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Poor diets contribute to the increasing burden of non-communicable diseases (1). In 2017, over 11 
million deaths were attributed to dietary risk factors, with the vast majority of deaths resulting from 
cardiometabolic diseases (CMDs) including cardiovascular disease (CVD) (~10 million) and type II diabetes 
(~339,000) (2). As such, defining diets and dietary patterns that mitigate CMD risk is of great public health 
importance. Recently, the consumption of fermented foods has emerged as an important dietary strategy for 
improving cardiometabolic health (3). Fermented foods have been present in the human diet for over 10,000 
years (4, 5), but knowledge on whether their consumption benefits human health, and the molecular and 
microbiological mechanisms underpinning their purported health benefits, is relatively nascent. In this chapter, 
an outline is provided of the definitions of fermented foods, the types and qualities of fermented foods 
consumed in Europe, as well as the current state of the evidence between fermented foods and cardiometabolic 
health. Subsequently, the limitations in current self-report dietary assessment tools that contribute to the 
conflicting evidence between fermented foods and cardiometabolic health will be discussed, and the role of 
food intake biomarkers in providing a more objective measure of intake. Finally, the objectives of this thesis 
will be presented. 

What constitutes a ‘fermented food’? 

For millennia, fermentation has been used an effective method of food preservation and alcohol 
production (6). Fermentation of raw agricultural products can improve their nutritional qualities as well as 
impart new aromas and tastes. However, the increase in the popularity of fermented foods over the past several 
decades has led to widespread misconceptions about what is required for a food to be considered ‘fermented’. 
Several definitions of fermented foods have been proposed over the years. One of the earlier documented 
descriptions, by Steinkraus (7), captures the biological complexity and transformative nature of food 
fermentation: “Fermented foods are food substrates that are invaded or overgrown by edible microorganisms 
whose enzymes, particularly amylases, proteases and lipases hydrolyze the polysaccharides, proteins and lipids 
to non-toxic products with flavours, aromas and textures pleasant and attractive to the human consumer.” 
However, this definition does not capture the intentional nature of food fermentation processes, and seemingly 
limits the transformative components in food to macronutrients. In 2021, the International Scientific 
Association for Probiotics and Prebiotics (ISAPP) provided a consensus statement on fermented foods, broadly 
defining fermented foods as: “Foods made through desired microbial growth and enzymatic conversions of 
food components” (8). Under this definition, fermented foods are those formed through a controlled process 
involving ‘desired’ microorganisms. Importantly, the broad reference to conversions of ‘food components’ 
suggests that the fermentation process could generate novel dietary compounds with distinct functional 
properties. 

All fermented foods are procured via the actions of fermentative microorganisms. Microorganisms 
naturally present in the raw food matrix or the surrounding environment can initiate ‘spontaneous’ 
fermentations, such as during the fermentation of cocoa beans using indigenous yeasts, lactic acid bacteria 
(LAB), and acetic acid bacteria (AAB) (9). However, large-scale industrial fermentations, which are becoming 
more commonplace, typically use starter cultures to ensure consistency in the end food product (10). Advances 
in food technology has also led to the application of alternative processing of foods that were traditionally 
fermented, resulting in non-fermented products, notably: pickled vegetables preserved in vinegar or brine, 
meat or fish preserved using salt, bread leavened using baking powder, and fresh cheeses curdled with vinegar 
or citric acid (Table 1). 

While the consumption of fermented foods 
tends to be synonymous with consuming a 
‘dose’ of live microorganisms, this is not 
always the case. The presence of live 
microorganisms in the ready-to-consume 
product is dependent on several factors: the 
phase of the fermentation (e.g., fermentation 
of cocoa beans in the food preparation phase 
versus fermentation of yoghurt in the final 
product phase), whether the fermented food is 
heat-treated or if the microorganisms are 
intentionally removed (e.g., filtration of 
wine), as well as personal food preferences 
(e.g., cooked sauerkraut consumed in The 
Netherlands). These factors create a key 
delineation (i.e., presence/absence of 
microorganisms) for the classification of 
different types of fermented foods with 
relevance to their health impacts (Table 1).  
 
 

Fermented foods as a source of live microorganisms 

In Western societies, the resurgent interest in the consumption of fermented foods can be credited to 
the explosion of research into the human microbiome (11, 12). Several studies have demonstrated that diet 
influences the structure and function of the gut microbiota (13, 14). It is believed that the consumption of 
fermented foods containing probiotics – “live microorganisms which, when administered in adequate amounts, 
confer a health benefit on the host” (15) – is an effective way to introduce potentially beneficial 
microorganisms to the intestinal tract and help manage a wide range of disorders associated with gut microbial 
dysbiosis. These include both intestinal disorders, such as behaviour and brain disorders, inflammatory bowel 
disease, irritable bowel syndrome, and coeliac disease, as well as extra-intestinal disorders, including allergy, 
asthma, obesity, metabolic syndrome, and CVD (16, 17).  

The diversity of microorganisms found in fermented foods produced globally, as well as their 
functional properties, have been the subject of several comprehensive reviews (18, 19). Primarily, these include 
gram-positive (particularly LAB) and gram-negative bacteria, filamentous molds, and enzyme- and alcohol-
producing yeasts (18). These microorganisms and their enzymes have varied functional roles, such as acting 
as antimicrobial agents (20), antioxidants (21), and fibrinolytic agents (19, 22). Recent advances in 
(meta)genomic sequencing are further expanding our understanding of the microbial diversity and functional 
potential of fermented foods, in particular bacterial and fungal species that have been less well-characterized 
due to difficulties in culturing these species (12, 23). 

Another important aspect affecting the health impact of fermented foods is the amount of live 
microorganisms provided by the consumption of fermented foods. In a review by Rezac et al. (24), many 
fermented foods (cheese, yoghurt, sausages, vegetables, cereals, sour beer, kombucha, fermented fish, and 
tempeh) were found to contain 105−7 colony forming units (CFU) of LAB/(mL or g), with cultured dairy 
products containing up to 109 CFU/(mL or g). However, considerable variation was observed based on 
geographical region and sampling time, in addition to the manufacturing, processing, and storage conditions 

Table 1. Classification of fermented foods 
Fermented 
Live microorganisms present 

• Yoghurt 
• Sour cream 
• Kefir 
• Most cheeses 
• Miso 
• Natto 
• Tempeh 
• Non-heated fermented vegetables 
• Non-heated salami, pepperoni and other fermented sausages 
• Boza, bushera and other fermented cereals 
• Most kombuchas 
• Some beers 

Live microorganisms absent 
• Bread 
• Heat-treated or pasteurized fermented vegetables, sausage, soy 

sauce, vinegar and some kombuchas 
• Wine, most beers and distilled spirits 
• Coffee and chocolate beans (after roasting) 

Not fermented 
• Chemically leavened bread 
• Fresh sausage 
• Vegetables pickled in brine and/or vinegar 
• Chemically produced soy sauce 
• Salted or cured processed meats and fish 

Adapted from Marco et al. (8). 
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(24). Although guidelines are lacking for the minimum dose of live microorganisms that should be consumed, 
the European Union (EU) health claim for yoghurt and “improved lactose tolerance” stipulates that at least 108 
CFU of live starter microorganisms per gram of yoghurt (25). Further, Derrien et al. (26) predicted that 
ingesting a dose of 1010 ingested bacterial cells would be sufficient to drastically shift the composition of the 
gut microbiota and impact the immune and neuroendocrine responses of the host. 

Fermented foods as a source of fermentation-derived metabolites 

While not all fermented foods contain live microorganisms at the time of consumption, microbial 
activity during fermentation can still produce bioactive metabolites that could be beneficial to human health 
(27). The main fermentation processes can be grouped by the primary metabolites of fermenting 
microorganisms: alcohol and carbon dioxide produced by yeasts, acetic acid produced by AAB, lactic acid 
produced by LAB, ammonia and fatty acids produced by Bacilli and molds, and propionic acid produced by 
propionic acid bacteria (3). These metabolites parallel the end-products of the fermentation of undigested 
carbohydrate and protein by the gut microbiota, some of which (e.g., organic acids) have been positively 
associated with host gastrointestinal and immune health, lipid and protein metabolism, and appetite control 
(28). 

Additionally, various secondary ‘bioactive’ metabolites produced during fermentation are receiving 
increasing scientific interest for their functional properties. The types of metabolites produced depends on both 
the substrate and type of fermentation. For example, fermentation of milk results in the production of αs1- and 
β-casein peptide fragments from milk casein, which have been detected in several varieties of cheese (29). 
These bioactive peptides have angiotensin-converting enzyme (ACE) inhibitory activity and have also been 
reported to modulate opioid receptors in the gut epithelium (29). On the other hand, fermentation of multiple 
foods (e.g., cheese, sauerkraut) via a common fermentation pathway using LAB generates phenyllactic acids 
which help with food preservation as well as serve a physiological role of immune modulation (30, 31). 

Fermentation to enhance the nutritional quality of foods 

In addition to introducing novel fermentation-derived metabolites and directly influencing nutrients, 
fermentation can also enhance the nutritional composition of the final food product or improve nutrient 
bioavailability. Various fermented foods have been shown to have enhanced nutritional attributes compared to 
their non-fermented counterparts (32-35). For example, it has been observed that levels of flavonoids, 
anthocyanins, and triterpenoids progressively increased during the fermentation of raw radishes, beets, and 
peppers (33). Fermentation of milk into cheese and yoghurt has been shown to increase the levels of free amino 
acids detected in plasma, including α-amino butyric acid, alanine, asparagine, cysteine, glycine, glutamine, 
histidine, isoleucine, leucine, lysine, methionine, ornithine, phenylalanine, proline, serine, threonine, 
tryptophan, tyrosine, and valine (34, 35). Further, fermentation can also inactivate toxic dietary components 
and degrade anti-nutritional factors (36). Phytates present in cereals, legumes, and tubers are decreased during 
fermentation as a result of the activity of microbial phytases (36). The combination of fermentation and 
cooking also inactivates lectins from legumes that hinder nutrient absorption from the gastrointestinal tract 
(36). 

