 milk 

samples were available for analysis (Figure 3.2). In the second Canadian trial, 154 participants 

provided a milk sample, and all were included in the analysis. Of the 68 participants that 

provided a milk sample in the Cambodian trial, 67 milk samples were available for analysis. For 

a subset (n = 143) of the Canadian participants in the first trial who provided milk samples, 

dietary intakes were available during pregnancy. 

 

 

Figure 3.2 Diagram of milk samples and dietary information analyzed 

 

  Canada 

Trial 1 

 Canada 

Trial 2 

 Cambodia 

Trial 

         

Baseline 270  226  90 

         

Milk samples 148  154  68 

         

Milk analysis 147  154  67 

         

Dietary information 143     
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3.4.2 Sociodemographic characteristics of the participants 

The sociodemographic characteristics of the participants are shown in Table 3.2. In this 

study, Cambodian lactating women (mean ± SD, 26 ± 5 y) were significantly younger than 

Canadian women (33 ± 4 y) (P < 0.001). Canadian women were primarily of European descent 

(78%) followed by Asian descent (13%), and all Cambodian women were Khmer. Most lactating 

women were primiparous, giving birth to their first child in both Canadian (53%) and 

Cambodian (51%) participants. Canadian women were significantly better educated (P < 0.001) 

and had a higher household income (P < 0.001) compared to Cambodian women, reflecting a 

higher socio-economic status. 

 

3.4.3 Concentrations of water-soluble forms of choline and betaine in milk 

The concentrations of the water-soluble forms of choline and betaine are presented in 

Table 3.3. The milk concentrations of most metabolites were skewed, while phosphocholine in 

both groups and glycerophosphocholine in Cambodian women were normally distributed.  The 

concentrations of the water-soluble forms of choline and betaine in milk were not significantly 

different between Canadian (n = 301) and Cambodian (n = 67) lactating women (P > 0.05). 

Therefore, as the concentrations did not differ between groups, the concentrations for all milk 

samples were combined.  Among all samples (n = 368), phosphocholine and 

glycerophosphocholine were the predominant water-soluble forms of choline in mature milk, 

contributing 49% and 37% of the sum of the individual water-soluble forms of choline, 

respectively.   
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Table 3.2 Sociodemographic characteristics of participants 

Characteristics 

Canadian 

(n = 301) 

Cambodian 

(n = 67) 
P-value1 

Age (y)2 33.3 ± 4.1 26.1 ± 4.7 < 0.001 

Parity (n; %) 

   1 

   2 

   3 or more 

 

161; 53% 

112; 37% 

28; 9% 

 

34; 51% 

24; 36% 

9; 12% 

0.720 

Education (n; %) 

   None 

Some primary 

Some secondary 

Some postsecondary  

 

0; 0% 

0; 0% 

11; 4% 

290; 96% 

 

6; 9% 

31; 46% 

30; 44% 

0; 0% 

< 0.001 

Ethnicity (n; %)   < 0.001 

   European 234; 78% -   

   Asian 40; 13% -   

   Khmer -  67; 100%  

   Other 27; 9% -   

Household total income (n; %) 

< $20 000 CAD  

$20 000 – $50 000 CAD 

> $50 000 CAD 

 

10; 3% 

47; 16% 

244; 81% 

 

67; 100% 

0; 0% 

0; 0% 

< 0.001 

1Continuous data were analyzed by Mann-Whitney U test, and categorical data analyzed by 

Fisher’s exact test. 
2Data are presented as mean ± SD. 
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Table 3.3 Concentration of water-soluble forms of choline and betaine in milk 

1Group differences were compared by independent samples Student t-test after log-transformation.  

2Water-soluble forms of choline and betaine concentrations were quantified using liquid chromatography-tandem mass spectrometry.  
3Water-soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine.  

 

 

Milk metabolites 
 

All women  

(n = 368) 

Canadian  

(n = 301) 

Cambodian  

(n = 67) 
P-value1 

  Concentrations (µmol/L)2 

   Free choline 
Mean ± SD 

Median (IQR)   

151 ± 90 

130 (87-191) 

155 ± 90 

133 (92-193) 

143 ± 90 

130 (72-164) 
0.071 

Phosphocholine 
Mean ± SD 

Median (IQR)   

540 ± 206 

533 (414-658) 

535 ± 207 

519 (408-654) 

562 ± 204 

567 (466-687) 
0.336 

Glycerophosphocholine 
Mean ± SD 

Median (IQR)   

411 ± 153 

383 (305-494) 

416 ± 156 

383 (305-500) 

390 ± 137 

380 (296-481) 
0.178 

Water-soluble choline3 
Mean ± SD 

Median (IQR)   

1102 ± 298 

1067 (922-1235) 

1106 ± 304 

1066 (922-1237) 

1095 ± 272 

1072 (925-1204) 
0.686 

   Betaine 
Mean ± SD 

Median (IQR)   

4.9 ± 2.8 

4.2 (3.1-6.0) 

4.8 ± 2.4 

4.2 (3.2-6.0) 

5.1 ± 4.4 

3.6 (2.6-5.6) 
0.446 
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3.4.4 Comparison of estimated daily total choline intake from milk to the adequate 

intake for choline for infants aged 0 – 6 months  

The estimated infant total choline intake from milk in Canada (n = 301), Cambodia (n = 

67), and all milk samples (n = 368) was (mean ± SD) 105 ± 26 mg/d, 107 ± 29 mg/d, and 106 ± 

29 mg/d, respectively. Total choline intake was calculated based on an estimated infant daily 

milk consumption of 0.78 L and the concentration of total choline (water-soluble forms of 

choline multiplied by the factor 1.19) at the individual level. 

The estimated mean total choline intake from milk was significantly below the AI for 

choline for early infancy (0 – 6 months) of 125 mg/d in both Canadian and Cambodian 

participants separately and also as one group (P < 0.001).  The estimated total choline intake 

compared with the AI for choline for early infancy (0 – 6 months) is illustrated in Figure 3.3 for 

all milk samples (n = 368).  Based on these data, 19% of infants in both Canadian and 

Cambodian participants separately and also as one group would have estimated total choline 

intakes at or above the current AI for early infancy. 
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Figure 3.3 Distribution of estimated daily total choline intake from milk in infants 

Data are presented for all milk samples analyzed (n = 368). Water-soluble forms of choline 

concentrations were quantified using liquid chromatography-tandem mass spectrometry. Total 

choline was calculated using a factor of 1.19 (based on the assumption that water-soluble forms 

contribute an average of 84% of total choline), and daily intake was calculated based on a 

consumption of 0.78 L/d and 104 g/mol. The vertical orange line corresponds to the Adequate 

Intake (AI) for choline for 0 – 6 months old infants of 125 mg/d. 
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3.4.5 Associations between estimated daily dietary choline and betaine intakes and 

water-soluble forms of choline in milk in a subset of the Canadian participants 

The estimated dietary intakes of the total choline, individual forms of choline, the sum of 

water- and lipid-soluble forms of choline, and betaine at 36 weeks of gestation during pregnancy 

for a subset of the Canadian participants (n = 143) are presented in Table 3.4. Total choline, 

glycerophosphocholine, phosphatidylcholine, and lipid-soluble forms of choline intakes were 

normally distributed, while the distribution of free choline, phosphocholine, water-soluble forms 

of choline, sphingomyelin, and betaine intakes were skewed.  The maternal dietary total choline 

intake was estimated at (mean ± SD) 408 ± 111 mg/d, which was significantly below the AI for 

choline for both pregnancy and lactation (450 and 550 mg/d, respectively; P < 0.001). At the 

individual level, only 32% and 10% of the participants had estimated total choline intakes above 

the AI for pregnancy and lactation, respectively.  

The correlation coefficients between maternal dietary total choline, individual forms of 

choline, and betaine intakes and the concentrations of free choline, phosphocholine, 

glycerophosphocholine, and the sum of water-soluble forms of choline in milk are presented in 

Table 3.5.  The sum of the water-soluble forms of choline in milk were positively, but weakly 

correlated with dietary total choline intake (r = 0.166, P = 0.048), dietary free choline intake (r = 

0.223, P = 0.007), and dietary water-soluble forms of choline intake (rho = 0.182, P = 0.029). 

After adjusting for multiple comparisons (Bonferroni’s correction, P < 0.006), the correlations 

were not significant anymore (P ≥ 0.006, for all comparisons).   
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Table 3.4 Dietary choline and betaine intakes from a subset of Canadian participants 

 Canadian participants (n = 143) 

Dietary intakes Mean ± SD Median (IQR) 

    
Dietary intakes (mg/d)1 

   Total choline2 408 ± 111 409 (327 – 472) 

        Free choline 87 ± 24 84 (71 – 99) 

        Phosphocholine 24 ± 11 22 (18 – 28) 

        Glycerophosphocholine 92 ± 35 93 (71 – 109) 

     Water-soluble choline3 203 ± 58 196 (171 – 237) 

        Phosphatidylcholine 185 ± 66 183 (135 – 222) 

        Sphingomyelin 20 ± 6 20 (16 – 24) 

     Lipid-soluble choline4 206 ± 71 200 (149 – 246) 

   Betaine 142 ± 69 131 (97 – 174) 

1Dietary intakes were estimated during pregnancy at 36 weeks of gestation using a Food 

Frequency Questionnaire and the United States Department of Agriculture database on choline 

content in common foods. 
2Total choline corresponds to the sum of all individual forms of choline. 
3Water-soluble choline corresponds to the sum of free choline, phosphocholine, and 

glycerophosphocholine.  
4Lipid-soluble choline corresponds to the sum of phosphatidylcholine and sphingomyelin. 
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Table 3.5 Correlation between estimated daily dietary choline and betaine intakes during pregnancy and water-soluble forms of 

choline in milk from a subset of Canadian participants 

 Milk metabolites (n = 143)1 

Dietary intakes 

Free  

choline 

Phospho- 

choline 

Glycerophospho- 

choline 

Water-soluble 

forms of choline2 
Betaine 

 Total choline3 0.043 0.150 0.017 0.166 0.1195 

     Free choline 0.054 0.125 0.129 0.223 0.1505 

     Phosphocholine 0.1345 0.0635 -0.0075 0.1285 0.0975 

     Glycerophosphocholine 0.105 0.034 0.101 0.130 0.0505 

  Water-soluble choline2 0.1025 0.0945 0.0935 0.1825 0.1165 

     Phosphatidylcholine -0.016 0.145 -0.056 0.091 0.0965 

     Sphingomyelin -0.0315 0.1475 -0.1095 0.0365 0.1105 

  Lipid-soluble choline4 -0.016 0.150 -0.058 0.093 0.1025 

 Betaine -0.0265 0.0915 0.0575 0.1425 0.0105 

1Data are presented as Pearson’s correlation coefficients after log-transformation, unless otherwise noted. None of the observed 

associations was significant after Bonferroni’s correction (0.05 / 9 = 0.0055; P-value obtained was > 0.006, for all comparisons). 
2Water-soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine  

3Total choline corresponds to the sum of all individual forms of choline. 
4Lipid-soluble choline corresponds to the sum of phosphatidylcholine and sphingomyelin. 
5Data are Spearman’s correlation coefficients. 
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3.5 Discussion 

This study is the first report presenting data on concentrations of the water-soluble forms 

of choline in mature milk samples from both Canadian (n = 301) and Cambodian (n = 67) 

lactating women. The main findings from this study are: 1) the concentrations of water-soluble 

forms of choline did not differ between milk samples collected from Canadian and Cambodian 

women; 2) the estimated intake of total choline from milk was lower than the current AI for 

choline for infants aged 0 – 6 mo; and 3) the concentrations of water-soluble forms of choline in 

milk were not associated with dietary choline intake during pregnancy in a subset of the 

Canadian participants.  

It has been previously reported that the concentration of choline in human milk is 

influenced by maternal choline intake. Specifically, lactating women consuming a choline-

supplemented diet close to 1000 mg/d (930 – 1088 mg/d) had significantly higher choline 

concentration in milk by 20% compared to a control group (364 – 480 mg/d) (16, 17). In 

addition, a study from 1982 reported that free choline concentration in milk was lower in 

lactating women from Ecuador (n = 55, 40% < 100 µmol/L) compared to the United States (n = 

11, 55% > 300 µmol/L) (22). The authors hypothesized that the difference was a result of the low 

dietary choline intake; however dietary information from lactating women in Ecuador and United 

States was not collected. In Cambodia, it has been reported that food intake primarily consists of 

rice and is low in animal foods (181, 290). Even though food balance sheets from FAO cannot be 

used to quantitate dietary choline intake, they suggest that it is likely that choline intakes in 

Cambodia are lower compared to Canada given the low intake of energy from animal products 

(9% compared to 27%, respectively) (180). As such, the present hypothesis was that Cambodian 
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lactating women would produce milk with lower choline concentrations compared with 

Canadian lactating women. Surprisingly, concentrations of water-soluble forms of choline in 

mature milk did not differ between Canadian and Cambodian (median, 1066 and 1072 µmol/L, 

respectively, P = 0.737) lactating women.  In the present study, usual dietary choline intake in 

Canada (408 mg/d) was closer to the amount of choline consumed in the control groups of 

previous studies (364 – 480 mg/d) than the supplemented groups (close to 1000 mg/d) (16, 17). 

Thus, the difference in the dietary choline intake between Canada and Cambodia may not reach 

the range in which a difference in milk choline concentration was observed.  

Additionally, the mammary gland can obtain choline from either maternal circulation 

(169) as well as from endogenous synthesis through the phosphatidylethanolamine 

methyltransferase (PEMT) pathway (170). Although it has been described that PEMT is mostly 

active in liver and kidney (68, 291), its activity has also been identified in the epithelial cells of 

the mammary gland (170). The PEMT pathway may contribute to ensuring that sufficient choline 

is excreted in milk for the rapid growth and development that occurs during infancy. Taken 

together, we did not find a statistically significant difference in milk water-soluble forms of 

choline concentrations between Canadian and Cambodian lactating women. This may be 

explained by dietary choline intakes in both populations lower than the threshold at which 

differences are observed in previous studies, as well as a potential mediating effect by 

endogenous choline synthesis in the mammary gland. 

The estimated mean concentration of total choline in mature milk reported in this study 

was 1312 µmol/L (n = 368), which is in agreement with previously described values in the 

literature. A previous study from the United States reported a milk concentration of total choline 
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of 1254 µmol/L (n = 16) (14). Later studies, from the same country, have reported similar 

concentrations of total choline of 1198 µmol/L (n = 48) (16) and 1225 µmol/L (n = 28) (17). In 

Turkey, higher concentrations of total choline in milk have been found, ranging between 1441 

µmol/L (n = 12) (15) and 1588 µmol/L (n = 54) (173). It is important to note that different 

analytical methods have been used for choline quantification, such as LC-MS/MS in the present 

study and the ones from the United States, whereas enzymatic and LC-electrochemical detection 

for the previous studies in Turkey. The difference in the methods, including extraction steps and 

instrument sensitivity, might have impacted the higher choline concentrations reported in Turkey 

(15, 202, 292, 293). 