Fermented foods consumed in global and European diets 

Over 5,000 types of fermented foods and beverages have been estimated to exist worldwide, 
contributing to 5-40% of the human diet (8, 37, 38). Every region and culture produces distinct fermented 
foods based largely on accessibility to different raw materials (Figure 1). The specific types and qualities of 
fermented foods consumed in different cultures around the world have been the subject of several 
comprehensive reviews (18, 39, 40). 

Figure 1. Predominant fermented food substrates and microorganisms in regions around the world. Adapted from Tamang et al. (40). 
LAB, lactic acid bacteria. 
 

 
 

In Europe, fermented foods were traditionally derived from fermentation of milk, wheat, barley, meat, 
grapes, and vegetables. Multiple varieties of cheeses, wine, beer, and dried/salted meats (including fermented 
meats) are designated as goods with “specific geographical origin” in the EU and have distinct historical and 
cultural significance (41). Several other fermented foods, such as coffee and chocolate, have origins in other 
cultures but have been normalized in European diets from ancient trade routes or colonization. It is expected 
that the varieties of fermented foods in European diets will continue to expand with globalization and consumer 
tastes for healthy and exotic flavours. A non-exhaustive overview of the types of fermented foods commonly 
consumed in modern European diets, as well as their raw materials and fermenting microorganisms, is provided 
in Table 2. It should be noted that although spirits (e.g., brandy, gin, whisky) are also technically considered 
to be fermented beverages, they were not further evaluated in this thesis, as their high alcohol content 
dominates the presence of other metabolites of fermentation that are interesting from a nutritional point of 
view. 

Alongside these fermented foods, dairy products as a whole (which comprise both fermented and non-
fermented dairy foods), make a significant nutritional contribution to European diets. For decades, dairy foods 
have been relied upon as a source of different macronutrients and micronutrients, including calcium, vitamins, 
protein, essential and non-essential fatty acids (42). A wide variety of dairy foods exist in the European food 
supply: yoghurt, cheese, fermented milks, crème fraiche, buttermilk, and quark (typically fermented), as well 
as milk, fresh cheeses, cream, ice cream, and butter (typically non-fermented). The levels of dairy nutrients 
and their associated health implications have been extensively studied, and formed the basis of conventional 
dietary recommendations that promote dairy to reduce nutrient deficiencies and prevent over-nutrition (1, 42, 
43). However, dairy foods are more than a ‘sum of their parts’, and recent recognition of the complexity of 
diet-disease risk pathways has highlighted the importance of examining whole foods – taking into 
consideration the food matrix, nutrients, other ingredients, and different processing methods (e.g., 
fermentation) – for chronic disease prevention (43). 
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tastes for healthy and exotic flavours. A non-exhaustive overview of the types of fermented foods commonly 
consumed in modern European diets, as well as their raw materials and fermenting microorganisms, is provided 
in Table 2. It should be noted that although spirits (e.g., brandy, gin, whisky) are also technically considered 
to be fermented beverages, they were not further evaluated in this thesis, as their high alcohol content 
dominates the presence of other metabolites of fermentation that are interesting from a nutritional point of 
view. 

Alongside these fermented foods, dairy products as a whole (which comprise both fermented and non-
fermented dairy foods), make a significant nutritional contribution to European diets. For decades, dairy foods 
have been relied upon as a source of different macronutrients and micronutrients, including calcium, vitamins, 
protein, essential and non-essential fatty acids (42). A wide variety of dairy foods exist in the European food 
supply: yoghurt, cheese, fermented milks, crème fraiche, buttermilk, and quark (typically fermented), as well 
as milk, fresh cheeses, cream, ice cream, and butter (typically non-fermented). The levels of dairy nutrients 
and their associated health implications have been extensively studied, and formed the basis of conventional 
dietary recommendations that promote dairy to reduce nutrient deficiencies and prevent over-nutrition (1, 42, 
43). However, dairy foods are more than a ‘sum of their parts’, and recent recognition of the complexity of 
diet-disease risk pathways has highlighted the importance of examining whole foods – taking into 
consideration the food matrix, nutrients, other ingredients, and different processing methods (e.g., 
fermentation) – for chronic disease prevention (43). 
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The evidence between fermented foods and cardiometabolic health  

Proposed mechanisms between the consumption of fermented foods and health 

 Several mechanisms have been proposed that support a role of fermented foods in promoting 
(cardiometabolic) health. As mentioned previously, fermented foods containing live microorganisms at the 
time of consumption may provide a source of probiotics, which can modulate both the composition and 
function of the host’s gut microbiota (26). Changes in gut microbial composition could enhance the integrity 
of the intestinal barrier and reduce low-grade inflammation associated with endotoxemia, which is speculated 
to be a mediator of obesity-related diseases (46). In animal models, consumption of dairy products with 
probiotics demonstrated greater cardiometabolic health benefits compared to consumption of dairy products 
without probiotics. In one such study, C57BL/6 mice on high-fat diets given kefir (a fermented dairy product) 
had reduced weight gain, hepatic steatosis, and low-density lipoprotein (LDL)-cholesterol levels compared to 
mice given milk (47). Mice given kefir also had higher levels of Lactobacillus, Lactococcus, total yeast, and 
Candida in the gut, which was strongly correlated with upregulated expression of fatty acid oxidation genes 
(AOX, PPAR-α) in both hepatic and adipose tissues. Reduced plasma levels of the pro-inflammatory cytokine 
IL-6 and down-regulation of the inflammation gene MCP1 in adipose tissue was also observed. Evidence from 
several human trials also support a promising role for certain probiotic strains (primarily Lactobacillus) on 
weight maintenance, adiposity, obesity, and cholesterol levels, although further evidence is needed for their 
clinical relevance (48-52). Moreover, consumption of probiotics seems to modulate the function of the gut 
microbiota by increasing the production of short-chain fatty acids that impact energy homeostasis, obesity, and 
insulin resistance (53, 54). Given that there is a clear overlap between fermentation products and microbial 
activities in fermented foods and the gut microbiota, the literature on the health impact of the gut microbiota 
feeds back into the potential health benefits of fermented foods. 

On the other hand, fermented foods that do not contain live microorganisms at the time of consumption 
can still be a source of postbiotics, defined as a “preparation of inanimate microorganisms and/or their 
components that confers a health benefit on the host” (55). The mechanisms of the non-viable microorganisms 
have been postulated to be similar to probiotics, such as helping to modulate the gut microbiota and enhance 
epithelial barrier function, as well as modulating host immune, metabolic, and signaling responses (55). In 
mouse models, consumption of heat-inactivated postbiotic preparation consisting of Limosilactobacillus 
fermentum and Lactobacillus delbrueckii resulted in altered gut microbiota composition and intestinal 
structure, indicating that the inactivated microorganisms maintain biological activity (56). 

Importantly, both fermented foods containing live probiotics or inactive postbiotics contain end-
products of fermentation (i.e., metabolites derived from or enhanced by the fermentation process), which could 
modulate multiple metabolic signaling pathways to improve overall cardiometabolic health. Many fermented 
foods are produced using LAB, which generates lactic acid, short-chain fatty acids, bioactive peptides, and 
polyamines with potential effects on cardiovascular, immune and metabolic health (55, 57). Fermenting 
bacteria can also influence cardiometabolic health by improving nutrient bioavailability, such as the bacterial 
production of vitamin K2 from vitamin K1, leading to a more potent activation of vitamin K-dependent 
proteins that affect multiple metabolic pathways (42). Other compounds may be present in fermented foods 
due to the presence of specific bacteria. For example, conjugated linoleic acid (CLA) that is associated with 
improved energy homeostasis (58) and which is already present in non-fermented dairy, may be elevated in 
fermented dairy foods due to the action of LAB or Bifidobacteria strains on linoleic acid (59). 

 

 

Clinical evidence for fermented dairy and cardiometabolic health 

Due to the nutritional importance of fermented and non-fermented dairy foods in European diets, a 
number of epidemiological and dietary intervention studies have investigated the impact of their consumption 
on CMDs and associated risk factors. Numerous studies have examined the cardio-protective effects of 
fermented dairy foods, both in the context of and separately to total dairy intake (60, 61). One example is the 
standardized analysis of the association between dairy intake and CVD risk in the Prospective Urban Rural 
Epidemiology (PURE) study, where dietary data on dairy consumption was assimilated for 136,384 individuals 
from 21 countries representing five continents (60). Overall, higher intake of dairy foods (> 2 servings/d) 
compared to no intake was associated with significantly lower risks of composite CVD events (combined 
mortality and major CVD events) (hazard ratio (HR) 0.84, 95% CI 0.75-0.94), cardiovascular mortality (HR 
0.77, 0.58-1.01), major CVD events (HR 0.78, 0.67-0.90) and stroke (0.66, 0.53-0.82). Lower risks of 
composite CVD events were also observed for yoghurt (HR 0.86, 0.75-0.99) and milk (HR 0.90, 95% CI 0.82-
0.99) intake, while neither cheese nor butter were associated with the clinical outcomes assessed.  

In contrast, the findings of the Northern Sweden Health and Disease Study (n = 108,065) associated 
higher intakes of milk with an increased risk of myocardial infarction (HR 1.17, 95% CI 1.03-1.34) and type 
II diabetes (HR 1.23, 95% CI 1.10-1.37) in men but not women (61). Higher intakes of fermented milk, butter 
and cheese, however, were not significantly associated with these CVD-related outcomes. A stratification of 
the analysis by fat content surprisingly suggested that lower fat dairy products were associated with increased 
risk of the CVD-related outcomes assessed, but this may be attributed to other factors (i.e., compensation of 
calories from dairy with that of other food groups, consumption of other foods in the diet in addition to low-
fat dairy, or to possible cardio-protective effects of dairy fats).  

Several other studies have also examined effects of fermented dairy intake on individual CMD risk 
factors, including blood lipids (62-66), hypertension (67-71), body mass index and obesity (72-77), type II 
diabetes, glycemia and insulin homeostasis (61, 75, 78, 79), also with conflicting findings. In a review of 16 
meta-analyses by Gille et al. (80), weakly beneficial albeit inconsistent links were found between the 
consumption of dairy and fermented dairy products and several CMD risk factors (Table 3). The strongest 
evidence in the review was observed between yoghurt on risk factors of type II diabetes (80).  
 

Table 3. Summary of the systematic reviews and meta-analyses between dairy foods and various cardiometabolic disease 
risk parametersa 
 Total Dairy Milk Cheese Yoghurt 
Prospective studies 
CVD     
CAD/CHD     
Stroke     
Hypertension     
Metabolic synrome     
Type II diabetes     
Intervention studies 
LDL-cholesterol     
HDL-cholesterol     
Fasting triglycerides     
Postprandial triglycerides     
LDL size     
Apolipoprotein B     
Non-HDL cholesterol     
Cholesterol ratios     
Inflammation     
Insulin resistance     
Blood pressure     
Vascular function     
CAD, coronary arterial disease; CHD, coronary heart disease; CVD, cardivascular disease; HDL, high-density lipoprotein; LDL, 
low-density lipoprotein. 
a Adapted from Gille et al. (80). Colors represent the overall findings of the studies: favourable ( ), neutral or no effect ( ), 
uncertain or undetermined ( ). No adverse associations were observed. 
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The evidence between fermented foods and cardiometabolic health  

Proposed mechanisms between the consumption of fermented foods and health 

 Several mechanisms have been proposed that support a role of fermented foods in promoting 
(cardiometabolic) health. As mentioned previously, fermented foods containing live microorganisms at the 
time of consumption may provide a source of probiotics, which can modulate both the composition and 
function of the host’s gut microbiota (26). Changes in gut microbial composition could enhance the integrity 
of the intestinal barrier and reduce low-grade inflammation associated with endotoxemia, which is speculated 
to be a mediator of obesity-related diseases (46). In animal models, consumption of dairy products with 
probiotics demonstrated greater cardiometabolic health benefits compared to consumption of dairy products 
without probiotics. In one such study, C57BL/6 mice on high-fat diets given kefir (a fermented dairy product) 
had reduced weight gain, hepatic steatosis, and low-density lipoprotein (LDL)-cholesterol levels compared to 
mice given milk (47). Mice given kefir also had higher levels of Lactobacillus, Lactococcus, total yeast, and 
Candida in the gut, which was strongly correlated with upregulated expression of fatty acid oxidation genes 
(AOX, PPAR-α) in both hepatic and adipose tissues. Reduced plasma levels of the pro-inflammatory cytokine 
IL-6 and down-regulation of the inflammation gene MCP1 in adipose tissue was also observed. Evidence from 
several human trials also support a promising role for certain probiotic strains (primarily Lactobacillus) on 
weight maintenance, adiposity, obesity, and cholesterol levels, although further evidence is needed for their 
clinical relevance (48-52). Moreover, consumption of probiotics seems to modulate the function of the gut 
microbiota by increasing the production of short-chain fatty acids that impact energy homeostasis, obesity, and 
insulin resistance (53, 54). Given that there is a clear overlap between fermentation products and microbial 
activities in fermented foods and the gut microbiota, the literature on the health impact of the gut microbiota 
feeds back into the potential health benefits of fermented foods. 

On the other hand, fermented foods that do not contain live microorganisms at the time of consumption 
can still be a source of postbiotics, defined as a “preparation of inanimate microorganisms and/or their 
components that confers a health benefit on the host” (55). The mechanisms of the non-viable microorganisms 
have been postulated to be similar to probiotics, such as helping to modulate the gut microbiota and enhance 
epithelial barrier function, as well as modulating host immune, metabolic, and signaling responses (55). In 
mouse models, consumption of heat-inactivated postbiotic preparation consisting of Limosilactobacillus 
fermentum and Lactobacillus delbrueckii resulted in altered gut microbiota composition and intestinal 
structure, indicating that the inactivated microorganisms maintain biological activity (56). 

Importantly, both fermented foods containing live probiotics or inactive postbiotics contain end-
products of fermentation (i.e., metabolites derived from or enhanced by the fermentation process), which could 
modulate multiple metabolic signaling pathways to improve overall cardiometabolic health. Many fermented 
foods are produced using LAB, which generates lactic acid, short-chain fatty acids, bioactive peptides, and 
polyamines with potential effects on cardiovascular, immune and metabolic health (55, 57). Fermenting 
bacteria can also influence cardiometabolic health by improving nutrient bioavailability, such as the bacterial 
production of vitamin K2 from vitamin K1, leading to a more potent activation of vitamin K-dependent 
proteins that affect multiple metabolic pathways (42). Other compounds may be present in fermented foods 
due to the presence of specific bacteria. For example, conjugated linoleic acid (CLA) that is associated with 
improved energy homeostasis (58) and which is already present in non-fermented dairy, may be elevated in 
fermented dairy foods due to the action of LAB or Bifidobacteria strains on linoleic acid (59). 
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II diabetes (HR 1.23, 95% CI 1.10-1.37) in men but not women (61). Higher intakes of fermented milk, butter 
and cheese, however, were not significantly associated with these CVD-related outcomes. A stratification of 
the analysis by fat content surprisingly suggested that lower fat dairy products were associated with increased 
risk of the CVD-related outcomes assessed, but this may be attributed to other factors (i.e., compensation of 
calories from dairy with that of other food groups, consumption of other foods in the diet in addition to low-
fat dairy, or to possible cardio-protective effects of dairy fats).  

Several other studies have also examined effects of fermented dairy intake on individual CMD risk 
factors, including blood lipids (62-66), hypertension (67-71), body mass index and obesity (72-77), type II 
diabetes, glycemia and insulin homeostasis (61, 75, 78, 79), also with conflicting findings. In a review of 16 
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consumption of dairy and fermented dairy products and several CMD risk factors (Table 3). The strongest 
evidence in the review was observed between yoghurt on risk factors of type II diabetes (80).  
 

Table 3. Summary of the systematic reviews and meta-analyses between dairy foods and various cardiometabolic disease 
risk parametersa 
 Total Dairy Milk Cheese Yoghurt 
Prospective studies 
CVD     
CAD/CHD     
Stroke     
Hypertension     
Metabolic synrome     
Type II diabetes     
Intervention studies 
LDL-cholesterol     
HDL-cholesterol     
Fasting triglycerides     
Postprandial triglycerides     
LDL size     
Apolipoprotein B     
Non-HDL cholesterol     
Cholesterol ratios     
Inflammation     
Insulin resistance     
Blood pressure     
Vascular function     
CAD, coronary arterial disease; CHD, coronary heart disease; CVD, cardivascular disease; HDL, high-density lipoprotein; LDL, 
low-density lipoprotein. 
a Adapted from Gille et al. (80). Colors represent the overall findings of the studies: favourable ( ), neutral or no effect ( ), 
uncertain or undetermined ( ). No adverse associations were observed. 
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Clinical evidence for other fermented foods and cardiometabolic health 

Associations between bacterial fermented food intake and mortality from all causes, total cancer, and 
CVD were examined in 34,409 individuals from the EPIC-NL cohort (81).  The fermented foods evaluated 
consisted mainly of fermented dairy foods (yogurt, buttermilk and quark, excluding cheese) (78%), and cheese 
(16%), but also fermented meat (dried sausage), vegetables (sauerkraut, pickles, olives), soya (tempeh) and 
vinegar. However, fermented foods made using yeast as the main starter culture (bread, wine, beer, alcoholic 
drinks) or by endogenous enzymes/microorganisms (cocoa, coffee, tea) were intentionally excluded. Higher 
total fermented food intake was not found to be associated with mortality due to all causes (HR 1.00, 95% CI 
0.88-1.13), cancer (HR 1.02, 95% CI 0.86-1.21) or CVD (HR 1.04, 95% CI 0.83-1.30). Out of the fermented 
food subgroups, only cheese was moderately inversely associated with CVD mortality, particularly from stroke 
(HR 0.59, 95% CI 0.38-0.92). 

The impact of several other fermented foods consumed in European diets on cardiometabolic health 
have also been the subject of comprehensive reviews and meta-analyses. Previous meta-analyses found no 
associations between coffee consumption and coronary heart disease (CHD) risk (82, 83), while an updated 
systematic review and meta-analysis of prospective cohort studies found an inverse association between 
moderate habitual coffee consumption and CVD risk (84). The relationships were non-linear, with the lowest 
risk reported at 3 to 5 cups of coffee per day. Here, genetic polymorphisms may be an important consideration 
to further interpret the heterogeneous impacts of coffee consumption on CVD-related outcomes (85).  

Similarly, several meta-analyses have shown that low to moderate intake of red wine (e.g., 270 
mL/day) could have a protective effect against CHD, while extremely high intakes had deleterious effects (86-
88). A review of prospective studies indicates that moderate beer consumption of up to 16 g alcohol/day (1 
drink/day) for women and 28 g/day (1-2 drinks/day) for men may also have a protective effect against CVD 
and mortality compared to non-alcohol or occasional drinkers (89). However, the overall impact on different 
risk parameters remain equivocal. A recent meta-analysis of controlled clinical trials of beer intake found that 
beer drinkers had elevated total cholesterol, high-density lipoprotein (HDL)-cholesterol and apolipoprotein 
A1, and flow mediated dilation compared to non-beer drinkers, but no differences in LDL-cholesterol, 
triglycerides, blood pressure, or other biochemical markers of inflammation (90).  

For chocolate, multiple meta-analyses have found that consumption of chocolate was inversely 
associated with CHD, stroke, and type II diabetes; however, effective categories or levels of intake differed 
among the studies and need to be further clarified, and several aspects of study quality needs to be improved 
(91-94). Aside from these fermented foods, few well-designed, randomized controlled trials or prospective 
studies have examined the health impacts of other fermented food products consumed in European or global 
diets. Presumably, since the types of fermented foods consumed varies greatly across the world, consumption 
of different microorganisms (and their products) that may have different health impacts as well. 