The results of the present study indicate that the mean estimated total choline intake of 

106 mg/d is significantly below the current AI for choline (125 mg/d) for infants aged 0 – 6 

months (12). In 1998, the Institute of Medicine set dietary choline recommendations as an AI of 

125 mg/d during early infancy. Typically, the AI for infants is based on the mean concentrations 

of nutrients in milk from well-nourished lactating women. However, it is important to note that 

the AI for choline for infants of 0 – 6 months reflected a milk total choline concentration of 1500 

µmol/L. This concentration is 20% higher than the mean concentration of total choline in human 

milk published at that time (1254 µmol/L, n = 16) (14). No rationale was provided as to why a 

higher concentration was used to set the AI. Accordingly, this suggests that the current AI for 

choline for infants of 0 – 6 months as a cut-off should be interpreted with caution as the current 

recommendation may not accurately reflect the mean total choline concentration in human milk.  

The milk concentrations reported in the present study are also relevant from a clinical 

perspective, as the nutrient concentrations in human milk may be used as a guideline to develop 
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human milk substitutes and enteral formulas for infants. Current guidelines for total choline 

content in infant formula recommend a minimum of 7 mg/100 kcal and a maximum between 30 

to 50 mg/100 kcal for choline content (294, 295). This range is equivalent to a total choline 

intake between 37 to 265 mg/d, based on volume consumption of 0.78 L/d and energy content of 

68 kcal/100 ml (294).  Most of the commercially available infant formulas add choline as choline 

chloride (74% choline) and also include a small amount coming from soy lecithin (2% choline, 

and included as an ingredient in many formulas).  Hence, total choline content ranges between 

12 – 24 mg/100 kcal in infant formulas (estimated total choline intake 64 – 127 mg/d). 

Moreover, the database on choline provides information on the proportion of the different forms 

of choline present in infant formula: free choline contributes 57% of total choline (13) compared 

to only 10% in human milk, thus indicating that infant formulas do not mimic the profile of 

choline forms present in human milk. The reason why most choline in human milk is present in 

other forms, including phosphocholine and glycerophosphocholine, rather than as free choline, is 

not known presently. It is possible that these forms of choline may be physiologically 

meaningful, as they differ specifically in absorption and metabolic fate (18).  

Furthermore, serum free choline concentrations in breastfed infants have been positively 

correlated with concentrations of total choline in human milk (r = 0.306, P < 0.01), and free 

choline concentrations in breastfed infants were two-fold higher compared to formula-fed infants 

(21.8 vs. 10.8 µmol/L, respectively) (15). In that study (15), choline in infant formulas was 

analyzed and ranged between 311 – 2270 µmol/L (estimated total choline intake 26 – 189 mg/d), 

however no specific identification on the actual formula consumed by the formula-fed infants 

was provided. Therefore, further work is needed to confirm this observation of a different serum 

free choline concentrations between breastfed and formula-fed infants, and the relationship 
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between infants’ dietary choline intake and serum free choline concentrations. It is important to 

mention that choline transport through the blood-brain barrier has been described to be 

bidirectional and dependent on circulating free choline concentrations (296); this may suggest an 

elevated uptake of choline in breastfed infants compared to formula-fed infants.  

In this study, dietary total choline intakes were estimated using an FFQ during pregnancy 

in a subset of the Canadian participants. It was found that total choline intake was not 

significantly associated with the concentrations of water-soluble forms of choline in milk, nor 

were dietary intakes of individual water-soluble forms associated with their concentrations in 

milk. In line with this finding, another study reported that habitual choline intake was not 

associated with any of the milk individual water-soluble forms of choline, and only total choline 

intake was weakly associated with milk phosphatidylcholine concentration (R2 = 0.11, P = 

0.007) (16). It, however, could be possible that, in the present study, maternal intake during 

pregnancy was not the same as when the milk samples were collected at 8 weeks postpartum. 

However, in the present study, it was found that total choline intakes at 16 and 36 weeks of 

gestation (410 and 408 mg/d, respectively) were positively associated (r = 0.590, P < 0.001), 

suggesting that choline intake was stable over time, at least during pregnancy. This result agrees 

with previous studies that have observed a minor and non-significant variation in the maternal 

diet when comparing intakes during pregnancy and lactation periods (6, 10).   

Limited data are available on dietary choline intake during pregnancy and lactation. In 

the United States, choline intake in pregnancy has been estimated to range between 328 mg/d 

(FFQ, n = 813) (7) and 364 mg/d (3-day food record, n = 46) (16), and 369 mg/d (3-day food 

record, n = 50) during lactation (6). In Canada, choline intake during pregnancy has been 
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estimated to range between 302 mg/d (FFQ, n = 290) (11) to 353 mg/d (24-hour recall, n = 493) 

(10). In the present study, in a subset of Canadian women, the estimated dietary choline intake 

was 408 mg/d in late pregnancy (FFQ, n = 143). While the estimated dietary choline intake is 

comparable to the high end of the previous reports from Canada and United States, it was 

significantly lower than both AI for choline for pregnant and lactating women (450 and 550 

mg/d, respectively; P < 0.001 for both comparisons). Outside of North America, dietary choline 

intakes during pregnancy appear to be lower: 208 mg/d in the Republic of Seychelles, a high-

income country (4-d food record, n = 273) (297); 279 mg/d in Jamaica, a middle-income country 

(FFQ, n = 16) (5); and 190 mg/d in pregnant women in Bangladesh, a low-income country (24-

hour recall, n = 103) (176).  

This study reports, for the first time, choline concentrations measured in mature human 

milk samples collected from lactating women in Canada and Cambodia, in a study that could be 

considered the largest recruitment of lactating women obtained to date for choline assessment (n 

= 368). In addition, choline concentrations were quantified by LC-MS/MS, enabling results that 

had both high sensitivity and specificity. Here, the association between dietary choline intake 

and choline concentration in milk in Canada was explored. A potential limitation here was that 

milk samples were collected at different time points during lactation among the Cambodian 

participants (3 – 28 weeks postpartum). However, it has been described that choline 

concentration in milk increases from birth to 2 weeks postpartum, and then stays stable beyond 6 

months after birth (15, 21, 165, 166). In addition, in the present study choline concentration was 

not associated with the week of lactation of the milk collection (P = 0.915). Another limitation 

was that only the water-soluble forms of choline were quantified, without including the lipid-

soluble forms. However, the water-soluble forms of choline contribute 84% of the total choline 
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concentration in human milk (14-17, 173). Also, dietary information was collected only from a 

subset of the Cambodian participants, and thus the association between dietary choline intake 

and water-soluble forms of choline in milk could not be assessed. 

In summary, the present study is the first report showing that the concentration of water-

soluble forms of choline in mature human milk did not differ between Canadian and Cambodian 

lactating women, despite what appears to be substantial differences in the availability of animal-

source foods (and thus choline) in national diets. The estimated choline intake during early 

infancy was significantly below the AI for infants aged 0 – 6 months. Taken together, these data 

are particularly relevant because they help to define the normal range for choline in human milk, 

regardless of mother’s location or socioeconomic status. Finally, given the discrepancy between 

the milk choline concentrations reported here and the higher concentration used to set the AI, the 

current choline AI for infants aged 0 – 6 months should be revisited. 
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Chapter 4:   Assessing individual variability of the concentrations of choline 

and its associated metabolites in plasma among adults 

 

4.1 Chapter synopsis 

The associations between health-related outcomes and nutrient status are usually assessed 

using a single blood sample for the biomarker. Although choline is found in different forms in 

plasma, including free choline, phosphatidylcholine, sphingomyelin, lysophosphatidylcholine, 

and its associated metabolites that include betaine and dimethylglycine, the assessment of 

choline status is usually performed using plasma free choline concentrations. Limited 

information exists on the intra-individual day-to-day variability and postprandial changes in 

repeated measures for biomarkers of choline and its metabolites in plasma. In the present study, 

the intra-individual variability of choline and its metabolites in plasma was determined in 

apparently healthy adults (n = 40, mean age 33 y), based on three blood samples collected 12 

days apart in a fasted state. Variability of choline and its metabolites in plasma was also 

determined after a recent meal intake, using a subset of the participants (n = 19). Plasma samples 

were analyzed for free choline and water-soluble forms using stable isotope dilution liquid 

chromatography-tandem mass spectrometry, and the lipid-soluble forms of choline using high-

performance liquid chromatography with evaporative light-scattering detection. The results from 

this study indicated a moderate to good correlations (ICC ≥ 0.6) between the concentrations of 

choline and its associated metabolites in a fasted state and also in the fed state (ICC ≥ 0.5). 

Although most of the concentrations were significantly higher in the fed compared to the fasted 

state (P < 0.05), they still fall within the normal reference interval determined. These findings 
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suggest that a single time point blood sample can be considered adequate to assess choline and 

its associated metabolites status, in adults that are either fasted or in the fed state. 

 

4.2 Introduction 

Circulating concentrations of biomarkers are often used to monitor nutrient status and 

assess the risk for adverse health outcomes in populations (298). Typically, in human clinical and 

epidemiological health studies, biomarker information is based on obtaining only one blood 

sample per subject, thus producing a single time point measurement to predict health status. As a 

result, it is often uncertain if a single measurement is truly reflective of an individual averaged 

over an extended time period. It is therefore critical to know the variability in biomarker 

concentrations over time and whether this is caused by sample handling, sample processing, the 

analysis process itself, or merely the extent of temporal variability in individuals (223, 226, 299). 

Choline is an essential dietary nutrient with different metabolic functions that include 

being a precursor molecule for the neurotransmitter acetylcholine (3, 229). Choline also serves as 

a component of phospholipids, such as phosphatidylcholine and sphingomyelin, which are 

essential for cell membrane synthesis, integrity, and lipid transport (62, 63, 300). In addition, 

choline can be oxidized to betaine, an important methyl group donor for the remethylation of 

homocysteine and thus the synthesis of methionine and dimethylglycine in the liver and kidney 

(301-303).  In humans, circulating choline and betaine concentrations have been associated with 

several clinical outcomes in a number of studies (34), including neural tube defects (87), 

cognitive function (7, 88), fatty liver disease (24, 304), cardiovascular disease (91, 305, 306), 
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and cancer (92, 93). As such, circulating choline and betaine concentrations have emerged as 

biomarkers of potential risk of pathological processes.  

Commonly, choline status is assessed using a single blood sample to quantify plasma free 

choline concentrations (2), and several factors can influence plasma choline concentrations and 

status, measured in an individual at a single time point. First, while typically plasma free choline 

is quantified, choline is found in plasma in the free form as well as lipid-soluble bound forms, 

such as phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine as components of 

lipoproteins (24, 307). Further, an important consideration is the intra-individual variability of 

the biomarkers, related to the inherent biological variability, raising the question of whether the 

individuals might be misclassified by performing the assessment only at a single time point.  

Another important factor that can influence plasma choline concentration is whether the 

blood sample was obtained in the fasting state or following the consumption of a choline-

containing meal.  Although choline requirements are partially met by endogenous synthesis 

following sequential methylation of phosphatidylethanolamine (230, 308), the diet indeed is a 

major source of choline (12, 24). In addition to choline, betaine is also obtained from the diet 

(13, 159). Hence differences in dietary patterns concerning choline and betaine intakes might 

explain differences in plasma concentrations when blood samples are collected in the 

postprandial state (309). It is common that most of the protocols used to analyze nutrition related 

biomarkers require fasting blood samples (overnight > eight-hour) for adults. However, other 

specific age groups, such as infants, children, and pregnant women, a collection of fasting blood 

samples after an overnight fast may be not be feasible, nor ethical.  
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There are only a few studies in the literature that report on the intra-individual variability 

of plasma free choline, while more have reported on betaine concentrations (210, 223, 224, 227, 

228, 306, 309-313). These studies usually have used limited sampling protocols that relied on 

collecting at only two time points. In addition, most of these studies have reported on variability 

in participants having chronic health conditions, such as diabetes (227) or lipid disorders (306) in 

the fasting state, while few reported on the impact of food intake on change of plasma choline 

concentrations (210, 224, 313). Moreover, earlier studies in humans described that the intake of 

different forms of choline could affect serum free choline concentrations differently, with one 

showing higher concentrations following intake of phosphatidylcholine compared to choline 

chloride (207, 210).  

The overall objective of the present study was to determine the intra-individual variability 

of the concentrations of choline and its associated metabolites in plasma within repeated fasting 

blood samples (defined as > eight-hour) across three time-points, each collected 12 days apart 

in apparently healthy adults. Earlier studies have described that plasma free choline 

concentrations increase after food intake (210, 224, 313). Therefore, a secondary objective of 

this study was to assess the intra-individual variability of the concentrations of choline and its 

associated metabolites in plasma in a subset of participants that were in both fasted and also fed 

(defined as four-hour after food intake) states.  
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4.3 Participants and methods 

 

4.3.1 Study design and participants 

This study used a repeated measures design, where each participant served as their own 

control for the concentrations of choline and its associated metabolites in plasma. The study 

included three clinical study visits, each scheduled 12 days apart (Figure 4.1). For the first part, 

fasting blood samples were drawn during early morning after an overnight fast (> eight-hour), 

with only water consumed before each of the three visits. The participants recruited for this study 

were a convenience sample of 40 apparently healthy adults (both sexes) between the ages of 19 – 

65 y from Vancouver, Canada as described in Chapter 2 of this dissertation. A sample size 

calculation indicated a minimum of 32 participants were required to provide 90% power to detect 

an intra-class correlation coefficient of ICC ≥ 0.75 (314) using three repeated observations per 

subject with significance at the 5% (two-tailed). The second part involved a subset of the 

participants (n = 19), who agreed in providing a fed state blood sample in the postprandial state 

after consuming a self-selected breakfast. A power analysis calculation indicated a minimum of 

19 participants was required to provide 90% power to detect a large effect size (d = 0.80) (283, 

284) in group means when comparing two repeated samples, with significance at the 5% (two-

tailed). This postprandial state was defined as four hours after food intake, and it was selected 

based on the time necessary to significantly affect both the free choline (210, 313) and the lipid-

soluble forms of choline (315) compared to fasted baseline. No particular dietary indications or 

control of intake occurred, as the intent was to reproduce a real-life scenario where the dietary 

intake of the participants is not controlled.  
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Figure 4.1 Diagram of study design 

 

All protocols were reviewed and approved by the University of British Columbia – 

Children's & Women's Health Centre of British Columbia Research Ethics Board, according to 

the guidelines of the Declaration of Helsinki (252, 253). All subjects provided written informed 

consent prior to participation.  

4.3.2 Blood sample collection and processing  

At each clinical study visit, fasting venous blood was drawn by a trained phlebotomist 

and collected into ethylenediaminetetraacetic acid (EDTA) pre-coated vacutainers. Immediately 

after collection, the blood samples were placed on ice and transported to the laboratory to be 

processed. Subsequently, plasma was separated by centrifugation (2000 × g; 15 min; 4°C), then 

aliquots transferred into cryostat tubes, and frozen at -80°C until analyses. All blood samples 

were processed within 20 min from the time of blood collection. 