Limitations of the current evidence 

 While a plethora of studies have examined associations between the intake of certain fermented foods 
(coffee, wine, beer, and cocoa) and cardiometabolic health outcomes, closer examination of the methods of 
these studies reveals limitations and inaccuracies which could obscure the interpretations of the results. In 
many studies, non-fermented foods have been misclassified as fermented food products. For example, in an 
association study between fermented dairy intake, diet quality, and cardiometabolic profile, Mena-Sánchez et 
al. (95) defined fermented dairy products as “low-fat yogurt, whole-fat yogurt, and all types of cheese (petit 
Swiss; ricotta; fresh cheese; cottage; and semi-cured and cured cheeses such as Cheddar, Manchego, and 
Emmental)”. Similarly, Kostinen et al. (96) included cottage cheese under total fermented dairy products when 
examining associations between fermented and non-fermented dairy products and risk of coronary heart 
disease. Ricotta, cottage cheese, and fresh cheeses are produced by curdling of milk with acid, and are thus 

generally not considered to be fermented. In light of the recently clarified definitions of fermented foods, a 
more critical classification scheme is thus required to correctly classify fermented foods prior to examining 
associations between their intake and health outcomes. Furthermore, almost all studies to date have relied on 
self-report measures to assess the intake of fermented foods (81, 95, 96). The subjective nature of these tools 
can result in inaccurate estimates of the levels of fermented food intake. The characteristics and limitations of 
self-report dietary assessment tools are described in detail below, as well as an opportunity to improve the 
accuracy of assessing fermented food intake through more objective measures. 

Methods for measuring dietary intake in a population 

Traditional dietary assessment methods 

One of the criticisms of population-based studies in nutritional epidemiology is the inability to 
accurately capture the foods consumed in the diet and their levels of intake, contributing to inconsistent 
evidence between (fermented) foods and health, and weakening their potential translation to clinical and public 
health applications (97, 98). Common dietary assessment methods include weighted food records (a detailed 
record of ingredients, foods, leftovers, and their weights), 24-h recalls (a detailed account of all foods 
consumed in the previous 24 hours self-reported by participants to trained interviewers), and food frequency 
questionnaires (FFQ) (self-reported intakes of a pre-determined list of foods, typically in the past month to 
year), each with their own advantages and drawbacks (99). In controlled intervention studies, multiple-day 
weighted food records are considered the ‘gold standard’ method for precisely measuring food intake during 
the study period. However, they may introduce reactivity bias (intentional or unintentional changes in dietary 
habits and health due to the reporting process), and their high respondent burden make them impractical to 
administer for a large population (100, 101). Another common method, the 24-h recall, is also regarded as 
being too time- and labor-intensive to administer to large populations, compounded by the fact that multiple 
recalls are often required to capture the day-to-day variation of foods and nutrients to reflect habitual intake 
(102). FFQs are typically the preferred method for measuring habitual intake in large population studies, since 
they can be administered and processed fairly efficiently for several thousand participants at once. However, 
the limited number of foods that can be assessed (and in detail), inaccurate estimation of portion sizes, and 
errors in food composition tables also make FFQ prone to measurement error (103, 104). Additionally, since 
both FFQs and 24-h recalls rely on (subjective) self-reporting, their precision depends upon the devotion, 
diligence, and memory of the participants. Such errors can lead to reduced power, confounding due to 
systematic reporting errors, as well as underestimated or overestimated findings in association studies. 

Food intake biomarkers as objective measures of intake 

To circumvent the limitations of self-report dietary measurement tools, researchers have looked to 
nutritional biomarkers as objective measures of dietary intake (105). In nutritional research, several definitions 
of biomarkers have been proposed, including ‘a biochemical indicator of dietary intake/nutritional status 
(recent or long term), or an index of nutrient metabolism, or a marker of the biological consequences of dietary 
intake’ (106, 107), and ‘test results related to exposure, susceptibility or biological effect’ (108). Beyond 
definitions based on technology or outcomes, biomarkers can also be classified based on their intended use. 
For instance, food intake biomarkers (FIBs) can be used to assess the intake of a specific food with a distinct 
dose- and time-dependent response, while effect biomarkers can help indicate a physiological or health state 
following the exposure to a food or diet (109). FIBs can also be used to monitor compliance to interventions 
in clinical trials (110), and may provide valuable information beyond self-reported intake particularly when 
food composition data are not available or limited. 



General introduction

17

Clinical evidence for other fermented foods and cardiometabolic health 
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Identifying a single FIB for a specific food can be a challenging task, since most dietary compounds 
commonly occur in many different foods. Different food sources may also contain common FIBs from a shared 
food processing method or metabolic pathway. This is particularly relevant to fermented foods, where common 
microbial fermentation pathways (e.g., lactic fermentations) can result in the production of similar sets of 
metabolites. At the same time, the diverse raw material substrates used for fermentation can be a source of 
unique parent compounds. In these cases, multi-marker approaches, consisting of a combination of non-
specific yet complementary biomarkers, could better inform the intake of fermented foods (111). Multi-
metabolite panels have been suggested for wine, cocoa, and bread (111), but remain to be exploited for other 
fermented foods. 

Further, the validation of FIBs is critical to ensure that they accurately represent a particular food, the 
level of intake of the food, and the intended use (112). Validation of a FIB involves several steps, often 
addressed across multiple studies. Naturally, the FIB should be food-derived and food-specific (plausibility), 
the biomarker should be able to distinguish between a range of intakes, and the kinetics of the FIB should be 
known and concordant with different levels of intake (dose-response) as well as its intended use (time-
response). The FIB should also perform well in a free-living population after the intake of complex meals 
reflecting the habitual diet of the study population (robustness), and meet proper sampling, storage, and 
accuracy, sensitivity and specificity for the analytical equipment (validation criteria of reliability, stability, 
analytical performance, and reproducibility) (112). To date, only a small handful of biomarkers have been 
described as validated. These include the ‘recovery biomarkers’ doubly-labelled water for energy expenditure 
(113), 24-h urinary nitrogen for total protein intake (114), and 24-h urinary potassium for potassium intake 
(115), and ‘concentration biomarkers’ such as carotenoids for the intake of vegetables and fruits (116, 117), 
and n-3 fatty acids for the intake of oily fish (118). No validated biomarkers exist for the intake of various 
fermented foods. 

The value of metabolomics in the discovery of food intake biomarkers 

The identification of new FIBs has been driven by the application of metabolomics in nutritional 
research, which allows for a comprehensive measurement of all low molecular weight molecules in biological 
samples (119). The predominant analytical platforms used to detect and measure biomarkers can be described 
as either nuclear magnetic resonance (NMR)-based or mass spectrometry (MS)-based (i.e., liquid 
chromatography mass spectrometry (LC-MS) and gas chromatography mass spectrometry (GC-MS)). A 
combination of analytical platforms is particularly valuable for biomarker discovery, and is widely used in 
nutritional metabolomics (120). The primary advantage of using combined platforms is that unique sets of 
FIBs can be identified based on the strengths of a particular platform, while simultaneously enhancing the 
confidence and accuracy of metabolites identified across multiple platforms. At the same time, certain 
disadvantages arising from the use of a sole platform can be mitigated (i.e., GC-MS, high reproducibility of 
mass spectra but not suitable for non-volatile and heat-labile metabolites; LC-MS, high sensitivity and wide 
dynamic range but difficult to identify unknowns; NMR, good structural elucidation for identification but low 
sensitivity) (121). Guidelines on the best practices for metabolomics analyses in nutritional research – outlining 
study design, pre-processing, sample preparation, measurement, data analysis, compound identification, and 
biological interpretation – has been provided by members of the FoodBAll Consortium (120).  

 

 

 

Objectives and outline of this thesis 

Evidently, there is value in identifying FIBs for fermented foods that could improve the dietary 
assessment of these foods for future studies, inform on their nutritional quality, and elucidate the mechanisms 
of action that underpin the health benefits of fermented foods. In addition, there is a need to validate several 
candidate FIBs for fermented foods have emerged from non-targeted and targeted nutritional metabolomics 
studies, in real-life, non-controlled, situations. In particular, this includes several FIBs for fermented and non-
fermented dairy products that were identified in short-term human dietary intervention studies conducted at 
Agroscope (34, 122-124). The overarching objective of this thesis (the Cardioferment project) is thus to further 
identify and validate candidate FIBs for fermented food intake using a real-life prospective cohort study in the 
Netherlands, “Nutritional Questionnaire plus” (NQplus), and examine their associations with cardiometabolic 
health. 

The NQplus study is a prospective cohort study comprising 2048 primarily Caucasian Dutch adults 
(20 to 70 years), living in or around Wageningen, The Netherlands. It was initiated as an ‘add-on’ study to the 
National Dietary Assessment Reference Database (NDARD) project, to gather extensive data on participant 
demographics, diet (FFQ and 24-h recalls), lifestyle, medical history, and cardiometabolic health outcomes 
(125, 126). Fasting blood samples and 24-h urine samples were also collected. The study participants were 
recruited and included in the study between June 2011 and February 2013. All measurements were conducted 
at baseline repeated at 1 and 2 years of follow-up. 
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Chapter 4, previously-identified FIBs for milk, cheese, and yoghurt were targeted in the plasma and urine 
metabolomes of a subcohort of NQplus participants, and their robustness was evaluated in a free-living 
population. In Chapter 5, associations were examined between dairy intake, a targeted panel of milk-derived 
free fatty acids, and CMD risk parameters. In Chapter 6, non-targeted metabolomics was applied to identify 
FIBs of fermented foods in the plasma and urine of a selected number of NQplus participants, and their 
associations with CMD risk parameters was examined. Finally, in Chapter 7, the main findings across all 
studies will be synthesized and discussed.  
 
***** 
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Chapter 4, previously-identified FIBs for milk, cheese, and yoghurt were targeted in the plasma and urine 
metabolomes of a subcohort of NQplus participants, and their robustness was evaluated in a free-living 
population. In Chapter 5, associations were examined between dairy intake, a targeted panel of milk-derived 
free fatty acids, and CMD risk parameters. In Chapter 6, non-targeted metabolomics was applied to identify 
FIBs of fermented foods in the plasma and urine of a selected number of NQplus participants, and their 
associations with CMD risk parameters was examined. Finally, in Chapter 7, the main findings across all 
studies will be synthesized and discussed.  
 