All subjects 
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4.3.3 Free choline, betaine, and dimethylglycine analysis in plasma 

The concentrations of free choline, betaine, and dimethylglycine in plasma were 

quantified by isotope dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS), 

as described previously (286, 316). The LC-MS/MS was a Waters I-class ACQUITY UPLC 

system connected to a Quattro Micro tandem MS configured with an electrospray source (Waters 

Corporation, MA, USA). The LC was equipped with a Zorbax Rx-Silicon pre-column (2.1 x 12.1 

mm) and a column (2.1 x 150 mm), both with 5 µm particle size (Agilent Technologies, CA, 

USA). 

For analysis, thawed aliquots of 50 µL of plasma were transferred to an Eppendorf tube 

(1.5 ml) containing 10 μL of internal standards (choline d-9, betaine d-9, and dimethylglycine d-

6; CDN Isotopes Inc, QC, Canada). Plasma protein was precipitated by adding 100 μL of 

acetonitrile containing 0.1% formic acid to the tube followed by vortexing and centrifugation 

(13,000 × g; 10 min; 4°C). A 20 µL aliquot of the supernatant was transferred to a 150 µL glass 

insert placed inside a high-performance liquid chromatography vial, containing 100 µL of the 

mobile phase. The chromatographic separation was carried out using an isocratic mobile phase 

with a flow of 0.5 mL/min. The mobile phase consisted of 19% 15 mmol/L ammonium formate 

+ 0.1% formic acid in H2O, and 81% acetonitrile.  

The MS was operated in positive ion multiple reaction monitoring mode, using the 

following paired precursor-product ion transitions: 103.959.9 choline and 11368.9 choline-

d9; 117.958.9 betaine and 126.967.9 betaine-d9; and 104.358.5 dimethylglycine and 

110.464.2 dimethylglycine-d6. The auto-sampler chamber and column were maintained at 5°C 
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and 25°C, respectively. The injection volume used for the analysis was 4 μL, with a total sample 

run time of 7 min. Each plasma sample was only analyzed one time. 

A standard curve and an in-house prepared pooled plasma samples were analyzed every 

day for quality assurance. The standard curve, corresponding to 7 different concentrations of the 

choline metabolites of interest (Table 4.1), yielding a standard linear curve (r > 0.99; Figure 4.2). 

In addition, the reagent blank and internal standard alone were run for quality control purposes. 

The unknown areas of identified peaks were compared with the area curve from the standard for 

quantification. The plasma concentrations of free choline, betaine, and dimethylglycine were 

expressed as µmol/L. Replicates of aliquots of pooled plasma were included for quality control 

and to determine the analytical variability.  

 

Table 4.1 Concentrations of standard solutions for plasma concentrations 

Standards Free Choline Betaine Dimethylglycine 

Concentrations (µmol/L) 

1 1.0 5.0 0.5 

2 2.0 10.0 1.0 

3 3.0 15.0 1.5 

4 5.0 25.0 2.5 

5 10.0 50.0 5.0 

6 15.0 75.0 7.5 

7 20.0 100.0 10.0 
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Figure 4.2 A representative plot of response factors and residuals from chromatograms of standard curve for free choline in plasma 

Compound name: Choline

Correlation coefficient: r = 0.999894, r^2 = 0.999787

Calibration curve: 6.14267 * x + -0.93378

Response type: Internal Std ( Ref 5 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: Null, Axis trans: None
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4.3.4 Phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine analysis in 

plasma  

Plasma phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine concentrations 

were quantified by high-performance liquid chromatography (HPLC), as described previously 

(317).  The HPLC instrument (Waters 2690, Alliance Milford, MA) was equipped with an 

evaporative light scattering detector (Waters 2424, Alliance Milford, MA), an auto-sampler, and 

column heater. The column used for separating lipid classes was a YMC-Pack Diol120NP (25 

cm × 4.6 mm, 5 μm). 

Before analysis, total lipids were extracted from 250 µL of thawed plasma based on the 

Folch’s method (318) with minor modifications (319); specifically, using relative proportions of 

chloroform:methanol:saline + plasma (6:3:2.25 v/v/v). The saline (0.9% sodium chloride) 

contained 15% EDTA in H2O (w/v). Tubes were vortexed and centrifuged (2000 rpm; 5 minutes; 

4ºC) to facilitate phase separation, and the organic layer was transferred to a new tube. The 

remaining aqueous layer was re-extracted twice with 6 mL chloroform, centrifuged, and 

transferred to the first two collections. The organic layer was dried under nitrogen, reconstituted 

in 160 µL of 2:1 chloroform:methanol (v/v), and transferred to HPLC autosampler vial. At this 

point, 30 µL of internal standard (1 mg/mL betulin) was added to allow for quantification, and 

the vial was dried down. Samples were prepared no more than one week in advance of being 

analyzed, and vials were stored at -80°C until analysis.  

For analysis, the vials containing lipid extracts were re-suspended in 60 µL of HPLC 

solvent of methanol: chloroform:hexane:acetone (6:4:1:1 v/v). The separation of the different 

lipid classes used a quaternary linear gradient solvent system. Solvent A: hexane, B: methanol, 
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C: acetone-triethylamine 1000:17 (v/v), and D: isopropanol-acetic acid 1000:50 (v/v) with a flow 

rate of 2 mL/min. The injection volume used for the analysis was 20 µL, with a total analytical 

time of 60 min. Each plasma sample was only analyzed one time. 

A standard curve was created for each lipid class of interest to allow identification and 

quantification of the individual peaks eluted and shown on the chromatogram.  Area ratio of 

phosphatidylcholine/betulin, sphingomyelin/betulin, and lysophosphatidylcholine/betulin were 

calculated based in 8 different concentrations including 30 µL of internal standard (1 mg/mL 

betulin). The unknown areas of identified peaks were compared with the area curve from the 

standard for quantification. The plasma concentrations of phosphatidylcholine, sphingomyelin, 

and lysophosphatidylcholine were expressed as mg/dL. Egg phospholipid extractions were 

included in each analytical run to check for consistency of the system each day.  

 

4.3.5 Dietary intake assessment in a subset of the participants 

Dietary choline and betaine intakes were estimated from a subset of the participants that 

provided a blood sample in a fed state (n = 19) after consuming a self-selected breakfast meal in 

the hospital cafeteria. The foods consumed at breakfast by each individual were specified on the 

receipt they received after purchasing the items. Dietary intakes of choline and betaine were 

estimated using a nutrient analysis software (ESHA Food Processor SQL, version 10.14.41; 

Salem, OR) (257) and the United States Department of Agriculture (USDA) database on the 

Choline Content of Common Foods (Version 2) (13). Detailed information is provided in 

Chapter 2 of this dissertation. The estimated dietary total and individual forms of choline and 

betaine by the participants were expressed as mg per meal. 
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4.3.6 Statistical analysis 

All statistical analyses were performed using SPSS for Windows (version 19; SPSS Inc. 

Chicago, US) and MedCalc (version 17.9.2; MedCalc software bvba, Ostend, Belgium) was used 

to calculate reference intervals. The significance level was set at P < 0.05 for two-sided testing. 

Normality of the data was assessed using the Kolmogorov–Smirnov test.  If distributions were 

skewed, data were then normalized using logarithmic transformations to improve normality 

before further analysis. If normality was not achieved after logarithmic transformation, non-

parametric tests were used instead. All data are presented as mean ± SD, unless otherwise noted.  

The analytical coefficient of variance (CVanalytical), also referred to as precision, for each 

metabolite was calculated from the same quality control pool using the equation: 𝐶𝑉𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 =

(𝑆𝐷/𝑚𝑒𝑎𝑛) × 100. To estimate the day-to-day intra-individual variability for the concentrations 

of choline and its associated metabolites in plasma, the total coefficient of variance (CVtotal) was 

calculated for the three samples collected in fasting from each participant using the 

equation: 𝐶𝑉𝑡𝑜𝑡𝑎𝑙 = (𝑆𝐷/𝑚𝑒𝑎𝑛) × 100. The intra-individual coefficient of variance (CVintra-

individual) was calculated using the formula: 𝐶𝑉𝑖𝑛𝑡𝑟𝑎−𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 = √( 𝐶𝑉𝑡𝑜𝑡𝑎𝑙
2 − 𝐶𝑉𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙

2  ) 

(320). In addition, intra-individual variability for each metabolite was assessed by determination 

of intra-class correlation coefficient (ICC), sometimes referred to as the reliability coefficient. 

For the calculation of ICC from the repeated participant’s samples, participants were considered 

as the random variable in the random-effects model. Interpretation for ICC was defined as poor < 

0.50, as moderate between 0.50 – 0.74, good between 0.75 – 0.90, and excellent > 0.90 (314).  

  



100 

 

The effect of consuming a recent meal on the concentrations of choline and its associated 

metabolites in plasma was assessed by comparing fasted versus fed states using a paired samples 

Student’s t-test in a subset of the participants (n = 19). Also, to evaluate the association of the 

concentrations of choline and its associated metabolites in plasma between fasted and fed state 

for each metabolite was assessed by determination of ICC and interpreted as previously defined.  

A reference interval (95% CI) was calculated for choline and its associated metabolites in plasma 

using all the fasting samples (n = 120) according to the current standards (2.5th to 97.5th 

percentile) (321). This reference interval was used to determine whether the concentrations of 

choline and its associated metabolites in plasma assessed in fed states fall within the limits of the 

reference interval.  

In addition, the association between dietary choline and betaine intakes from breakfast 

and the difference in plasma concentration for each metabolite was assessed by using a Pearson’s 

or Spearman’s coefficient of correlation, as appropriate. Interpretation for all correlation 

coefficients was defined as weak < 0.30, moderate between 0.30 – 0.49, and strong > 0.50 (284). 

Bonferroni’s correction was performed to adjust for multiple comparisons of dietary intakes on 

the same metabolite concentration in milk (0.05 / 9 = 0.0055, significance at P < 0.006). 
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4.4 Results 

 

4.4.1 Sociodemographic characteristics of the participants 

A total of 40 participants completed the protocol for repeated fasted blood samples 

collection, and their characteristics are provided in Table 4.2. The age of all the participants was 

(mean ± SD) 33 ± 12 y, with a BMI of 24.9 ± 4.9 kg/m2. A subset of the participants (n = 19) 

completed the protocol for fasted versus fed blood samples collection and their characteristics 

are also presented in Table 4.2. 

 

Table 4.2 Sociodemographic characteristics of the participants 

 Participants 

Characteristics Repeated fasted (n = 40) Fasted vs. fed (n = 19) 

 Mean ± SD 

   Age (y) 33.4 ± 12.4 34.3 ± 12.4 

   Weight (kg) 73.3 ± 18.4 74.6 ± 20.1 

   Height (m) 1.7 ± 0.1 1.7 ± 0.1 

   BMI (kg/m2) 24.9 ± 4.9 25.5 ± 5.0 

   Waist circumference (cm) 84.7 ± 14.4 85.9 ± 15.1 

   Sex (n; %) 

      Men 

      Women 

 

21; 52.5 

19; 47.5 

 

8; 42.1 

11; 57.9 

   Ethnicity (n; %) 

      European 

      Chinese 

      Other Asian 

      Latin-American  

 

24; 60.0 

7; 17.5 

7; 17.5 

2; 5.0 

 

11; 57.9 

4; 21.1 

2; 10.5 

2; 10.5 
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4.4.2 Concentrations and variability of choline and its associated metabolites in plasma 

from repeated samples collected in fasted state 

The concentrations of free choline, betaine, dimethylglycine, phosphatidylcholine, 

sphingomyelin, and lysophosphatidylcholine in plasma from three repeated samples per 

participant collected in the fasted state are presented in Table 4.3. Most of the plasma 

metabolites concentrations were normally distributed at all visits, except for free choline at visit-

1, and phosphatidylcholine and sphingomyelin at visit-2. 

The analytical, total, and intra-individual coefficients of variations calculated for plasma 

free choline, betaine, glycerophosphocholine, phosphatidylcholine, sphingomyelin, and 

lysophosphatidylcholine from the three repeated fasted samples are presented in Table 4.4. For 

all metabolites, CVs were ≤ 5% for analytical variation. For total and intra-individual variability, 

the lowest CV found was for sphingomyelin concentrations (8.8% and 6.8%, respectively), while 

the highest was for dimethylglycine concentrations (13.5% and 13.1%, respectively). The ICCs 

were considered moderate for all metabolites, except for betaine and sphingomyelin, which were 

classified as good. 
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Table 4.3 Concentrations of choline and its associated metabolites in plasma from repeated samples collected in fasted state 

1Concentrations of free choline, betaine, and dimethylglycine were quantified using liquid chromatography-tandem mass 

spectrometry. Concentrations of phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine were analyzed using high-

performance liquid chromatography. 

  Concentrations in fasted state (n = 40)1 

Plasma metabolites  Visit 1 Visit 2 Visit 3 

  Concentrations (µmol/L) 

   Free choline 
Mean ± SD 

Median (IQR)   

7.0 ± 1.8 

6.8 (6.0-7.5) 

7.3 ± 1.5 

7.1 (6.4-8.1) 

7.1 ± 2.1 

6.7 (6.0-8.5) 

Betaine 
Mean ± SD 

Median (IQR)   

37.5 ± 12.3 

34.3 (29.9-43.4) 

38.9 ± 11.4 

39.1 (34.3-44.7) 

37.2 ± 10.0 

36.5 (32.8-43.3) 

Dimethylglycine 
Mean ± SD 

Median (IQR)   

2.5 ± 0.8 

2.5 (1.9-2.8) 

2.5 ± 0.6 

2.6 (2.1-3.0) 

2.4 ± 0.6 

2.4 (2.0-2.8) 

      Concentrations (mg/dL) 

   Phosphatidylcholine 
Mean ± SD 

Median (IQR)   

125.4 ± 25.9 

123.1 (107.5-146.4) 

138.7 ± 39.0 

124.7 (118.1-158.5) 

127.9 ± 25.7 

123.6 (108.6-147.0) 

    Sphingomyelin 
Mean ± SD 

Median (IQR)   

23.6 ± 4.7 

24.0 (20.7-26.2) 

25.0 ± 6.2 

24.2 (21.7-26.4) 

23.4 ± 4.6 

23.0 (20.2-27.4) 

    Lysophosphatidylcholine 
Mean ± SD 

Median (IQR)   

15.5 ± 4.1 

15.1 (13.1-17.5) 

16.5 ± 5.1 

15.9 (13.0-18.8) 

16.0 ± 3.9 

15.9 (14.1-17.3) 
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Table 4.4 Variability of the concentrations of choline and its associated metabolites in plasma from repeated samples collected in 

fasted states 

1CVanalytical was calculated from intra-assay samples, CVintra-individual was calculated = √( 𝐶𝑉𝑡𝑜𝑡𝑎𝑙
2 − 𝐶𝑉𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙

2  ).  

ICC:  intra-class correlation coefficient. 

 
Variability in fasted state (n = 40)1 

Plasma metabolites 
CVanalytical CVtotal CVintra-individual 

ICC 
(%) (mean ± SD, %) (mean ± SD, %) 

   Free choline 2.5 13.3 ± 7.4 12.9 ± 7.6 0.636 

Betaine 2.2 12.1 ± 6.9 11.8 ± 7.1 0.770 

Dimethylglycine 2.4 13.5 ± 9.4 13.1 ± 9.6 0.592 

   Phosphatidylcholine 5.0 11.2 ± 9.3 9.2 ± 10.2 0.629 

   Sphingomyelin 5.0 8.8 ± 8.4 6.8 ± 9.1 0.709 

   Lysophosphatidylcholine 5.0 12.8 ± 9.6 11.1 ± 10.5 0.687 
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4.4.3 Concentrations and variability of choline and its associated metabolites in plasma 

from samples collected in fasted and fed state in a subset of the participants 

The concentrations of free choline, betaine, dimethylglycine, phosphatidylcholine, 

sphingomyelin, and lysophosphatidylcholine in plasma from a subset of participants that 

provided a blood sample in the fed state (n = 19) are presented in Table 4.5. Most of the plasma 

metabolites concentrations were normally distributed at both states, except for the concentration 

of phosphatidylcholine in fasted state and lysophosphatidylcholine in fed state.  Overall, the 

plasma metabolites concentrations in the fed state were significantly higher compared to fasted 

state, except for sphingomyelin and lysophosphatidylcholine.  

The highest significant increase in concentrations was observed for free choline (20%) 

followed by betaine (19%), while the lowest increases occurred for sphingomyelin and 

lysophosphatidylcholine (each 7%), which were not significantly different from the 

concentrations in a fasted state. For all metabolites, the ICCs were classified as moderate. 

The reference interval for choline and its associated metabolites was calculated using the 

samples collected in a fasted state (n = 120) and is presented in Table 4.6. For choline and its 

associated metabolites in the fed state, none of the concentrations were outside the 95% CI of the 

lower and upper limits of corresponding reference interval calculated.   
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Table 4.5 Concentrations and variability of choline and its associated metabolites in plasma from samples collected in fasted 

compared to fed states in a subset of the participants 

1Concentrations of free choline, betaine, and dimethylglycine were quantified using liquid chromatography-tandem mass 

spectrometry. Concentrations of phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine were analyzed using high-

performance liquid chromatography.  
2Group differences compared by paired samples Student’s t-test after log-transformation.  

ICC: intra-class correlation. 

  

 Concentrations and variability in fasted and fed states (n = 19)1 

 Fasted Fed 
P-value2 ICC 

Plasma metabolites Mean ± SD Mean ± SD 

 Concentrations (µmol/L)   

   Free choline 6.9 ± 1.7 8.3 ± 2.4 0.001 0.610 

   Betaine 35.7 ± 7.9 42.6 ± 11.4 0.001 0.567 

Dimethylglycine 2.4 ± 0.6 2.8 ± 0.9 0.003 0.655 

     Concentrations (mg/dL)   

   Phosphatidylcholine 129.1 ± 24.4 143.4 ± 37.9 0.046 0.536 

   Sphingomyelin 24.0 ± 4.4 25.6 ± 6.4 0.125 0.679 

   Lysophosphatidylcholine 16.8 ± 4.3 18.0 ± 4.0 0.061 0.694 
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Table 4.6 Reference intervals for choline and its associated metabolites in plasma from samples collected in fasted state  

1Concentrations of free choline, betaine, and dimethylglycine were quantified using liquid chromatography-tandem mass 

spectrometry. Concentrations of phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine were analyzed using high-

performance liquid chromatography.  
2Reference intervals were calculated using MedCalc according to current standards (321). The lower limit corresponds to 2.5th 

percentile, and the upper limit corresponds to 97.5th percentile of the concentrations in a fasted state. 

 

 Reference intervals for fasted state (n = 120)1 

 Lower limit  Upper limit 

Plasma metabolites Mean 95% CI  Mean 95% CI 

 Concentrations (µmol/L) 

   Free choline 3.5 3.3 – 4.5 
 

12.0 10.1 – 14.5 

   Betaine 13.6 10.7 – 19.0 
 

63.2 57.0 – 73.7 

Dimethylglycine 1.1 1.1 – 1.4 
 

4.2 3.6 – 4.5 

     Concentrations (mg/dL) 

   Phosphatidylcholine 81.8 11.9 – 85.8 
 

212.3 178.6 – 269.6 

   Sphingomyelin 15.8 13.1 – 16.2 
 

37.8 31.9 – 42.8 

   Lysophosphatidylcholine 8.6 7.4 – 9.4 
 

27.1 24.2 – 31.0 
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4.4.4 Associations between estimated dietary choline and betaine intakes and the 

difference of the concentrations of choline and its associated metabolites in plasma from 

samples collected in fed and fasted states in a subset of the participants 

The estimated intakes of choline and betaine that occurred at the breakfast meal are 

presented in Table 4.7. Most of the estimated intakes were normally distributed, while the 

distribution of the estimated phosphocholine, sphingomyelin, and betaine intakes were skewed. 

The correlation coefficients between dietary choline and betaine intakes and the 

difference in the concentrations in plasma comparing fed and fasted states are presented in Table 

4.8.  Most of the difference in the concentrations in plasma comparing fed and fasted states were 

normally distributed, except for sphingomyelin, and betaine concentrations that were skewed.  

The difference in free choline concentration was positively associated with dietary free 

choline (r = 0.481, P = 0.037), phosphocholine (rho = 0.553, P = 0.014), and betaine (rho = 

0.611, P = 0.005) intakes. Similarly, the difference in betaine concentration was positively 

associated with dietary phosphocholine (rho = 0.580, P = 0.009) and betaine (rho = 0.526, P = 

0.021) intakes. A significant negative correlation was also observed between the difference in 

lysophosphatidylcholine concentration and glycerophosphocholine intake (r = -0.503, P = 

0.028). Total choline intake was not significantly correlated with any of the differences in plasma 

concentrations of choline and its associated metabolites. After adjusting for multiple 

comparisons (Bonferroni’s correction, P < 0.006), only the positive, strong correlation between 

betaine intake and the difference in plasma free choline concentration remained significant. 
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Table 4.7 Estimated dietary choline and betaine intakes from a subset of participants 

Nutrients 

Dietary intake (n = 19)1 

Mean ± SD Median (IQR) 

    
Intakes (mg/breakfast meal) 

   Total choline2 177.7 ± 119.4 176.0 (53.5 – 261.9) 

        Free choline 14.4 ± 7.3 15.0 (8.5 – 21.4) 

        Phosphocholine 1.9 ± 1.2 1.6 (1.2 – 2.2) 

        Glycerophosphocholine 8.8 ± 5.5 7.9 (5.2 – 11.0) 

     Water-soluble choline3 25.1 ± 11.8 28.2 (13.9 – 33.5) 

   Phosphatidylcholine 143.3 ± 113.4 156.2 (11.2 – 225.4) 

   Sphingomyelin 9.3 ± 7.8 8.7 (1.5 – 13.1) 

     Lipid-soluble choline4 152.6 ± 121.0 165.3 (12.3 – 240.5) 

   Betaine 22.5 ± 19.2 16.6 (15.0 – 22.1) 

1Dietary intakes were estimated using the USDA database on choline content in common foods. 
2Total choline corresponds to the sum of all individual forms of choline. 
3Water-soluble choline corresponds to the sum of free choline, phosphocholine, and 

glycerophosphocholine.  
4Lipid-soluble choline corresponds to the sum of phosphatidylcholine and sphingomyelin. 
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Table 4.8 Correlation between estimated dietary choline and betaine intakes and the difference of the concentrations of choline and its 

associated metabolites in plasma from samples collected in fed and fasted states in a subset of the participants 

 Difference in fed and fasted plasma (n = 19)1 

Dietary intakes 
Free choline Betaine 

Dimethyl-

glycine 

Phosphatidyl-

choline 

Sphingo-

myelin 

Lysophospha-

tidylcholine 

 Total choline2 0.020 0.0735 0.293 0.157 -0.0745 0.308 

     Free choline 0.481* 0.3435 0.268 0.089 0.0015 -0.050 

     Phosphocholine 0.553*5 0.580**5 0.4505 -0.0705 -0.2295 -0.3415 

     Glycerophosphocholine 0.201 0.1655 0.268 -0.242 -0.0525 -0.503* 

  Water-soluble choline3 0.439 0.3725 0.331 -0.070 -0.0225 -0.300 

     Phosphatidylcholine -0.025 0.0225 0.255 0.159 -0.0845 0.331 

     Sphingomyelin 0.0225 0.0975 0.2855 0.1845 -0.0495 0.2735 

  Lipid-soluble choline4 -0.023 0.0715 0.162 0.162 -0.0415 0.334 

 Betaine 0.611***5 0.526*5 0.4325 0.1465 -0.0065 -0.2725 

1Data are presented as Pearson’s correlation coefficients, unless otherwise noted. Correlation is significant at * 0.05, ** 0.01, and *** 

0.006. (Bonferroni’s correction was used to adjust the significance at 0.006).  
2Total choline corresponds to the sum of all individual forms of choline. 
3Water-soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine. 
4Lipid-soluble choline corresponds to the sum of phosphatidylcholine and sphingomyelin. 
5Data are Spearman’s correlation coefficients.
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4.5 Discussion 

The objective of the present study was to estimate the variability of the concentrations of 

choline and its associated metabolites in plasma among apparently healthy adults (n = 40, both 

sexes, mean age 33 y) in Vancouver, Canada. The main findings of this study are: 1) in general, 

moderate ICCs were found for biomarker concentrations when three blood samples were 

collected in fasted state; 2) although most of the biomarker concentrations were higher in 

samples collected in fed compared to fasted state collected on the same day, all concentrations 

fell within the 95% CI of the reference interval calculated for the fasted state, and moderate ICCs 

were found between fasted and fed states for all biomarkers; and 3) the postprandial change in 

plasma free choline concentration was positively correlated with the prior meal’s dietary intake 

of betaine, but no other association was found. 

 Previous reports have shown that variability in biomarker concentrations can arise from 

different factors related to pre-analytical, analytical, and intra-individual variabilities (322, 323). 

The use of standardized protocols for blood collection which include the time of collection, 

handling and storage procedures are essential to ensure that pre-analytical variability for 

assessing choline status is kept to a minimum. In this study, the low CVanalytical values (≤ 5%) 

found were accomplished by analyzing all samples from the same participant compiled in the 

same analytical run performed by one analyst to minimize the inter-assay variation (212). As 

such, in the present study, it was shown that the analytical variability reflects sound methodology 

and technical skills.  
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Intra-individual variability, also referred to as biological variability, is defined as random 

fluctuation around the homeostatic set points of individual sample analyses, which indicates the 

potential usefulness of the biomarker (212). The CVintra-individual obtained in this study (n = 40, 

apparently healthy adults, both sexes) based on three samples collected in fasted states over a 25-

day period for plasma free choline (13%), betaine (12%), and dimethylglycine (13%) were 

similar to those reported from previous studies. The CVintra-individual has been reported to range 

between 14% (227) to 16% (228) for free choline, between 15% (227, 228) to 35% (310) for 

betaine, and 17% for dimethylglycine (227, 228) including healthy and diabetic participants. 

Taken together, it appears that plasma free choline, betaine, and dimethylglycine concentrations 

vary close to 17% between days in adults. 

The ICCs, or coefficients of reliability, obtained in the present study ranged from 

moderate to good for plasma free choline (0.64), betaine (0.77), and dimethylglycine (0.59). For 

free choline, a similar ICC of 0.67 was found among diabetic patients (n = 243, fasting at four-

time points at six-month intervals over a two-year period) (227), whereas a much lower ICC of 

0.29 was found in healthy postmenopausal women (228). In general, moderate to excellent ICCs 

have been reported for plasma betaine and dimethylglycine, ranging from 0.63 (92) to 0.89 (324, 

325) for betaine; and from 0.55 (317) to 0.93 (326) for dimethylglycine. The inconsistency 

observed between the ICC for free choline in the present study, and the postmenopausal women 

study (228) may be due to the fact that the samples were collected at different time intervals. 

Although samples were collected in the fasted state in both studies, in our study blood samples 

were collected at three time points at 12-day intervals over a 25-day period, while in the 

postmenopausal women study was at two-time points between 1 – 2 years apart (228). As such, 

the more extended time interval may reflect a longer-term variation. Alternatively, it may be 
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possible that in the postmenopausal women a decrease in the estrogen-enhanced endogenous 

synthesis of choline, mediated via phosphatidylethanolamine N-methyltransferase (25, 72), and 

thus impacting the variability in plasma concentrations.  Taken together, it appears that the 

variability in plasma free choline concentrations may depend on the stage of the life cycle and 

the time interval that blood samples are collected. 

Circulating betaine concentrations reflect both dietary intake (159) and choline oxidation 

(327), and it has been previously suggested that circulating betaine concentrations are 

homeostatically controlled (310, 328). It is unknown, however, if this is related to its role as an 

osmolyte or as a methyl group donor.  There is no previous information available on the intra-

individual variability for plasma phosphatidylcholine, sphingomyelin, or 

lysophosphatidylcholine, but the values obtained for these were in agreement with the values 

obtained for the other biomarkers analyzed in the present study. Taken together, the low mean 

intra-individual variability and moderate to good ICCs for the biomarkers analyzed found in this 

group of apparently healthy adults suggest that concentrations measured in the fasted state 

provide information of the status based on a single measurement. 

 In the present study, plasma concentrations collected (n = 19, healthy adults) under fed 

states (four-hour after a self-selected breakfast) were relatively higher (7 – 20%) compared to 

fasted states (≥ eight-hour overnight fasting). Although the increase was statistically significant, 

all fed concentrations fell within the reference interval calculated for the fasted state, and 

therefore it suggests that the increase may not be biologically relevant. Few data are available on 

the effect of recent food intake affecting the concentrations of choline and its associated 

metabolites in plasma. An early study reported a small (13%), but significant, increase in plasma 
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free choline one-hour after lunch which suggested that recent food intake influences plasma free 

choline concentrations (224). Later studies have shown an increase ranging from 25 – 80% in 

plasma free choline, betaine, and dimethylglycine concentrations between two to four hours 

postprandial (223, 309, 329).  However, in a previous study reported intakes of 846 mg for 

choline and 846 mg for betaine (309), whereas in the present study dietary intakes were 

relatively lower at 178 and 23 mg, respectively. Accordingly, a potential explanation for the 

considerably higher increase in plasma concentrations may be due to the higher choline or 

betaine intakes consumed by the participants in the previous study. 

The findings from the present study are in agreement with the limited data available on 

comparing the concentration of choline and its associated metabolites in fasted and fed states. 