***** 
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Abstract 

Background: Fermented foods are ubiquitous in human diets and often lauded for their sensory, nutritious, 
and health-promoting qualities. However, precise associations between the intake of fermented foods and 
health have not been well-established. This is in part due to the limitations of current dietary assessment tools 
that rely on subjective reporting, making them prone to memory-related errors and reporting bias. The 
identification of food intake biomarkers (FIBs) bypasses this challenge by providing an objective measure of 
intake. Despite numerous studies reporting on FIBs for various types of fermented foods and drinks, unique 
biomarkers associated with the fermentation process (‘fermentation-dependent’ biomarkers) have not been 
well documented. We therefore conducted a comprehensive, systematic review of the literature to identify 
biomarkers of fermented foods commonly consumed in diets across the world.  
 
Results: After title, abstract, and full-text screening, extraction of data from 301 articles resulted in an 
extensive list of compounds that were detected in human biofluids following the consumption of various 
fermented foods, with the majority of articles focussing on coffee (69), wine (69 articles), cocoa (62), beer 
(34), and bread (29). The identified compounds from all included papers were consolidated and sorted into 
FIBs proposed for a specific food, for a food group, or for the fermentation process. Alongside food-specific 
markers (e.g., trigonelline for coffee), and food-group markers (e.g., pentadecanoic acid for dairy intake), 
several fermentation-dependent markers were revealed. These comprised compounds related to the 
fermentation process of a particular food, such as mannitol (wine), 2-ethylmalate (beer), methionine 
(sourdough bread, cheese), theabrownins (tea), and gallic acid (tea, wine), while others were indicative of more 
general fermentation processes (e.g., ethanol from alcoholic fermentation, 3-phenyllactic acid from lactic-
fermentation).  
 
Conclusions:  Fermented foods comprise a heterogeneous group of foods. While many of the candidate FIBs 
identified were found to be non-specific, greater specificity may be observed when considering a combination 
of compounds identified for individual fermented foods, food groups, and from fermentation processes. Future 
studies that focus on how fermentation impacts the composition and nutritional quality of food substrates could 
help to identify novel biomarkers of fermented food intake.  

Background 

Fermentation as a food processing technology has been used for millennia to enhance the flavour, 
texture, and nutritive value of foods, as well as to improve their transportability, storage time, and/or safety (1, 
2). Fermentation techniques continue to be refined and applied to a wide range of foods, including milk, grains, 
legumes, fruits, vegetables, fish, and meat products. Common types of fermented foods vary by region; for 
example, fermented dairy products (e.g., cheese, yoghurt, buttermilk) are produced and consumed abundantly 
in Europe, fermented pulses and cereals (e.g., dosai, idli, injera) are mostly indigenous to South Asia and 
Africa, and fermented soy products (e.g., natto, miso, soy sauce, doubanjiang) are particularly common in East 
Asia (3-5). Other products are less regionally- or culturally-dependent, such as fermented fish products that 
are consumed in Korea (sikhae) and Japan (narezushi), as well as Sweden (surströmming) and Norway 
(rakfisk) (4, 6). The endless combination of foods (or ‘substrates’), microorganisms, and fermentation 
techniques results in global fermented products with vastly different sensory and nutritional profiles. Currently, 
over 5000 types of fermented foods and beverages exist worldwide (7), and continued growth of the fermented 
food market is anticipated and fuelled by health food trends and rejuvenated artisanal practices. 

Fermented foods are produced by the controlled growth and enzymatic activities of microorganisms, 
through four main fermentation processes (lactic, acetic, alcoholic, and alkaline) (4, 8). Lactic fermentations 
are carried out by lactic acid bacteria (LAB) (predominantly Lactobacillus, Streptococcus, Pediococcus, and 
Leuconostoc) for the production of fermented dairy, meat, and vegetable products, whereas acetic acid bacteria 
(e.g., Gluconacetobacter) are responsible for the fermentation of cocoa, vinegar, and kombucha (9, 10). 
Alcoholic fermentations are driven by yeasts (e.g., Saccharomyces cerevisiae) for the production of beer, wine, 
and breads, while alkaline fermentations make use of fungi (e.g., Penicillium spp and Aspergillus spp) during 
the production and maturation of cheese, fermented meats, and fermented soy products (11, 12). Irrespective 
of the type of fermentation, microbial enzymes interact with the food matrix to produce novel metabolites, 
which can affect the sensory and functional profile of foods (13-20), and have also been suggested to possess 
bioactive qualities that can help prevent chronic diseases such as type II diabetes and cardiovascular disease 
(17).  

Fundamental research suggests that the protective effects of fermented foods may be explained by 
fermentation-induced increases in the bioavailability of certain macro- and micronutrients (e.g., protein, 
vitamins) (21), fermentation-induced decreases in anti-nutritional compounds (22), or driven by novel 
bioactive compounds of microbial metabolism (7). While several human observational studies have indicated 
a possible beneficial association between fermented food consumption and cardiometabolic health, specifically 
in terms of weight maintenance, diabetes/glucose homeostasis, and overall cardiovascular disease risk (23-25), 
the evidence is still inconclusive, in part due to the limitations of tools used to quantify fermented food intake. 

Currently, self-report food frequency questionnaires (FFQs), 24-h recalls, and food diaries (weighed 
or unweighed) are the most commonly used dietary assessment tools to quantify food intake. The FFQ is 
usually the method of choice in observational cohort studies. In contrast to diaries and recalls, FFQs are 
relatively easy to administer and process, but their accuracy relies on the memory and devotion of respondents. 
Consequently, random and systematic errors, including memory-related bias, incorrect estimates of portion 
sizes, and/or bias towards socially desirable answers, are inevitable (26, 27). There is also no FFQ that has 
been specifically designed to estimate fermented food intake, and food lists in existing FFQs may not 
comprehensively cover the intakes of this diverse food group, or distinguish the nuances within specific foods 
that affect their fermentation status (e.g., fermented pickles vs. acidified pickles). Moreover, none of the self-
report dietary assessment methods take into account differences in food metabolism between individuals, 
which can have a significant bearing on the immediate effects of diet and subsequent health consequences. 
The importance of accurately assessing food intake across diverse populations has propelled food intake 
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Abstract 

Background: Fermented foods are ubiquitous in human diets and often lauded for their sensory, nutritious, 
and health-promoting qualities. However, precise associations between the intake of fermented foods and 
health have not been well-established. This is in part due to the limitations of current dietary assessment tools 
that rely on subjective reporting, making them prone to memory-related errors and reporting bias. The 
identification of food intake biomarkers (FIBs) bypasses this challenge by providing an objective measure of 
intake. Despite numerous studies reporting on FIBs for various types of fermented foods and drinks, unique 
biomarkers associated with the fermentation process (‘fermentation-dependent’ biomarkers) have not been 
well documented. We therefore conducted a comprehensive, systematic review of the literature to identify 
biomarkers of fermented foods commonly consumed in diets across the world.  
 
Results: After title, abstract, and full-text screening, extraction of data from 301 articles resulted in an 
extensive list of compounds that were detected in human biofluids following the consumption of various 
fermented foods, with the majority of articles focussing on coffee (69), wine (69 articles), cocoa (62), beer 
(34), and bread (29). The identified compounds from all included papers were consolidated and sorted into 
FIBs proposed for a specific food, for a food group, or for the fermentation process. Alongside food-specific 
markers (e.g., trigonelline for coffee), and food-group markers (e.g., pentadecanoic acid for dairy intake), 
several fermentation-dependent markers were revealed. These comprised compounds related to the 
fermentation process of a particular food, such as mannitol (wine), 2-ethylmalate (beer), methionine 
(sourdough bread, cheese), theabrownins (tea), and gallic acid (tea, wine), while others were indicative of more 
general fermentation processes (e.g., ethanol from alcoholic fermentation, 3-phenyllactic acid from lactic-
fermentation).  
 
Conclusions:  Fermented foods comprise a heterogeneous group of foods. While many of the candidate FIBs 
identified were found to be non-specific, greater specificity may be observed when considering a combination 
of compounds identified for individual fermented foods, food groups, and from fermentation processes. Future 
studies that focus on how fermentation impacts the composition and nutritional quality of food substrates could 
help to identify novel biomarkers of fermented food intake.  

Background 

Fermentation as a food processing technology has been used for millennia to enhance the flavour, 
texture, and nutritive value of foods, as well as to improve their transportability, storage time, and/or safety (1, 
2). Fermentation techniques continue to be refined and applied to a wide range of foods, including milk, grains, 
legumes, fruits, vegetables, fish, and meat products. Common types of fermented foods vary by region; for 
example, fermented dairy products (e.g., cheese, yoghurt, buttermilk) are produced and consumed abundantly 
in Europe, fermented pulses and cereals (e.g., dosai, idli, injera) are mostly indigenous to South Asia and 
Africa, and fermented soy products (e.g., natto, miso, soy sauce, doubanjiang) are particularly common in East 
Asia (3-5). Other products are less regionally- or culturally-dependent, such as fermented fish products that 
are consumed in Korea (sikhae) and Japan (narezushi), as well as Sweden (surströmming) and Norway 
(rakfisk) (4, 6). The endless combination of foods (or ‘substrates’), microorganisms, and fermentation 
techniques results in global fermented products with vastly different sensory and nutritional profiles. Currently, 
over 5000 types of fermented foods and beverages exist worldwide (7), and continued growth of the fermented 
food market is anticipated and fuelled by health food trends and rejuvenated artisanal practices. 