For betaine concentration, a strong positive correlation (r = 0.92) has been found among samples 

collected two to six hours after breakfast compared to fasted state (310). Similarly, a positive 

correlation coefficient 0.65 has been reported for dimethylglycine concentrations (311). Overall, 

the previously reported reliability coefficients are similar to the ones obtained in the present 

study, which were 0.70 for betaine and 0.79 for dimethylglycine. Although the statistical 

difference in the concentrations of free choline, betaine, dimethylglycine, and 

phosphatidylcholine in fed state obtained in the present study should be recognized, there was a 

low variability between fasted and fed states as indicated by ICCs obtained. As such, the samples 

collected in fed states may still be useful indicators to suggest a relationship between plasma 

concentrations and health outcome risks.   
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This study had several strengths. First, standardized protocols were in place to minimize 

pre-analytical sources of variability such as constant blood collection time, single phlebotomist, 

handling and storage of the samples, as these have been shown to impact plasma concentrations 

(299). Second, the analytical variability was low, as a single analyst quantified plasma 

concentrations, also including calibration and quality controls for the instruments. Third, this 

study is the first study exploring the impact of recent choline and betaine intakes from a self-

selected breakfast on the concentrations of choline and its associated metabolites in plasma. This 

scenario allowed the determination of intra-individual variability of plasma biomarker 

concentrations in a situation that resembles real-life of free-living subjects without controlling 

the choline amount consumed in the meal.  

In addition, the present study also has some limitations. The blood samples were 

collected from a small number of individuals, in contrast to larger sample sizes from studies 

using patients from routine health-care monitoring examinations, including lipid and diabetic 

patient clinics. However, a sample size of six to 12 participants has been recommended for 

variability studies (330), and the sample size calculation showed adequate power to detect ICC > 

0.75 (314). Also, the convenience sample was from a homogeneous set of apparently healthy 

individuals, and it has been suggested for some nutrients that intra-individual variability may 

differ between ethnic groups (331). Furthermore, in the present study, the assessment of the 

postprandial concentrations was performed at only one point in time (four-hour after a meal); this 

might not have captured the maximum difference between fasted and fed biomarker 

concentrations, that may potentially have impacted the value of the ICCs. Nevertheless, based on 

a previous study, concentrations in plasma samples collected four hours after a meal significantly 

differed in comparison to the fasted baseline (315). 
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In summary, the present study found low mean intra-individual variability based on 

three-time point blood samples collected in fasted states for choline and its associated 

metabolites. Plasma concentrations in the fed state were within the reference interval limits for 

the fasted state. Moreover, using a single time point sample from participants in the fed state 

still, would generally perform satisfactorily in ranking participants, based on the moderate to 

good correlations obtained. Therefore, the results presented herein suggest that status of plasma 

choline and its associated metabolites may well be assessed using a single blood sample in fasted 

or fed (four hours after a meal). These data are relevant for the assessment of individual subjects 

and study design, as undoubtedly, repeated sampling in research is impractical and not always 

possible. Given the important roles of choline in metabolism more research is warranted to 

determine choline status in the general population. 
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Chapter 5: Dietary choline and betaine intakes and the concentrations of free 

choline and its metabolites in plasma in various age groups in Canada 

 

5.1 Chapter synopsis 

Choline is an essential dietary nutrient that plays essential roles in the life cycle. Higher 

intakes of choline have been associated with a lower risk of neural tube defects and cancer, 

improved neurodevelopment and cognition, and prevention of fatty liver. However, there were 

limited data available on choline at the time that dietary choline recommendations were set in 

1998. Since then, most of the studies have been focused on choline nutrition during pregnancy 

and lactation or the association between choline and the risk of adverse health outcomes in 

adults. Only a few studies have characterized choline nutrition, including dietary choline intake 

and plasma free choline concentrations. Data from healthy populations during childhood are also 

lacking. This cross-sectional study was conducted to characterize the dietary choline intake and 

plasma free choline concentrations across the life cycle including apparently healthy toddlers, 

children, men, and postmenopausal women from Vancouver, Canada. In this study, daily choline 

intakes were estimated using a semi-quantitative food frequency questionnaire and plasma free 

choline concentration was quantified using stable isotope dilution liquid chromatography-tandem 

mass spectrometry. The principal findings from this study included that the dietary intake of the 

individual forms of choline changed from primarily water-soluble to lipid-soluble from early life 

to adulthood and that dietary total choline intake was not significantly associated with plasma 

free choline concentrations. Overall, these findings contribute towards the information available 

about dietary total and individual forms of choline intakes and plasma free choline 
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concentrations in healthy populations. However, more research is needed for a better 

understanding of other factors influencing the relationship between dietary choline intake and 

plasma free choline across the life cycle. 

 

5.2 Introduction 

Increasing evidence suggests that both low dietary total choline intakes and low plasma 

free choline concentrations are associated with adverse health outcomes at different life stages in 

humans. During the periconceptional period, women consuming the highest quartile of dietary 

total choline intake (> 498 mg/d) had a reduced risk for neural tube defect (OR = 0.49), 

compared with the lowest quartile of choline intake (< 290 mg/d) (85, 87). In early childhood, 

dietary total choline intake and the concentrations of free choline and betaine in plasma have 

been positively correlated with cognitive test scores (88, 89). In addition to hepatic lesions (40, 

90), choline-devoid diets (< 50 mg/d) have also been linked to muscular damage in both adult 

men and women (25). Moreover, choline has been linked to cardiovascular diseases (91) and 

various types of cancers (94-98), such as breast (94, 96), hepatic (98), and lung (95) cancer. 

Therefore, this evidence clearly demonstrates that choline is important for health throughout the 

life cycle (12, 24, 332). 

Although the AIs for choline were set as total choline, dietary choline comprises both 

water-soluble (free choline, phosphocholine, and glycerophosphocholine) and lipid-soluble 

(phosphatidylcholine and sphingomyelin) forms of choline (159). Human milk is the principal 

dietary source of choline for breastfed infants, with the majority of choline in milk (84%) present 

as the water-soluble forms (14-16). In contrast, the predominant dietary form of choline for 
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adults has been reported as phosphatidylcholine (332), with liver, meats, and egg as the richest 

food sources (13). Studies conducted in rodents have shown that the different forms of dietary 

choline differ in bioavailability and metabolic fate (18), and differently impact the development 

of the immune system of the offspring (19). Thus, it may be relevant to consider both water- and 

lipid-soluble forms of choline, as well as total choline, in studies focusing on dietary choline 

intake assessment. 

Plasma free choline concentration has been commonly used to assess choline status 

across the life cycle (89, 216, 222, 333). It has been shown that plasma free choline 

concentrations are significantly impacted when total dietary choline is modified. Specifically, 

plasma free choline concentrations decreased (-30%) after three weeks of low intake of choline 

(< 50 mg/d) in healthy men (24). Moreover, plasma free choline concentrations significantly 

increased (78%) after supplement choline intakes (1088 mg/d) (16). However, plasma free 

choline concentration cut-off points for determining nutrition status of choline in the body 

remain to be determined.  

Presently, despite choline importance across the life cycle, the data available on dietary 

choline and betaine intakes and the concentrations of free choline and its associated metabolites 

in plasma are scarce (2). Information is particularly limited in early childhood and the later 

stages of life (15, 191, 217, 218). The few studies published have been mostly focused on 

choline nutrition during pregnancy and lactation (5, 7, 8, 10, 11, 218, 334) or adulthood (184, 

186, 191, 233, 335). Therefore, the overall objective of the study presented in this chapter was to 

determine dietary choline and betaine intakes and the concentrations of free choline and its 

related metabolites in plasma in apparently healthy age groups including toddlers, children, men, 
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and postmenopausal women in Vancouver, Canada. A secondary objective of the present study 

was to explore the association between dietary choline and betaine intakes and the concentrations 

of free choline and its associated metabolites in plasma within each age group. 

 

5.3 Participants and methods 

 

5.3.1 Study design and participants 

The study presented in this chapter was a cross-sectional analysis of convenience samples 

of apparently healthy subjects from different age groups of the life cycle. The participants were 

recruited from the Vancouver area between 2008 and 2015, using poster advertisements and 

through direct contact. Specifically, the participants were enrolled by our research group under 

different protocols including: toddlers (n = 133) (336), children (n = 285) (337), men (n = 77), 

and postmenopausal women (n = 77). A power analysis calculation indicated a minimum of 24 

participants for each group was required to provide 90% power to detect a medium effect size 

difference (d = 0.40) (283, 284) in group means when comparing four independent samples, with 

significance at 5% (two-tailed). For the secondary objective, a power size calculation indicated a 

minimum of 38 participants was required to provide 90% power to detect a large effect size in 

correlation (r ≥ 0.5) (283, 284) between dietary intake and plasma concentrations with 

significance at 5% (two-tailed). The clinical visits were conducted at the Child and Family 

Research Institute at the Oak Street campus of the University of British Columbia in Vancouver, 

Canada.  
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For toddlers and children, the inclusion criteria were age between 12 – 14 months (336) 

and 5.7 – 5.9 years (337), respectively, born at term gestation (> 37 weeks of gestation), birth 

weight ≥ 2500 g, singleton birth, maternal age at birth between 20 – 40 years, and caregiver able 

to understand and speak English.  For men, the inclusion criteria were age 19 – 50 years, able to 

understand and speak English.  For postmenopausal women, inclusion criteria were age 50 – 65 

years, at least one year after menopause and not taking hormone replacement therapy, and able to 

understand and speak English.  Exclusion criteria for all of the age groups were having any 

chronic health condition, taking supplements or prescriptions, and following a special diet (i.e., 

vegan).  

At the clinical visit, sociodemographic information including age, sex, and household 

income (categorical: < $30 000, $30 000 – $50 000, and > $50 000) were collected by 

questionnaire. For adults, education level (categorical: high school or less, college or diploma, 

and university degree) and ethnicity were collected; for toddlers and children, maternal education 

and ethnicity information was collected. Anthropometric measurements were also taken using 

standard procedures, with subjects in light clothing and no shoes. Body weights were measured 

using a digital scale to the nearest 0.1kg. Heights were measured by a wall-mounted stadiometer 

to the nearest mm. Anthropometric measurements were repeated at least three times, and the 

average values were used.   

All protocols were reviewed and approved by the University of British Columbia – 

Children's & Women's Health Centre of British Columbia Research Ethics Board, according to 

the guidelines of the Declaration of Helsinki (252, 253). All subjects (or their legal guardians) 

provided written informed consent prior to participation. 
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5.3.2 Dietary intake assessment 

Daily dietary intakes of choline and betaine from the participants were estimated using a 

semi-quantitative food frequency questionnaire (FFQ). For toddlers and children, the primary 

caregiver completed the FFQ. The FFQ gathered information on the foods and beverages 

consumed, including frequency of food consumed and portion sizes, to capture the habitual diet 

over the previous month. Dietary intakes of choline and betaine were estimated using a nutrient 

analysis software (ESHA Food Processor SQL, version 10.14.41; Salem, OR) (257) and the 

United States Department of Agriculture (USDA) database on the Choline Content of Common 

Foods (Version 2) (13). Detailed information is provided in Chapter 2 of this dissertation. The 

estimated dietary total and individual forms of choline and betaine by the participants were 

expressed as mg per day. 

 Food group classifications were based on the USDA database (13), with some 

modifications. Food groups were divided as: eggs, dairy (milk, yogurt, cheese, and butter), meats 

(beef, pork, lamb, poultry, and seafood), grains (bread, crackers, rice, quinoa, and pasta), 

vegetables, fruits, legumes, mixed dishes (e.g., pizza, stew, and lasagna), pastry (e.g., muffins 

and cake), beverages (e.g., tea, coffee, beer, and wine), and others (e.g., oils and condiments). 

The contribution of each food group to the daily dietary total choline intake was expressed as a 

percentage. 

5.3.3 Blood sample collection and processing  

During the clinical visit, a venous blood sample was drawn by a trained phlebotomist and 

collected into ethylenediaminetetraacetic acid pre-coated vacutainers. For toddlers, children, and 

men, non-fasting blood samples were obtained. For postmenopausal women, fasting blood 
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samples (≥ eight hours) were collected during the early morning. Immediately after collection, 

the blood samples were placed on ice and transported to the laboratory to be processed as is 

described in Chapter 4 of this dissertation. 

5.3.4 Free choline, betaine, and dimethylglycine analysis in plasma 

Free choline, betaine, and dimethylglycine in plasma were quantified by stable isotope 

dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS), using a Waters 

ACQUITY UPLC system connected to a Quattro Micro tandem MS configured with an 

electrospray source (Waters Corporation, MA, USA). The method has been described previously 

(286, 316), and it was provided in detail in Chapter 4 of this dissertation. The concentrations of 

free choline, betaine, and dimethylglycine in plasma were expressed as µmol/L. Non-fasting 

blood samples were also obtained from mothers of children; results are presented in Appendix D. 

5.3.5 Statistical analysis 

All statistical analyses were performed using SPSS for Windows (version 19; SPSS Inc. 

Chicago, US). The significance level was set at P < 0.05 for two-sided testing. Normality of the 

data was assessed using the Kolmogorov–Smirnov test.  If distributions were skewed, data were 

then normalized using logarithmic transformations to improve normality before further analysis. 

If normality was not achieved after logarithmic transformation, non-parametric tests were used 

instead. All data are presented as mean ± SD, unless otherwise noted.  

The estimated total choline intake from each age group was compared with the 

corresponding AI for choline (200, 250, 550, and 425 mg/d for toddlers, children, men, and 

postmenopausal women, respectively), by one sample Student’s t-test.  The difference in the 
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contribution of the individual forms of choline to the daily dietary total choline intake between 

the age groups was analyzed by one-way analysis of variance (ANOVA) or Kruskal-Wallis test, 

as appropriate. If the difference among group means was significant, it was followed by multiple 

comparisons analysis by Dunnett’s T3 for parametric data or Dunn-Bonferroni test for non-

parametric data. The difference in the concentrations of free choline and its associated 

metabolites in plasma between the age groups was analyzed by one-way ANOVA or the 

Kruskal-Wallis test, as appropriate. If the difference among group means was significant, it was 

followed by multiple comparisons analysis by Dunnett’s T3 for parametric data or Dunn-

Bonferroni test for non-parametric data.  

The direction and strength of the relationship between dietary choline and betaine intakes 

and the concentrations of free choline and its associated metabolites in plasma, within each age 

group, was explored using pair-wise correlation coefficient using Pearson’s or Spearman’s 

correlation test, as appropriate. Interpretation for all correlation coefficients was defined as weak 

< 0.30, moderate between 0.30 – 0.49, and strong > 0.50 (284). Bonferroni correction was 

performed to adjust the original significance level (P < 0.05) for multiple comparisons of dietary 

intakes on the same concentration of free choline and its associated metabolites in plasma (0.05 / 

9 = 0.0055, significance at P < 0.006).  
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5.4 Results 

 

5.4.1 Sample analysis 

Between 77 to 285 subjects were enrolled per age group as presented in Figure 5.1. 

Dietary information and blood samples were available for at least 62% of the subjects per age 

group. 

 

 

 
 Toddlers  Children  Men  PM women 

             

Enrolled 133  285  77  77 

             

Dietary information 120  275  48  65 

             

Plasma samples 123  243  77  77 

 

Figure 5.1 Diagram of dietary information and plasma samples analyzed 

PM: postmenopausal. 
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5.4.2 Sociodemographic characteristics of the participants 

The age of the participants per group was (mean ± SD) 1.1 ± 0.1, 5.7 ± 0.1, 33.1 ± 11.8, 

and 55.2 ± 3.6 y for toddlers, children, men, and postmenopausal women, respectively.  For the 

toddlers and children groups, 61% and 51% of the participants were boys, respectively. The 

anthropometric characteristics of the participants are presented in Table 5.1. 

 

Table 5.1 Anthropometric characteristics of the participants 

Characteristics 

Toddlers Children Men PM women 

(n = 133) (n = 285) (n = 77) (n = 77) 

 Mean ± SD 

Weight (kg) 10.3 ± 1.3 20.8 ± 2.9 82.4 ± 14.9 65.5 ± 9.9 

Height (m) 0.8 ± 0.0 1.1 ± 0.1 1.8 ± 0.1 1.6 ± 0.1 

BMI (kg/m2) 0.6 ± 0.91 0.1 ± 1.01 25.9 ± 4.6 24.5 ± 3.7 

1For toddlers and children, BMI-for-age as z-score is presented. 

PM: postmenopausal, BMI: body mass index. 

 

 

Sociodemographic characteristics of the participants are presented in Table 5.2. Most of 

the mothers of the toddlers and children, and adult participants were university graduates (≥ 

69%) and mainly from European background (≥ 64%).  Most of the participants had a household 

income of > $50,000 CAD (≥ 75%). 
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Table 5.2 Sociodemographic characteristics of the participants 

Characteristics 

Toddlers1,2 Children1 Men PM women 

(n = 133) (n = 285) (n = 77) (n = 77) 

 
n; % 

Education 

High school or less 

College or diploma 

   University degree  

 

8; 7% 

18; 15% 

91; 78% 

 

14; 5% 

72; 25% 

199; 70% 

 

3; 4% 

18; 23% 

56; 73% 

 

5; 6% 

19; 25% 

53; 69% 

Ethnicity 

   European 

   Asian 

   Other 

 

85; 71% 

33; 28% 

2; 2% 

 

190; 67% 

74; 26% 

21; 7% 

 

49; 64% 

23; 30% 

5; 6% 

 

58; 75% 

17; 22% 

2; 3% 

Annual household income 

< $30 000 CAD 

$30 000 – $50 000 CAD 

   > $50 000 CAD 

 

15; 13% 

13; 11% 

87; 76% 

 

17; 6% 

37; 13% 

231; 81% 

 

6; 8% 

13; 17% 

58; 75% 

 

9; 12% 

10; 13% 

58; 75% 

1For toddlers and children, maternal education and ethnicity are presented. 
2For toddlers, information on maternal education n = 16, maternal ethnicity n = 13, and annual 

household income n = 18 was missing.  Percentages are thus expressed based on those who 

provided data.  

PM: postmenopausal. 
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5.4.3 Estimated daily dietary choline and betaine intakes 

The estimated daily dietary intakes of total choline and betaine across the different age 

groups are presented in Table 5.3. For all age groups, total choline intakes were normally 

distributed, while the distribution of betaine intakes were skewed. 

Figure 5.2 illustrates the comparison between the estimated mean daily dietary total 

choline intake and the corresponding AI for choline per age group. For toddlers, men, and 

postmenopausal women the estimated total choline intakes were not significantly different from 

the corresponding AI (P = 0.29 – 0.52). In children, the estimated mean total choline intake was 

significantly above the corresponding AI for choline (P < 0.001). At the individual intake level 

per age group, 54%, 67%, 46%, and 49% of toddlers, children, men, and postmenopausal 

women, respectively, met their corresponding AI for choline.  

Overall, across all age groups, the three food groups that made the largest contribution to 

the estimated daily dietary total choline intake were all the animal-source foods (dairy, eggs, and 

meats), which in sum ranged between 54% to 68% of total choline intake (Table 5.4). 
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Table 5.3 Estimated daily dietary total choline and betaine intakes  

Intakes 

 Toddlers Children Men PM women 

 (n = 120) (n = 275) (n = 48) (n = 65) 

 
 

Daily dietary intake (mg/d)1 

Total choline2 Mean ± SD 

Median (IQR) 

209 ± 79 

205 (149-258) 

306 ± 106 

286 (224-365) 

531 ± 197 

539 (377-650) 

414 ± 107 

424 (337-472) 

Betaine Mean ± SD 

Median (IQR) 

55 ± 32 

49 (31-68) 

102 ± 44 

93 (71-119) 

187 ± 106 

155 (127-224) 

138 ± 69 

121 (88-175) 

1Data were collected using a food frequency questionnaire and estimated using a food frequency questionnaire and choline content in 

common foods database (version 2) from the United States Department of Agriculture.  
2Total choline corresponds to the sum of free choline, phosphocholine, glycerophosphocholine, phosphatidylcholine, and 

sphingomyelin. 

PM: postmenopausal. 
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Figure 5.2 Comparison of estimated daily dietary total choline intake with the corresponding adequate AI for choline per age group. 

The means and SD for the estimated daily total choline intakes are presented in columns for toddlers, children, men, and PM women. 

Total choline intakes were estimated using a food frequency questionnaire and choline content in common foods database (version 2) 

from the United States Department of Agriculture. The AI recommendations for total choline per age group are presented as a solid 

black line per age group. AI: Adequate Intake, PM: postmenopausal. 
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Table 5.4 Contribution of different food groups to the estimated daily total choline intake 

Food groups 

Toddlers Children Men PM women 

(n = 120) (n = 275) (n = 48) (n = 65) 

 
Contribution to estimated daily total choline intake (%)1 

    Dairy 37.6 28.1 17.3 18.3 

    Eggs 17.8 12.8 17.3 12.8 

    Meats 12.9 17.8 25.9 22.5 

    Grains  6.6 9.1 6.4 6.1 

    Vegetables 8.5 8.2 7.5 16.0 

    Fruits 7.4 8.1 5.2 4.8 

    Legumes 4.5 4.1 5.0 7.7 

    Mixed dishes 3.5 5.6 6.2 3.5 

    Pastry  0.6 4.5 2.0 1.4 

    Beverages 0.0 0.0 5.1 4.4 

    Others 0.6 1.7 2.1 2.5 

1Food group intakes were estimated using a food frequency questionnaire and choline content in 

common foods database (version 2) from the United States Department of Agriculture.  

PM: postmenopausal. 
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5.4.4 Individual forms of choline contributing to the estimated daily dietary total choline 

intake 

The contribution of the individual forms of choline to the estimated total choline intake is 

presented by age group in Figure 5.3. The intakes of phosphocholine and phosphatidylcholine 

were normally distributed in all age groups, while the distribution of free choline in children, 

glycerophosphocholine in toddlers, children, and men, and sphingomyelin in toddlers and 

children were skewed. 

Among all participants, phosphatidylcholine was the major individual form of choline 

consumed in the diet, contributing between 39 – 50% of total choline intake. Among toddlers, 

the contributions of phosphocholine (7%, P ≤ 0.01) and glycerophosphocholine (26%, P ≤ 0.02) 

to the estimated daily dietary total choline intake were significantly higher compared to each of 

the other age groups. On the contrary, the contribution of phosphatidylcholine (39%, P ≤ 0.01) to 

the estimated daily dietary total choline in toddlers was significantly lower compared to each of 

the other age groups. 

The contribution of the water- and lipid-soluble forms of choline to the estimated daily 

dietary total choline intake were normally distributed and the results are presented in Table 5.5.  

The proportion of the water-soluble forms of choline contributing to the estimated daily dietary 

total choline intake was significantly higher in toddlers (56%, P ≤ 0.01) compared to each of the 

other age groups. In children, the water-soluble forms of choline contributed to 50% of the 

estimated daily dietary total choline intake. For adults, the lipid-soluble forms of choline were 

the main contributor to the estimated daily dietary total choline intake (range 52% to 55%). 
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Figure 5.3 Relative contribution of the individual forms of choline to total choline intake.  

Individual forms of choline intakes were estimated using a food frequency questionnaire and choline content in common foods 

database (version 2) from the United States Department of Agriculture. Values that not share a common superscript letter are 

significantly different based on multiple comparisons analysis by Dunnett’s T3 test for phosphocholine and phosphatidylcholine, or 

Dunn-Bonferroni test for free choline, glycerophosphocholine, and sphingomyelin (P ≤ 0.05). PM: postmenopausal. 
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Table 5.5 Contribution of the water-soluble and lipid-soluble forms of choline to the estimated daily dietary total choline intake 

Intakes 

 Toddlers Children Men PM women 

 (n = 120) (n = 275) (n = 48) (n = 65) 

 
 

Contribution to daily total choline intake (%)1,2 

Water-soluble choline3 
Mean ± SD 

Median (IQR) 

56 ± 13
 a

 

56 (48-65)  

50 ± 10
 b

 

51 (44-57)  

45 ± 10
 c

 

43 (38-50)  

48 ± 7
 b,c

 

48 (43-53)  

Lipid-soluble choline4 

Mean ± SD 

Median (IQR) 

44 ± 13 
a 

44 (35-52) 

50 ± 10 
b 

49 (43-56) 

55 ± 10 
c 

56 (50-62) 

52 ± 7 
b,c 

52 (47-57) 

1Data were collected using a food frequency questionnaire and estimated using a food frequency questionnaire and choline content in 

common foods database (version 2) from the United States Department of Agriculture.  
2Values that not share a common superscript letter are significantly different based on multiple comparisons analysis by Dunnett’s T3 

test (P ≤ 0.05).  
3Water- soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine. 
4Lipid- soluble choline corresponds to the sum of phosphatidylcholine and sphingomyelin. 

PM: postmenopausal. 
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5.4.5 Associations between the estimated daily dietary choline and betaine intakes and 

concentrations of free choline and its associated metabolites in plasma 

The distributions of plasma free choline, betaine, and dimethylglycine were skewed, and 

the concentrations are shown in Table 5.6. Plasma free choline concentrations were the highest in 

toddlers, similar in children and men. The lowest plasma free choline concentrations were from 

postmenopausal women, who provided fasting blood samples. Toddlers and postmenopausal 

women had lower plasma betaine concentrations than children and men. In addition, significant 

differences were found in plasma dimethylglycine concentrations between all age groups, with 

toddlers having the highest concentrations and postmenopausal women the lowest. 

The correlation coefficients between the estimated dietary total choline and betaine 

intakes and the concentrations of free choline, betaine, and dimethylglycine in plasma are 

presented in Table 5.6.  Total choline intake was positively but weakly correlated with plasma 

free choline among toddlers (P = 0.046). Similarly, total choline intake was positively associated 

with both plasma concentration of free choline (P = 0.025) and dimethylglycine (P = 0.020) in 

children. After adjusting for multiple comparisons, the correlations were no longer significant 

(Bonferroni’s correction significant at P < 0.006). In the adult groups, no significant correlations 

were found between total choline intake and any of the plasma concentrations.  After adjusting 

for multiple comparisons (Bonferroni’s correction significant at P < 0.006), few correlations 

remained significant only among children. Specifically, the correlations between the estimated 

daily dietary phosphatidylcholine intake and plasma dimethylglycine concentration (P = 0.003), 

and between the sum of the lipid-soluble forms of choline intake and plasma dimethylglycine 

concentration (P = 0.003) remained significantly positively but weakly associated.    
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Table 5.6 Concentrations of free choline, betaine, and dimethylglycine in plasma 

1Plasma concentrations were quantified by liquid chromatography-tandem mass spectrometry.  
2Values that do not share a common superscript letter are significantly different based on multiple comparisons analysis by Dunn-

Bonferroni test (P < 0.05). 

PM: postmenopausal. 

 

 

Plasma metabolites 

Toddlers Children Men PM women 

(n = 123) (n = 243) (n = 77) (n = 77) 

 
 

Concentration (µmol/L)1,2 

   Free choline Mean ± SD 

Median (IQR) 

10.4 ± 3.3 

9.8 (8.2-12.1) 
a 

8.6 ± 2.1 

8.3 (7.2-9.7) 
b 

8.9 ± 2.5 

8.1 (6.9-10.6) 
b 

7.7 ± 2.1 

7.3 (6.1-8.8) 
c 

   Betaine Mean ± SD 

Median (IQR) 

41.1 ± 15.4 

36.2 (27.8-46.7) 
a
 

45.4 ± 13.7 

43.4 (36.4-52.4) 
b
 

45.7 ± 13.4 

43.0 (36.4-54.7) 
b
 

36.8 ± 9.8 

36.1 (31.4-41.5) 
a
 

   Dimethylglycine  Mean ± SD 

Median (IQR) 

4.1 ± 1.9 

3.7 (3.4-4.8) 
a
 

3.3 ± 1.0 

3.2 (2.6-3.9) 
b
 

2.7 ± 0.9 

2.6 (2.2-3.0) 
c
 

2.2 ± 0.6 

2.1 (1.7-2.5) 
d
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Table 5.7 Associations between dietary choline and betaine intakes and plasma free choline, betaine, and dimethylglycine  

Plasma metabolites 

Dietary intake1 

TC FC PCho GPC WSC PC SM LSC Betaine 

   Free choline          

      Toddlers 

      Children 

      Men 

      PM women 

0.190* 

0.145* 

0.126 

-0.044 

-0.001 

0.106 

0.224 

-0.048 

-0.013 

0.063 

0.100 

-0.029 

0.086 

-0.016 

-0.043 

-0.103 

0.041 

0.054 

0.089 

-0.077 

0.126 

0.176** 

0.132 

0.003 

0.069 

0.106 

-0.033 

-0.079 

0.124 

0.174** 

0.120 

-0.005 

-0.011 

0.091 

-0.148 

-0.111 

   Betaine          

      Toddlers 

      Children 

      Men 

      PM women 

-0.095 

0.013 

0.237 

-0.045 

-0.196* 

0.028 

0.230 

0.001 

-0.228* 

-0.115 

0.161 

-0.007 

-0.111 

-0.170** 

0.031 

-0.306* 

-0.150 

-0.098 

0.131 

-0.154 

-0.010 

0.124 

0.262 

0.151 

-0.068 

-0.046 

0.072 

-0.127 

-0.014 

0.110 

0.245 

0.130 

-0.022 

0.024 

0.061 

-0.038 

   Dimethylglycine          

      Toddlers 

      Children 

      Men 

      PM women 

-0.061 

0.151* 

0.182 

-0.117 

-0.121 

0.050 

0.063 

-0.147 

-0.107 

0.096 

0.216 

-0.106 

-0.010 

0.023 

0.028 

-0.204 

-0.077 

0.052 

0.073 

-0.179 

-0.050 

0.191*** 

0.220 

0.104 

-0.093 

0.090 

0.158 

-0.063 

-0.054 

0.190*** 

0.210 

0.088 

-0.101 

0.062 

0.155 

0.002 

1Data are presented as Spearman’s correlation coefficients. Correlation is significant at * 0.05, ** 0.01, and *** 0.006. (Bonferroni’s 

correction was used to adjust the significance at 0.006).  