Fermented foods are produced by the controlled growth and enzymatic activities of microorganisms, 
through four main fermentation processes (lactic, acetic, alcoholic, and alkaline) (4, 8). Lactic fermentations 
are carried out by lactic acid bacteria (LAB) (predominantly Lactobacillus, Streptococcus, Pediococcus, and 
Leuconostoc) for the production of fermented dairy, meat, and vegetable products, whereas acetic acid bacteria 
(e.g., Gluconacetobacter) are responsible for the fermentation of cocoa, vinegar, and kombucha (9, 10). 
Alcoholic fermentations are driven by yeasts (e.g., Saccharomyces cerevisiae) for the production of beer, wine, 
and breads, while alkaline fermentations make use of fungi (e.g., Penicillium spp and Aspergillus spp) during 
the production and maturation of cheese, fermented meats, and fermented soy products (11, 12). Irrespective 
of the type of fermentation, microbial enzymes interact with the food matrix to produce novel metabolites, 
which can affect the sensory and functional profile of foods (13-20), and have also been suggested to possess 
bioactive qualities that can help prevent chronic diseases such as type II diabetes and cardiovascular disease 
(17).  

Fundamental research suggests that the protective effects of fermented foods may be explained by 
fermentation-induced increases in the bioavailability of certain macro- and micronutrients (e.g., protein, 
vitamins) (21), fermentation-induced decreases in anti-nutritional compounds (22), or driven by novel 
bioactive compounds of microbial metabolism (7). While several human observational studies have indicated 
a possible beneficial association between fermented food consumption and cardiometabolic health, specifically 
in terms of weight maintenance, diabetes/glucose homeostasis, and overall cardiovascular disease risk (23-25), 
the evidence is still inconclusive, in part due to the limitations of tools used to quantify fermented food intake. 

Currently, self-report food frequency questionnaires (FFQs), 24-h recalls, and food diaries (weighed 
or unweighed) are the most commonly used dietary assessment tools to quantify food intake. The FFQ is 
usually the method of choice in observational cohort studies. In contrast to diaries and recalls, FFQs are 
relatively easy to administer and process, but their accuracy relies on the memory and devotion of respondents. 
Consequently, random and systematic errors, including memory-related bias, incorrect estimates of portion 
sizes, and/or bias towards socially desirable answers, are inevitable (26, 27). There is also no FFQ that has 
been specifically designed to estimate fermented food intake, and food lists in existing FFQs may not 
comprehensively cover the intakes of this diverse food group, or distinguish the nuances within specific foods 
that affect their fermentation status (e.g., fermented pickles vs. acidified pickles). Moreover, none of the self-
report dietary assessment methods take into account differences in food metabolism between individuals, 
which can have a significant bearing on the immediate effects of diet and subsequent health consequences. 
The importance of accurately assessing food intake across diverse populations has propelled food intake 
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biomarkers (FIBs), as promising ‘objective’ measures of intake and metabolism, to the forefront of dietary 
assessment research (26, 28).  

While the identification of a single specific biomarker is ideal, this is not always possible due to the 
overlapping characteristics shared by many foods. A number of combination biomarkers have thus been 
proposed, for example in the case of red wine (tartaric acid reflecting the grape raw material, plus ethyl 
glucuronide reflecting alcoholic fermentation and phase II metabolism) (29). A similar approach is expected 
to be suitable for identifying FIBs for other fermented food products, such that a group of compounds, although 
not unique to the food themselves, might be useful in combination to stratify between high and low consumers 
of different fermented foods in intervention studies and epidemiological cohorts. 

The Food Biomarker Alliance (FoodBAll) (28), a project funded by the Joint Programming Initiative 
a Healthy Diet for a Healthy Life, has set guidelines for identifying and validating FIBs (30) 
(http://foodmetabolome.org) (31). This effort has resulted in a systematic documentation of FIBs for major 
food groups, including fruit and vegetables, meats, fish, and other seafood, dairy products, cereals and whole 
grains, alcoholic and non-alcoholic beverages, vegetable oils, nuts, and spices and herbs (32-40). The purpose 
of the current systematic review is to present a comprehensive overview of compounds reported in the literature 
that could, alone or in combination, represent FIBs for various fermented foods. We anticipated that identified 
compounds could be stratified into FIBs at the food level, food group level, and fermentation level, to 
discriminate a dietary pattern of fermented food consumption. 

Methods 

Primary database search 

The literature search strategy and search terms were developed in accordance with the guidelines 
previously proposed by the FoodBAll consortium (30), and all elements of the PRISMA (Preferred Reporting 
Items for Systematic reviews and Meta-Analyses) statement relevant for a literature search on biomarkers were 
reported (41). Primary articles were identified from PubMed, Scopus, and ISI Web of Knowledge. In order to 
obtain a broad coverage of fermented foods products consumed globally, eight food groups were defined for 
the search strategy, specifically: (i) general fermented foods, (ii) fermented dairy, (iii) fermented meats and 
fish, (iv) fermented fruits and vegetables, (v) fermented legumes (including soy), (vi) fermented cereals and 
grains, (vii) fermented beverages, and (viii) other fermented products (e.g., chocolate, condiments and sauces). 
These food groups were loosely based on the food-based dietary guidelines in The Netherlands, Switzerland, 
and United States (42-44), but were inclusive of fermented food items consumed worldwide. Individual 
fermented foods were further specified within each food group, as detailed in Table S1. Exclusion terms were 
individually applied to each search to limit the number of false-positive hits. Each of the eight food group 
terms was searched for in conjunction with a combination of search operators, as detailed in Table S2. The 
search fields applied were [Title/Abstract] for PudMed, [Title/Abstract/Keywords] for Scopus, and [Topic] for 
ISI Web of Knowledge. All searches were conducted in October 2018, and an updated literature search was 
performed in September 2020. No restrictions were applied on the publication date. Furthermore, the reference 
lists of relevant systematic reviews and meta-analyses (32-34) were scanned for relevant articles for inclusion. 
The full literature search process is outlined in Figure 1.  

Figure 1. Schematic Outline of the Systematic Literature Search. 
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biomarkers (FIBs), as promising ‘objective’ measures of intake and metabolism, to the forefront of dietary 
assessment research (26, 28).  

While the identification of a single specific biomarker is ideal, this is not always possible due to the 
overlapping characteristics shared by many foods. A number of combination biomarkers have thus been 
proposed, for example in the case of red wine (tartaric acid reflecting the grape raw material, plus ethyl 
glucuronide reflecting alcoholic fermentation and phase II metabolism) (29). A similar approach is expected 
to be suitable for identifying FIBs for other fermented food products, such that a group of compounds, although 
not unique to the food themselves, might be useful in combination to stratify between high and low consumers 
of different fermented foods in intervention studies and epidemiological cohorts. 

The Food Biomarker Alliance (FoodBAll) (28), a project funded by the Joint Programming Initiative 
a Healthy Diet for a Healthy Life, has set guidelines for identifying and validating FIBs (30) 
(http://foodmetabolome.org) (31). This effort has resulted in a systematic documentation of FIBs for major 
food groups, including fruit and vegetables, meats, fish, and other seafood, dairy products, cereals and whole 
grains, alcoholic and non-alcoholic beverages, vegetable oils, nuts, and spices and herbs (32-40). The purpose 
of the current systematic review is to present a comprehensive overview of compounds reported in the literature 
that could, alone or in combination, represent FIBs for various fermented foods. We anticipated that identified 
compounds could be stratified into FIBs at the food level, food group level, and fermentation level, to 
discriminate a dietary pattern of fermented food consumption. 

Methods 

Primary database search 

The literature search strategy and search terms were developed in accordance with the guidelines 
previously proposed by the FoodBAll consortium (30), and all elements of the PRISMA (Preferred Reporting 
Items for Systematic reviews and Meta-Analyses) statement relevant for a literature search on biomarkers were 
reported (41). Primary articles were identified from PubMed, Scopus, and ISI Web of Knowledge. In order to 
obtain a broad coverage of fermented foods products consumed globally, eight food groups were defined for 
the search strategy, specifically: (i) general fermented foods, (ii) fermented dairy, (iii) fermented meats and 
fish, (iv) fermented fruits and vegetables, (v) fermented legumes (including soy), (vi) fermented cereals and 
grains, (vii) fermented beverages, and (viii) other fermented products (e.g., chocolate, condiments and sauces). 
These food groups were loosely based on the food-based dietary guidelines in The Netherlands, Switzerland, 
and United States (42-44), but were inclusive of fermented food items consumed worldwide. Individual 
fermented foods were further specified within each food group, as detailed in Table S1. Exclusion terms were 
individually applied to each search to limit the number of false-positive hits. Each of the eight food group 
terms was searched for in conjunction with a combination of search operators, as detailed in Table S2. The 
search fields applied were [Title/Abstract] for PudMed, [Title/Abstract/Keywords] for Scopus, and [Topic] for 
ISI Web of Knowledge. All searches were conducted in October 2018, and an updated literature search was 
performed in September 2020. No restrictions were applied on the publication date. Furthermore, the reference 
lists of relevant systematic reviews and meta-analyses (32-34) were scanned for relevant articles for inclusion. 
The full literature search process is outlined in Figure 1.  

Figure 1. Schematic Outline of the Systematic Literature Search. 
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Inclusion and exclusion criteria 

Search inclusion and exclusion criteria were defined a priori. Studies were included if the primary 
exposure was oral consumption of a fermented food, where ‘fermented food’ was defined according to the 
definition given by Marco et al.: ‘foods or beverages made through controlled microbial growth and enzymatic 
conversions of major and minor food components’ (8). The study had to be conducted in humans, and report 
on compounds that could be detected in biosamples following consumption of a fermented food. Studies were 
excluded if: the food being considered was not fermented or if it was unclear if the food was fermented; the 
route of exposure to the food was not oral consumption; the amount of food consumed was not well-
documented (e.g., a gram amount, or categorization to distinguish the fermented food from other foods 
consumed was not provided); the study was conducted in animals or in vitro; compounds in biological samples 
that could represent food biomarkers were not described; the aim of the study was to either review nutrient 
bioactivity and nutritional status using the fermented food as a delivery matrix, or to assess the impact of a 
fermented food on bioavailability of another food/compound; the study focused on a compound, supplement, 
or extract rather than a whole food; or the study only investigated alterations on the composition of the gut or 
fecal microbiota. Review articles, case reports or short communications (e.g., comment, editorial, conference 
abstract), and articles in a language other than English were also excluded. 