FC: free choline, GPC: glycerophosphocholine, LSC: lipid soluble forms of choline (sum PC + SM), PC: phosphatidylcholine, PCho: 

phosphocholine, PM: postmenopausal, SM: sphingomyelin, TC: total choline (sum individual forms of choline), WSC: water-soluble 

forms of choline (sum FC + PCho + GPC).
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5.5 Discussion 

The present study is the first reporting on dietary choline and betaine intakes and the 

concentrations of free choline and its associated metabolites in plasma among apparently healthy 

toddlers, children, men, and postmenopausal women in Canada. The principal findings from the 

present study are: 1) the mean total choline intake was not significantly lower than the current AI 

for toddlers, children, men, and postmenopausal women; 2) the individual forms of choline 

significantly changed from primarily water-soluble forms in early stage of life to mostly lipid-

soluble forms in adulthood, and animal-source foods were the main contributors to total choline 

intake across all age groups; and 3) dietary choline intakes were not significantly associated with 

plasma free choline concentrations. 

The mean total choline intakes in toddlers (208 mg/d) observed in the present study is 

similar to the ranges reported in previous studies including toddlers in Europe (157 to 205 mg/d) 

(191) and the United States (229 mg/d) (184). In children, the mean total choline intake (306 

mg/d) is similar to children in Europe (185 to 294 mg/d) (191). In men, reports on dietary total 

choline intakes range from 291 mg/d in Greece (91) to 468 mg/d in Sweden (191), which are 

relatively lower than the intakes estimated in the present study (531 mg/d). Similarly, the present 

study estimated a mean intake of 414 mg/d for total choline in postmenopausal women, which is 

higher than the range from previous studies in women (269 to 404 mg/d) (133, 184, 191, 338-

340). Some of the differences in comparing with other studies, as in men and postmenopausal 

women, may be due to the instruments used to estimate dietary choline intake. Specifically 

because the richest food sources of total choline are liver and eggs (290 to 430 mg and 230 mg 

per 100 g of food, respectively) (13, 159). The use of 24-hour recalls or food records (191) 
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collecting dietary information from only a few days might not be adequate to capture the richest 

food sources of choline, which are likely not being consumed on a daily basis. Taken together, 

these data suggest that choline intakes are similar across Western countries in toddlers and 

children, but higher in men and postmenopausal women in North America compared to Europe. 

It is important to mention that due to the limited data available on choline, an Estimated 

Average Requirement (EAR) could not be calculated and AIs were established instead (12). 

Therefore, the evaluation of choline intake must be done with caution, as intake levels above the 

AI imply a low probability of inadequate intake, but intake below the AI does not necessarily 

indicate inadequacy (341). Moreover, the current AIs were set based on findings obtained from a 

single study that was designed to study total choline intake and prevention of hepatic alterations 

as a functional outcome of choline-deficient intake in adult men (24). Further, these results were 

then extrapolated to women and other age groups, including toddlers and children (12). The 

selection of this functional outcome for choline was based on data available at that time, and 

although it has also been observed in children (342), it develops after a severe dietary choline 

restriction (< 50 mg/d). Therefore, to develop sound dietary intake recommendations, it would be 

helpful to identify other indicators to assess function at earlier stages of deficiency.  

It is known that in breastfed infants, the water-soluble forms of choline represent an 

average of 84% of the total choline intake (14-16), whereas the lipid-soluble forms are the major 

contributors in adults (range between 52 to 61%) (33, 192, 195, 343). However, the 

physiological reason for this transition is unknown, and the change has not been well 

characterized in toddlers and children. In the present study, the proportion of the water-soluble 

forms contributing to total choline intake was 55% in toddlers and decreased to 50% in children, 
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which is closer to the range found in adults (43 – 48%). In addition, in the present study, at least 

half of total choline (50 – 68%) in the diet was provided by animal-source foods such as dairy, 

eggs, and meats. Similar food sources have been reported by other studies (10, 33, 187, 191, 192, 

195, 199, 233, 343, 344). This is consistent with the higher intake of water-soluble forms of 

choline in toddlers, who consumed 38% of total choline from dairy (13).  The water-soluble 

forms of choline are absorbed via the portal circulation to the liver (345), whereas the lipid-

soluble forms are absorbed via lymphatic circulation, and thus bypassing the liver and reaching 

general circulation at the thoracic duct (41). A recent study in rodents provided evidence that 

maternal choline intake as phosphatidylcholine, compared to free choline, increased milk 

glycerophosphocholine concentrations and was related to a better immune development in the 

offspring (19). In humans, it has been reported that milk glycerophosphocholine concentrations 

are associated with serum concentrations in breastfed infants (15). Overall, this information 

suggests that the different forms of choline in the diet might be metabolized differently and thus 

potentially impact the metabolic fate of choline to serve as a precursor for methyl groups, 

acetylcholine, or phospholipids.  

In the present study, plasma free choline concentration in toddlers was significantly 

higher than in all other age groups, including in children (10.4 and 8.6 µmol/L, respectively). 

Given the finding of significantly higher choline concentrations in fed versus fasted samples 

(Chapter 4), this might confound the comparisons of postmenopausal women to the other age 

groups. These results are consistent with the limited information available, with mean plasma 

free choline concentrations reported as 12.8 µmol/L in toddlers from the United States (217) and 

9.2 µmol/L in children from the Republic of Seychelles (89). In addition, a similar decrease in 

plasma free choline concentrations in children, compared to toddlers, in the present study (17%) 
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has also been observed in serum free choline concentrations (20%) in Turkey (15). Other authors 

have suggested that the increased concentrations of circulating free choline during the early stage 

of life might be related to a higher choline supply needed to support organ growth and 

development (1, 39, 203, 332). This may be particularly important for choline uptake in the 

brain, as it has been described that choline is transported at a rate proportional to plasma 

concentration (296, 346, 347). This suggests a higher uptake at early ages, which coincides with 

a high rate of brain development during the first years of life (348-351). However, the 

uncertainty over the normal range of plasma free choline concentrations remains, with no 

reference cut-off points defined yet.  

The present study found no evidence of a significant association between choline intake 

(total and individual forms of choline) and plasma free choline concentrations in any of the age 

groups. This result suggests that plasma free choline concentrations do not directly reflect usual 

dietary choline intake within the range consumed in the present study. Other authors have 

proposed that in women plasma free choline concentration is homeostatically regulated (30), and 

thus does not reflect small changes in choline intake. Furthermore, the specific origin of free 

choline in plasma is unknown, and in addition to dietary intake, it could reflect hepatic or plasma 

lipoprotein metabolism. It is possible that other factors might influence the relationship between 

dietary choline intake and plasma free choline concentrations, as emerging data on genetic 

polymorphisms have been reported to have an impact choline metabolism (16, 26, 28, 93, 352-

358). 

Dietary betaine intakes of 187 mg/d in men and 138 mg/d in postmenopausal women 

estimated in the present study are in agreement with the intake range of intake reported in 
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previous studies (97 to 189 mg/d) (33, 186, 192, 196, 233, 339, 344). No information on dietary 

betaine intake among toddlers or children has been published, and there is no dietary 

recommendation on the intake level for betaine at present. In the present study, mean plasma 

betaine concentrations were lower in toddlers and postmenopausal women (36 µmol/L) 

compared to children and men (43 µmol/L), which agrees with the concentration reported from 

the previous studies (89, 134, 228). Like choline, the results of the present study indicated that 

dietary betaine intakes were not significantly associated with plasma betaine concentrations in 

any age group. In contrast, dietary intakes of free choline, phosphocholine, and 

glycerophosphocholine were negatively associated with plasma betaine concentrations (rho = -

0.170 to -0.306) in toddlers, children, and postmenopausal women. It is possible that the plasma 

betaine concentrations are influenced by several factors including betaine intake (13, 159), 

choline oxidation (61, 327), and hepatic or renal metabolism (303). In addition, the inverse 

association between the specific forms of choline and plasma betaine concentrations deserves 

further study. 

The present study has several limitations that need to be mentioned. First, this study 

presents cross-sectional data on participants from a number of convenience samples, most of 

whom had high education levels and are from European ethnicity, and therefore, the results from 

this study may not be generalized to other sociodemographic groups. Second, the sample sizes 

for men and postmenopausal women groups were relatively small compared to toddlers and 

children. Third, the estimation of the dietary choline intake was calculated using the USDA 

database, which includes a limited number of food items; thus, the possibility of error in the daily 

dietary intake estimations due to differences in the food content in Canada may occur. Fourth, 

random blood samples were collected for practical and ethical reasons for most of the age groups 
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including toddlers, children, and men and recent food intake may have affected postprandial 

plasma concentrations. Moreover, blood samples from the postmenopausal women were 

collected in the fasted state, and this may also contribute to the apparently lower values in 

postmenopausal women when comparing to the other age groups. 

In summary, this study was conducted in apparently healthy participants in Vancouver, 

Canada, with the goal to increase the information available on usual dietary choline intake and 

plasma free choline concentrations among different age groups. This is the first study reporting 

on choline nutrition during early childhood in Canada. Specifically, the results of this study 

provide novel information on dietary ranges for total choline, individual forms of choline, and 

betaine intakes, and also plasma concentrations of free choline, betaine, and dimethylglycine in 

apparently healthy Canadians. Specifically, this study highlights that total choline intakes were 

not significantly below the current AI of choline recommendations. Given the definition of AI, 

no conclusion on the prevalence of deficiency of choline intake can be made. Furthermore, the 

results from the present study also suggest that plasma free choline concentrations do not reflect 

dietary choline intake. Taken together, these findings expand our current knowledge describing 

the usual dietary choline intake and may contribute towards a future update on the current AIs 

for choline in different age groups. More work is needed to better understand the dietary 

requirements for choline in different age groups to establish EARs, bearing in mind the potential 

physiological relevance of the different forms of choline in the diet.  
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Chapter 6: General discussion, conclusion, and future directions 

Chapter six presents the discussion of the key findings which are presented in context 

with the comparable published literature on choline. This is followed by a summary of the 

significance and overall contribution of this dissertation to the current literature on choline. In 

addition, the overall limitations of the research conducted are presented. Finally, this chapter 

includes potential future research directions. 

 

6.1 General discussion of key findings 

 

6.1.1 The concentration of the water-soluble forms of choline in mature milk did not 

differ between Canadian and Cambodian lactating women 

One of the main findings from this research was that the concentrations of the water-

soluble forms of choline in mature milk samples collected from healthy lactating women in 

Canada were similar to the lactating women in Cambodia (Chapter 3). This result was 

unexpected, as the Cambodian diet has been described to be low in animal-source foods (181, 

290), which are the richest sources of choline (13, 159). The concentrations of the water-soluble 

forms of choline in mature milk samples in the present study are within the range the previous 

reports in the United States (14, 16, 17) and Turkey (15, 173), and no other studies quantifying 

the water-soluble forms of choline in human mature milk from a developing or low- and middle-

income countries have been published to date.  Little is known regarding the origin of choline in 

human milk and the factors that could influence milk choline concentrations. It has been reported 



145 

 

that supplemental total choline intakes at twice the corresponding Adequate Intake (AI) in 

lactating women have resulted in increased milk total choline concentrations (20%) compared to 

a control group (16, 17). Nevertheless, the proportion of the water-soluble forms of choline 

reported in the mentioned supplementation studies was similar between the supplementation 

groups and the control groups, ranging from 79 to 87% (16, 17). In the present research, no 

statistically significant association was found between dietary total choline intake and the 

concentration of water-soluble forms of choline in mature human milk. However, the estimated 

dietary total choline intakes in the present study were similar to the control groups in the 

supplemental studies. Thus, this observation suggests that the majority of choline in milk may 

originate from maternal metabolism (72, 170)  rather than directly from dietary intake and that 

dietary choline intake within the usual range estimated in these lactating women has no 

significant impact on milk choline concentrations.  

 

6.1.2 The estimated daily dietary total choline intake meets the corresponding adequate 

intake among most of the age groups, except for infants and lactating women 

Another key finding from this research was that the mean dietary total choline intakes 

were not significantly lower than the corresponding AIs among healthy subjects (Chapter 5), thus 

meeting the recommendation, except for infants and lactating women (Chapter 3). In the present 

study, the mean intake of total dietary choline for 0 – 6 months old infants was estimated at 106 

mg/d, which was significantly lower than the corresponding AI of 125 mg/d (12). Generally, the 

dietary intake recommendations for early infancy are established based on the mean 

concentration and volume intake of human milk of healthy breastfed infants, born full-term to 
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well-nourished mothers (149). However, the AI of choline for 0 – 6 months old infants was 

established based on a 20% increase in the mean total choline concentration from a single small 

study in mature human milk (14), and no rationale was provided for this increase over the 

original value.  Interestingly, no difference was found when the estimated daily total choline for 

infants in the current study was compared with the value of the original study used to set the AI 

(106 vs. 102 mg/d, P < 0.05) (14). As such, this finding suggests that the milk choline 

concentration used when developing the current Dietary Reference Intakes (DRIs) for choline as 

AI for infancy may be overestimated, and revisions should be considered accordingly. 

For all other age groups, apart from infants, daily dietary total choline intakes were 

estimated based on a semi-quantitative food frequency questionnaire (FFQ) and the United States 

Department of Agriculture choline database (13). For this research, the validity of the FFQ in 

estimating total choline intake was evaluated compared to the mean three of 24-hour recalls in 

adults, of both sexes (Chapter 2). A significantly strong positive correlation coefficient for total 

choline intake was found between these dietary assessment instruments in the present study, 

which is consistent with results from previous studies (188, 190). In the present research, the 

estimated daily dietary total choline intakes among toddlers, children, men, and postmenopausal 

women met the corresponding AIs (12) and were in agreement to the intake ranges reported 

worldwide (33, 91, 133, 184, 186, 191, 338-340, 344).  

In the present research, the estimated mean daily dietary total choline intake during late 

pregnancy was used as a proxy for intake during lactation, which was significantly lower than 

the AI for choline for lactating women (12). Notably, the AI for choline is 22% higher in 

lactation than pregnancy (12), while data from previous studies have shown that the dietary 
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intake of total choline does not differ between these two periods (10, 11). Both AIs were based 

on the AI for adult women, and an increase in choline demand to support choline tissue 

accumulation and choline output in milk were added to the AI for pregnant and lactating women, 

respectively (12). Although the previously mentioned overestimation of milk choline would 

consequently affect the AI of choline for lactating women, the impact would be small (-4% 

change in the AI). Yet, the current choline AI for lactation may require revision.  

 

 

6.1.3 Plasma free choline concentrations did not reflect the estimated daily dietary total 

choline intake and differed between age groups 

A key finding of this research was that plasma free choline was not significantly 

associated with dietary total choline intake (Chapter 5), which is similar to the result of a 

previous study conducted in premenopausal women (30). This finding suggests that plasma free 

choline concentrations may not be an adequate biomarker for dietary choline intake. It is possible 

that the participants enrolled in the current research were consuming adequate dietary total 

choline. Thus, the estimated dietary choline intake of the participants presented in this 

dissertation would be below or above the threshold needed to affect plasma free choline 

concentrations as shown in previous depletion (24, 25, 28) or supplementation studies (156, 207-

210). The exact origin of plasma free choline is not entirely understood, and it may be the net 

result of choline body status after choline intake, along with choline metabolism that is 

contributed by small intestinal microbiota (82, 83), and hepatic and lipoproteins (72). 