Strategy to identify and select the most discriminant compounds 

Since our goal in this review was to evaluate a combination of candidate biomarkers for fermented 
foods (both specific and non-specific), rather than a single specific biomarker, we slightly deviated from the 
assessment of validity for putative/candidate biomarkers that was previously proposed by Dragsted et al. (31). 
Following the selection of relevant full-text articles for inclusion, a series of steps were applied to select the 
most discriminant candidate biomarkers from the literature search. These included compounds that were highly 
discriminant for (i) the food (‘food-level’ biomarkers – i.e., FIBs specific for the intake of a particular food), 
(ii) food group (‘food group-level’ biomarkers – i.e., FIBs specific for the intake of a group of foods with a 
common raw material substrate or characteristic), or (iii) a dietary pattern of fermented food consumption 
(‘fermentation-dependent’ biomarkers – i.e., FIBs arising from the fermentation process of a food), from other 
non-fermented foods and food groups. In order to capture both specific markers that can discriminate the intake 
of a fermented food as well as non-specific markers that may act in combination to discriminate the intake of 
a fermented food, we firstly focused on summarizing in detail the compounds that were identified in discovery-
driven ‘untargeted’ studies that typically employed metabolomics tools (58 articles), and supplemented this 
information with ‘targeted’ studies investigating a particular compound or set of compounds (243 articles), 
analysed using metabolomics tools or other biochemical assays. Information from the untargeted studies was 
expected to identify biomarkers associated with a dietary pattern of consuming fermented foods, while 
information from both the untargeted and targeted studies was expected to help to further identify and verify 
biomarkers at the food level (e.g., cheese) and food group level (e.g., fermented dairy).  

Compounds were selected if they were statistically significantly increased following consumption of 
the fermented food compared to baseline or control, and/or have been detected in multiple studies. For these 
selected compounds, we further consulted the study text to assess the biological plausibility, along with 
previous FIB reviews for their validation status. In addition, three food/metabolite databases (HMDB, 
Exposome-Explorer, FooDB) were searched in May 2019 and updated in September 2020 as an additional step 
for verifying that a compound appearing in a biosample has a food origin (or was transformed during 
metabolism) and to check the specificity of the compound for a fermented food. Information from food 
databases and the wider literature were also used to identify and confirm metabolites of fermentation. 
Compounds that were not discriminative of these classifiers but were associated with the fermented food or 
food group (e.g., detected but not significantly increased in biosamples following consumption), or compounds 

which have a ubiquitous presence across many other non-fermented foods, were not selected and not further 
discussed.  

Results and Discussion 

Database search 

From the initial primary database search, a total of 11,764 records were identified, of which 7,686 
unique entries remained following the removal of duplicates (Figure 1). After filtering the 7,686 titles, 4,890 
were excluded and 2,794 were deemed relevant for further review and their abstracts were retrieved. Following 
abstract review, 473 relevant entries remained, and their full-text articles were retrieved (2,323 were excluded 
for various reasons outlined in the exclusion criteria). Further application of exclusion criteria to full-text 
articles (202 articles removed), and an updated search (30 articles added), resolved in 301 relevant full-text 
articles with information on compounds associated with intake of various fermented foods. The fermented 
foods investigated in the n = 301 studies were: coffee (n = 69), wine (n = 69), cocoa (n = 62), beer (n = 34), 
bread (n = 29), fermented soy (n = 22), cheese (n = 18), yoghurt (n = 15), fermented milk (n = 3), post-
fermented tea (n = 3), vinegar (n = 2), cider (n = 1), traditional Turkish beverages (salgam, boza, kefir, and 
kimiz) (n = 1), fermented orange juice (n = 1), fermented ginseng (n = 1), fermented beet juice (n = 1), 
fermented red cabbage (n = 1), soy sauce (n = 1), sauerkraut (n = 1), and general fermented products (n = 1) 
(Figure 2a). The numbers of identified metabolites reported for each food across these studies are presented 
in Figure 2b, and detailed lists all of the included articles are presented in Table S3 (untargeted studies) and 
Table S4 (targeted studies). No studies reported on potential FIBs for fermented meat or fish products. 
Biological samples in which putative FIBs were identified or measured included serum (14 untargeted, 28 
targeted studies), plasma (15 untargeted, 120 targeted studies), whole blood (13 targeted studies), urine (33 
untargeted, 125 targeted studies), feces (5 untargeted, 7 targeted studies), ileal fluid (5 targeted studies), 
subcutaneous adipose tissue (2 targeted studies), oral fluid (3 targeted studies), plasma lipoproteins (2 targeted 
studies), erythrocytes (2 untargeted studies), capillary blood (1 targeted study), breast milk (1 targeted study), 
hair (1 targeted study), and breath (1 targeted study). The majority of studies were postprandial intervention 
studies (n = 183). The remainder comprised short-term and long-term intervention studies (n = 83) and 
observational studies where participants followed their habitual diet (where the diet was assessed by self-report 
tools such as FFQ, recall, food record, or dietary history) (n = 53). 

From these relevant publications, compounds that could represent FIBs for various fermented foods 
are discussed based on their classification into three categories: food-level, food group-level, and fermentation-
dependent FIBs (as described in the methods). An overview of the main FIBs identified, selected, and classified 
in this search is provided in Table 1. Although the aim of this review was not to identify a complete list of 
food-level or food group-level biomarkers, their inclusion in this review alongside fermentation-dependent 
markers provides the basis to help to facilitate a so-called multi-marker approach in estimating fermented food 
intake. Such a multi-marker approach could help confirm fermented food intake, or help distinguish between 
the intake of fermented and non-fermented versions of the same food. 
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Inclusion and exclusion criteria 

Search inclusion and exclusion criteria were defined a priori. Studies were included if the primary 
exposure was oral consumption of a fermented food, where ‘fermented food’ was defined according to the 
definition given by Marco et al.: ‘foods or beverages made through controlled microbial growth and enzymatic 
conversions of major and minor food components’ (8). The study had to be conducted in humans, and report 
on compounds that could be detected in biosamples following consumption of a fermented food. Studies were 
excluded if: the food being considered was not fermented or if it was unclear if the food was fermented; the 
route of exposure to the food was not oral consumption; the amount of food consumed was not well-
documented (e.g., a gram amount, or categorization to distinguish the fermented food from other foods 
consumed was not provided); the study was conducted in animals or in vitro; compounds in biological samples 
that could represent food biomarkers were not described; the aim of the study was to either review nutrient 
bioactivity and nutritional status using the fermented food as a delivery matrix, or to assess the impact of a 
fermented food on bioavailability of another food/compound; the study focused on a compound, supplement, 
or extract rather than a whole food; or the study only investigated alterations on the composition of the gut or 
fecal microbiota. Review articles, case reports or short communications (e.g., comment, editorial, conference 
abstract), and articles in a language other than English were also excluded. 

Strategy to identify and select the most discriminant compounds 

Since our goal in this review was to evaluate a combination of candidate biomarkers for fermented 
foods (both specific and non-specific), rather than a single specific biomarker, we slightly deviated from the 
assessment of validity for putative/candidate biomarkers that was previously proposed by Dragsted et al. (31). 
Following the selection of relevant full-text articles for inclusion, a series of steps were applied to select the 
most discriminant candidate biomarkers from the literature search. These included compounds that were highly 
discriminant for (i) the food (‘food-level’ biomarkers – i.e., FIBs specific for the intake of a particular food), 
(ii) food group (‘food group-level’ biomarkers – i.e., FIBs specific for the intake of a group of foods with a 
common raw material substrate or characteristic), or (iii) a dietary pattern of fermented food consumption 
(‘fermentation-dependent’ biomarkers – i.e., FIBs arising from the fermentation process of a food), from other 
non-fermented foods and food groups. In order to capture both specific markers that can discriminate the intake 
of a fermented food as well as non-specific markers that may act in combination to discriminate the intake of 
a fermented food, we firstly focused on summarizing in detail the compounds that were identified in discovery-
driven ‘untargeted’ studies that typically employed metabolomics tools (58 articles), and supplemented this 
information with ‘targeted’ studies investigating a particular compound or set of compounds (243 articles), 
analysed using metabolomics tools or other biochemical assays. Information from the untargeted studies was 
expected to identify biomarkers associated with a dietary pattern of consuming fermented foods, while 
information from both the untargeted and targeted studies was expected to help to further identify and verify 
biomarkers at the food level (e.g., cheese) and food group level (e.g., fermented dairy).  

Compounds were selected if they were statistically significantly increased following consumption of 
the fermented food compared to baseline or control, and/or have been detected in multiple studies. For these 
selected compounds, we further consulted the study text to assess the biological plausibility, along with 
previous FIB reviews for their validation status. In addition, three food/metabolite databases (HMDB, 
Exposome-Explorer, FooDB) were searched in May 2019 and updated in September 2020 as an additional step 
for verifying that a compound appearing in a biosample has a food origin (or was transformed during 
metabolism) and to check the specificity of the compound for a fermented food. Information from food 
databases and the wider literature were also used to identify and confirm metabolites of fermentation. 
Compounds that were not discriminative of these classifiers but were associated with the fermented food or 
food group (e.g., detected but not significantly increased in biosamples following consumption), or compounds 

which have a ubiquitous presence across many other non-fermented foods, were not selected and not further 
discussed.  