Nevertheless, since dietary choline intake and plasma choline concentrations have independently 
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been associated with clinical outcomes in different age groups (2), both assessments could 

provide useful information to help to determine choline requirements. 

In the present research, plasma free choline concentrations significantly differed between 

age and sex groups, with the highest concentration found in toddlers, followed by similar 

concentrations in children and men, and the lowest concentration found in postmenopausal 

women (Chapter 5). These plasma free choline concentrations are consistent with those 

previously reported within the same age and sex group (89, 134, 217, 222, 359). In the present 

research, one non-fasted blood sample was collected per participant, except for postmenopausal 

women, from whom one blood sample was obtained after an overnight fast. It is important to 

mention that the effect of recent food intake on the plasma free choline concentrations was 

assessed in the present research, as the intra-individual variability comparing fasted (> eight 

hours) to non-fasted (four hours postprandial) state in adults (Chapter 4). The fact that all fed 

concentrations fell within the 95% CI of the reference interval calculated and the positive 

correlation between both states, obtained in the present research, suggests that one blood sample 

in fasted or fed state is adequate to assess plasma free choline concentrations, within the range of 

total choline intakes of these participants. However, plasma free choline concentrations increase 

after food intake, as has been similarly reported in earlier studies (223, 224), which may have 

affected the comparison of the plasma free choline concentrations in postmenopausal women 

compared to the other age groups. It is possible that in a different situation, in which individuals 

consume a deficient diet with lower dietary choline intakes compared to those obtained here, a 

blood collection in the fed state may produce a false positive assessment of choline status.  
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6.2 Significance and contribution of the research 

This research generated three overall key findings regarding choline nutrition. First, the 

concentrations of the water-soluble forms of choline did not differ between mature milk samples 

collected from lactating women in Canada and Cambodia. As such, the results of this research 

suggest that the differences in choline intake, assumed from the differences in availability of 

animal-source foods between countries, may not significantly affect the concentrations of the 

water-soluble forms of choline in mature human milk. These data are particularly relevant 

because they may help to define the normal range for choline in human milk, regardless of 

mother’s location or socioeconomic status.  

Second, the estimated dietary total choline intake met the corresponding choline AIs 

recommendations in toddlers, children, men, and postmenopausal women, with the exception of 

infants and lactating women. The results indicated that choline intake of infants, estimated from 

milk samples of both Canadian and Cambodian lactating women, were lower than the current AI 

for choline. This can have implications for infants, as this value may be used in the formulation 

of infant formulas and enteral nutrition products. In addition, apparently healthy well-nourished 

women did not meet the choline AI for lactation based on data obtained using a validated FFQ 

for total choline intake. This suggests that it may not be appropriate to establish the 

recommendation based on the extrapolation of the result from a single small study conducted in 

men and an overestimated choline output in milk. As such, based on the current research it 

appears the AIs of choline for infancy and lactation should be reviewed.  
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Third, the fact that no significant association was found between dietary total choline 

intake and plasma free choline concentration indicates that dietary choline within the range of 

intake in the age groups studied is not reflected in plasma free choline concentrations. This 

finding suggests that plasma free choline concentrations were not affected by dietary choline as 

participants had adequate choline intakes. Furthermore, no reference intervals for normal plasma 

free choline concentrations have been defined for any age group so far. Thus, the interpretation 

of plasma free choline concentrations is challenging.  

Taken together, the results generated by this work contribute to the information about 

choline nutrition from healthy populations across different age groups. In 1998, the current DRIs 

for choline were established as AIs for total choline for all age groups based on limited data, as 

the estimated choline intake from the population was not available due to the lack of information 

on choline content in foods. To date, 19 years after, there are still limited data available on 

dietary choline intake worldwide. Overall, this dissertation contributes to expanding the current 

data on choline nutrition in different age groups, including information on dietary choline intake 

and milk and plasma choline concentrations. In addition, this dissertation provides information 

on the validation of an FFQ for dietary choline intake assessment and individual variability of 

plasma choline concentrations, which may assist in delineating future research. Finally, these 

findings suggest that revisiting the current AI values for choline recommendations, especially 

during infancy and lactation might be warranted.  
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6.3 Overall limitations  

The participants were recruited using convenience sampling, which may reduce the 

generalizability of the results because the subjects participating in the present research might 

differ from a national representative sample. In fact, the sociodemographic characteristics, 

including educational level and household income of the participants enrolled in the studies 

conducted in Vancouver, are higher than the reference data available from the National 

Household Survey in the Vancouver Metropolitan area (360). In addition, the participants in this 

research were enrolled on a volunteer basis. Thus, it is possible that the subjects were more 

interested in dietary intake and nutrition than the general population and therefore differ in 

dietary patterns.  

Further, the dietary intake assessment was self-reported, and thus susceptible to memory 

bias, along with under-reporting or over-reporting of food intake, which may affect the accuracy 

of the estimation (270). However, these challenges are inherent and present in most of the dietary 

assessment strategies. In addition, dietary information was not collected from the Cambodian 

lactating women, and the assumption of the different choline intake between Canada and 

Cambodia was based on the energy available for consumption from animal source foods using 

the food balance sheets. Therefore, it may be possible that this assumption does not necessarily 

translate to dietary intake, as this does not provide information on actual consumption (178, 

361).  Moreover, the United States Department of Agriculture is the only available database to 

estimate choline content in foods and thus intakes (13). At present, all the studies published 

about choline intake have based their estimations on the same database. This database has 

limited information on ethnic-specific food items, and in addition, it is unknown whether the 
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choline content in foods varies in different countries. As such, self-report bias and an incomplete 

nutrient file database are recognized as limitations. 

Blood samples were collected randomly during the day for most participants of the 

different age groups, without requesting an overnight fast, except for postmenopausal women. 

This may potentially have had an impact on plasma free choline concentrations. Although an 

assessment of the intra-individual variability after food intake was conducted among healthy 

adults, this study only included one overnight fasted sample and one fed sample four hours after 

a self-selected breakfast. Yet, a different study design including the collection of samples at 

several time points after the consumption of different test meals, varying in choline content (i.e., 

low, medium, and high choline content), might offer a more comprehensive insight into the 

postprandial effect on plasma free choline concentrations.  

 

 

6.4 Future research directions 

Although the estimations of dietary choline intakes in different studies worldwide (5, 

10, 32, 128, 133, 187, 195, 196, 211, 233) are based on the same single database (13), these 

data have some limitations. This database contains information on a limited number of 

samples per food item analyzed, and the samples were obtained only from the United States 

(13). Therefore, the database may not be representative of certain foods consumed by a 

particular population, and it is uncertain whether the choline content of foods differs between 

countries. Some work has been done expanding the information available on choline content 

in legumes (161) and meats (362) in Canada. More work is still necessary to expand the 

current database, focusing particularly on the choline content in dairy products, which is 
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another important dietary source of choline, and dairy alternative foods, such as soy or 

almond milk, to allow a better estimation of dietary choline intake.  

Studies with large sample sizes, of randomly selected healthy lactating participants, 

describing both total and individual milk choline concentration from different countries are 

needed. In addition, these sorts of studies are relevant as they could provide additional 

information during lactation, such as dietary choline intake, plasma choline concentrations, and 

polymorphisms in genes related to choline metabolism. The data collected may help to generate 

a potentially appropriate standard reference interval for choline concentration in human milk.  

This approach may also be applied to plasma free choline concentration, since cut-off points to 

define choline deficiency have not been determined yet. Efforts on collecting descriptive 

information from healthy participants worldwide started with the World Health Organization 

(WHO) growth chart standard (363). In Canada, blood samples have been collected from a 

representative sample from three to 79 years in the Canadian Health Measures Survey (CHMS) 

(364-366), from birth to 18 years in the Canadian Laboratory Initiative on Paediatric Reference 

Intervals (CALIPER) (367, 368), and from younger children in the Canadian Healthy Infant 

Longitudinal Development Study (CHILD) (369, 370). These biobanks appear as worthwhile 

opportunities to analyze the concentration of choline in plasma to be able to calculate reference 

interval values. 

Finally, another area that requires further investigation is the relationship between 

choline and functional outcomes. The selection of liver damage as the criterion of functional 

outcome for choline-deficient intake was based on data available at that time from a depletion-

repletion study conducted in healthy men (24). Although it has also been observed in children 



154 

 

receiving total parenteral nutrition (342), liver damage develops after a severe dietary choline 

restriction, a time point at which other adverse health outcomes may already be present.  Since 

choline is involved in a broad range of body functions across the life cycle, the selection of an 

endpoint might be challenging. A recently published review provides a summary of the 

diverse health-related outcomes that have been previously reported in humans, including 

neurological and metabolic outcomes (2). It would be relevant to consider the rationale when 

selecting an appropriate endpoint at different age stages (371). For example, during 

development, the assessment of dietary choline intake or plasma choline concentration have 

been associated with neurodevelopmental tests scores as functional outcomes at different 

ages, which have provided mixed results (7, 88, 89, 110, 111). More work is needed to identify 

other indicators to assess choline function at earlier stages of deficiency.  In addition, this 

information would be helpful to develop sound DRIs for choline based on functional health 

outcomes to establish Estimated Average Requirements.  
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Appendix B: Comparison of the concentration of water-soluble forms of choline and betaine in milk between trials 

 

Comparison of the concentration of water-soluble forms of choline and betaine in milk per treatment group in the first 

Canadian trial 

1Milk concentrations were quantified by liquid chromatography-tandem mass spectrometry. Data are presented as mean ± SD. 
2Water-soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine. 

 Dose 1 Dose 2 
P-value 

Milk metabolites (n = 79) (n = 68) 

 Concentrations (µmol/L)1  

   Free choline 153 ± 84 139 ± 57 0.533 

Phosphocholine 514 ± 192 524 ± 155 0.706 

Glycerophosphocholine 394 ± 121 388 ± 131 0.653 

Water-soluble choline2 1061 ± 204 1053 ± 211 0.772 

   Betaine 5.2 ± 2.3 5.3 ± 2.2 0.687 
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Comparison of the concentration of water-soluble forms of choline and betaine in milk per treatment group in the second 

Canadian trial 

1Milk concentrations were quantified by liquid chromatography-tandem mass spectrometry. Data are presented as mean ± SD. 
2Water-soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine. 

 

  

 Dose 1 Dose 2 Dose 3 
P-value 

Milk metabolites (n = 22) (n = 26) (n = 19) 

 Concentrations (µmol/L)1 

   Free choline 143 ± 93 152 ± 104 164 ± 90 0.086 

Phosphocholine 554 ± 240 546 ± 216 571 ± 238 0.626 

Glycerophosphocholine 449 ± 159 425 ± 160 445 ± 211 0.673 

Water-soluble choline2 1146 ± 349 1122 ± 324 1181 ± 391 0.634 

   Betaine 3.8 ± 2.0 4.1 ± 2.1 4.4 ± 2.8 0.102 
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Comparison of the concentration of water-soluble forms of choline and betaine in milk per treatment group in the Cambodian 

trial 

1Milk concentrations were quantified by liquid chromatography-tandem mass spectrometry. Data are presented as mean ± SD. 
2Water-soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine. 

 Dose 1 Dose 2 Dose 3 
P-value 

Milk metabolites (n = 22) (n = 26) (n = 19) 

 Concentrations (µmol/L)1 

   Free choline 135 ± 68 150 ± 109 146 ± 75 0.110 

Phosphocholine 541 ± 194 560 ± 186 579 ± 244 0.751 

Glycerophosphocholine 393 ± 126 387 ± 153 389 ± 134 0.990 

Water-soluble choline2 1069 ± 253 1098 ± 287 1125 ± 274 0.536 

   Betaine 4.8 ± 4.0 4.4 ± 3.6 6.6 ± 5.6 0.223 
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Comparison of the concentration of water-soluble forms of choline and betaine in milk between the Canadian trials 

1Milk concentrations were quantified by liquid chromatography-tandem mass spectrometry. Data are presented as mean ± SD. 
2Water-soluble choline corresponds to the sum of free choline, phosphocholine, and glycerophosphocholine. 

 Canadian trial 1 Canadian trial 2 
P-value 

Milk metabolites (n = 147) (n = 154) 

 Concentrations (µmol/L)1   

   Free choline 146 ± 73 162 ± 103 0.604 

Phosphocholine 519 ± 175 551 ± 232 0.169 

Glycerophosphocholine 391 ± 125 426 ± 177 0.078 

Water-soluble choline2 1057 ± 242 1139 ± 367 0.140 

   Betaine 5.3 ± 2.2 4.4 ± 2.4 0.058 
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Association between the concentration of water-soluble forms of choline and betaine in 

milk and weeks postpartum in the Cambodian trial 

1Water-soluble choline corresponds to the sum of free choline, phosphocholine, and 

glycerophosphocholine. 

 

  

Milk metabolites 

Cambodian trial (n = 67) 

r P-value 

   Free choline 
 

0.074 0.550 

   Phosphocholine  -0.173 0.161 

   Glycerophosphocholine  0.202 0.101 

   Water-soluble choline1  0.011 0.930 

   Betaine  -0.107 0.390 
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Appendix C: Dietary choline and betaine intakes at 16 and 36 weeks of gestation in one of the Canadian trials 

 Canadian participants (n = 143) Difference Correlation 

Dietary intakes 16 weeks gestation 36 weeks gestation P-value r P-value 

    Intakes (mg/d)1    

   Total choline2 412 ± 103 408 ± 111 0.927 0.590 < 0.001 

   Free choline 93 ± 27 87 ± 24 0.057 0.587 < 0.001 

   Phosphocholine 25 ± 10 24 ± 11 0.321 0.438 < 0.001 

   Glycerophosphocholine 89 ± 35 92 ± 35 0.087 0.493 < 0.001 

   Phosphatidylcholine 185 ± 64 185 ± 66 0.899 0.513 < 0.001 

   Sphingomyelin 20 ± 7 20 ± 6 0.095 0.593 < 0.001 

   Betaine 137 ± 67 142 ± 69 0.147 0.442 < 0.001 

1Dietary intakes were estimated using Food Frequency Questionnaire and choline content in common foods USDA database. Data are 

presented as mean ± SD. 

2Total choline corresponds to the sum of individual forms of choline. 
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Appendix D: Plasma concentrations of free choline, betaine, and dimethylglycine in the 

mothers of the children enrolled in the study 

1 Plasma concentrations were quantified by liquid chromatography-tandem mass spectrometry.  

 

 

Plasma metabolites 

Women (n = 281)1 

Mean ± SD Median (IQR) 

 
 

Concentration (µmol/L) 

   Free choline  7.9 ± 2.0 7.6 (6.5 – 8.9) 

   Betaine  38.6 ± 12.3 37.3 (29.8 – 46.7) 

   Dimethylglycine   2.4 ± 0.9 2.2 (1.8 – 2.7) 