Results and Discussion 

Database search 

From the initial primary database search, a total of 11,764 records were identified, of which 7,686 
unique entries remained following the removal of duplicates (Figure 1). After filtering the 7,686 titles, 4,890 
were excluded and 2,794 were deemed relevant for further review and their abstracts were retrieved. Following 
abstract review, 473 relevant entries remained, and their full-text articles were retrieved (2,323 were excluded 
for various reasons outlined in the exclusion criteria). Further application of exclusion criteria to full-text 
articles (202 articles removed), and an updated search (30 articles added), resolved in 301 relevant full-text 
articles with information on compounds associated with intake of various fermented foods. The fermented 
foods investigated in the n = 301 studies were: coffee (n = 69), wine (n = 69), cocoa (n = 62), beer (n = 34), 
bread (n = 29), fermented soy (n = 22), cheese (n = 18), yoghurt (n = 15), fermented milk (n = 3), post-
fermented tea (n = 3), vinegar (n = 2), cider (n = 1), traditional Turkish beverages (salgam, boza, kefir, and 
kimiz) (n = 1), fermented orange juice (n = 1), fermented ginseng (n = 1), fermented beet juice (n = 1), 
fermented red cabbage (n = 1), soy sauce (n = 1), sauerkraut (n = 1), and general fermented products (n = 1) 
(Figure 2a). The numbers of identified metabolites reported for each food across these studies are presented 
in Figure 2b, and detailed lists all of the included articles are presented in Table S3 (untargeted studies) and 
Table S4 (targeted studies). No studies reported on potential FIBs for fermented meat or fish products. 
Biological samples in which putative FIBs were identified or measured included serum (14 untargeted, 28 
targeted studies), plasma (15 untargeted, 120 targeted studies), whole blood (13 targeted studies), urine (33 
untargeted, 125 targeted studies), feces (5 untargeted, 7 targeted studies), ileal fluid (5 targeted studies), 
subcutaneous adipose tissue (2 targeted studies), oral fluid (3 targeted studies), plasma lipoproteins (2 targeted 
studies), erythrocytes (2 untargeted studies), capillary blood (1 targeted study), breast milk (1 targeted study), 
hair (1 targeted study), and breath (1 targeted study). The majority of studies were postprandial intervention 
studies (n = 183). The remainder comprised short-term and long-term intervention studies (n = 83) and 
observational studies where participants followed their habitual diet (where the diet was assessed by self-report 
tools such as FFQ, recall, food record, or dietary history) (n = 53). 

From these relevant publications, compounds that could represent FIBs for various fermented foods 
are discussed based on their classification into three categories: food-level, food group-level, and fermentation-
dependent FIBs (as described in the methods). An overview of the main FIBs identified, selected, and classified 
in this search is provided in Table 1. Although the aim of this review was not to identify a complete list of 
food-level or food group-level biomarkers, their inclusion in this review alongside fermentation-dependent 
markers provides the basis to help to facilitate a so-called multi-marker approach in estimating fermented food 
intake. Such a multi-marker approach could help confirm fermented food intake, or help distinguish between 
the intake of fermented and non-fermented versions of the same food. 
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Figure 2. Overview of 301 included publications from the systematic literature search. (a) Number of publications identified for each 
type of fermented food (colored by food group). No articles were identified for fermented meat or fish products. (b) Number of 
identified metabolites reported in the included articles for the fermented food described. 
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Food-level biomarkers 

Due to the overlapping compositional profiles of many foods, identification of specific FIBs for 
individual foods is challenging. In this review, food-level biomarkers were identified for beer, bread, wine, 
coffee, cheese, and fermented (rooibos) tea (Table 1). These compounds were largely derived from the 
(unfermented) raw materials. For example, isoxanthohumol, 8-prenylnaringenin, and iso-alpha-acids originate 
from beer hops that are used in the brewing process, tartaric acid and resveratrol are found at high 
concentrations in the grapes used for wine production (45-48), trigonelline and 2-furoylglycine originate from 
coffee beans and the coffee roasting process (49, 50). For bread, the organic acids 2,4-dihydroxybutanoic acid 
and 2,8-dihydroxyquinoline glucuronide were identified following the intake of fermented sourdough 
endosperm rye and white wheat bread (52). While these organic acids have seemingly not yet been 
detected/quantified in other foods (from food database searches), future validation would useful in determining 
their usefulness as specific biomarkers for bread intake.  

Food-specific biomarkers for fermented dairy products (cheese, yoghurt, buttermilk) (34), coffee (33), 
and cocoa products (32, 53) have also been the subject of previous systematic reviews. Notably, 
isovalerylglutamic acid, isovalerylglycine, triglylglycine, and isobutyrylglycine were previously identified as 
specific FIBs for cheese (34). A large number of phenolic acid, alkaloid, and terpene derivatives have been 
identified as FIBs of coffee, with trigonelline and cyclo(isoleucylprolyl) emerging as the most specific 
biomarkers (33). No specific biomarkers were identified, previously or in the current review, for yoghurt, 
buttermilk, or cocoa; however, several non-specific biomarkers at the food group level were found. 

Food group-level biomarkers 

A number of FIBs previously proposed as food-specific markers have been re-classified as 
discriminant for a group of foods in light of evolving research. For instance, while caffeine has been 
consistently linked to coffee intake, it is also detected at fairly high concentrations in tea and chocolate (33, 
53). In addition, a growing range of products can be artificially-caffeinated, which also obscures the use of 
caffeine as a FIB for only naturally-caffeinated foods. Similarly, the hydroxycinnamate ferulic acid has been 
detected in high levels in coffee (54), but it is also an antioxidant that is ubiquitously found in plant tissues 
(55). Unsurprisingly, increased levels of ferulic acid and its derivatives have been detected in blood and urine 
following the consumption of multiple plant-based foods (56, 57), indicating that the sole use of this compound 
as a FIB for coffee would be inappropriate. These compounds however may still be useful as food group-level 
biomarkers in conjunction with food-level and/or fermentation-dependent biomarkers for evaluating the intake 
of fermented foods. 

The biomarkers identified at the food group-level for different fermented foods is summarised in Table 
1 and their relevance discussed below. It is important to note that while we defined ‘food groups’ in the 
literature search by those conventionally used in dietary recommendation guidelines, food group-level 
biomarkers may be common across multiple foods based on common substrates of fermentation (e.g., wheat 
in both beer and bread production), or multiple biomarkers may apply in the case of multiple substrates for a 
single fermented food (e.g., tarhana, a fermented mixture of cereals and yoghurt). Since fermented beverages 
encompass a broad, heterogenous group, different fermented beverages are discussed in the context of their 
fermentation raw material, which includes milk (fermented milks, kefir, and yoghurt-based drinks), fruits 
(cider, wine, fermented orange juice, fermented beet juice), cereals and grains (beer), and others (coffee, post-
fermented tea). In many cases, compounds identified at the food group-level represented FIBs of unfermented 
raw material rather than a fermented food group, but nonetheless, their description is important as part of a 
combined model of fermented food intake. 
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Figure 2. Overview of 301 included publications from the systematic literature search. (a) Number of publications identified for each 
type of fermented food (colored by food group). No articles were identified for fermented meat or fish products. (b) Number of 
identified metabolites reported in the included articles for the fermented food described. 
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Food-level biomarkers 

Due to the overlapping compositional profiles of many foods, identification of specific FIBs for 
individual foods is challenging. In this review, food-level biomarkers were identified for beer, bread, wine, 
coffee, cheese, and fermented (rooibos) tea (Table 1). These compounds were largely derived from the 
(unfermented) raw materials. For example, isoxanthohumol, 8-prenylnaringenin, and iso-alpha-acids originate 
from beer hops that are used in the brewing process, tartaric acid and resveratrol are found at high 
concentrations in the grapes used for wine production (45-48), trigonelline and 2-furoylglycine originate from 
coffee beans and the coffee roasting process (49, 50). For bread, the organic acids 2,4-dihydroxybutanoic acid 
and 2,8-dihydroxyquinoline glucuronide were identified following the intake of fermented sourdough 
endosperm rye and white wheat bread (52). While these organic acids have seemingly not yet been 
detected/quantified in other foods (from food database searches), future validation would useful in determining 
their usefulness as specific biomarkers for bread intake.  

Food-specific biomarkers for fermented dairy products (cheese, yoghurt, buttermilk) (34), coffee (33), 
and cocoa products (32, 53) have also been the subject of previous systematic reviews. Notably, 
isovalerylglutamic acid, isovalerylglycine, triglylglycine, and isobutyrylglycine were previously identified as 
specific FIBs for cheese (34). A large number of phenolic acid, alkaloid, and terpene derivatives have been 
identified as FIBs of coffee, with trigonelline and cyclo(isoleucylprolyl) emerging as the most specific 
biomarkers (33). No specific biomarkers were identified, previously or in the current review, for yoghurt, 
buttermilk, or cocoa; however, several non-specific biomarkers at the food group level were found. 

Food group-level biomarkers 

A number of FIBs previously proposed as food-specific markers have been re-classified as 
discriminant for a group of foods in light of evolving research. For instance, while caffeine has been 
consistently linked to coffee intake, it is also detected at fairly high concentrations in tea and chocolate (33, 
53). In addition, a growing range of products can be artificially-caffeinated, which also obscures the use of 
caffeine as a FIB for only naturally-caffeinated foods. Similarly, the hydroxycinnamate ferulic acid has been 
detected in high levels in coffee (54), but it is also an antioxidant that is ubiquitously found in plant tissues 
(55). Unsurprisingly, increased levels of ferulic acid and its derivatives have been detected in blood and urine 
following the consumption of multiple plant-based foods (56, 57), indicating that the sole use of this compound 
as a FIB for coffee would be inappropriate. These compounds however may still be useful as food group-level 
biomarkers in conjunction with food-level and/or fermentation-dependent biomarkers for evaluating the intake 
of fermented foods. 

The biomarkers identified at the food group-level for different fermented foods is summarised in Table 
1 and their relevance discussed below. It is important to note that while we defined ‘food groups’ in the 
literature search by those conventionally used in dietary recommendation guidelines, food group-level 
biomarkers may be common across multiple foods based on common substrates of fermentation (e.g., wheat 
in both beer and bread production), or multiple biomarkers may apply in the case of multiple substrates for a 
single fermented food (e.g., tarhana, a fermented mixture of cereals and yoghurt). Since fermented beverages 
encompass a broad, heterogenous group, different fermented beverages are discussed in the context of their 
fermentation raw material, which includes milk (fermented milks, kefir, and yoghurt-based drinks), fruits 
(cider, wine, fermented orange juice, fermented beet juice), cereals and grains (beer), and others (coffee, post-
fermented tea). In many cases, compounds identified at the food group-level represented FIBs of unfermented 
raw material rather than a fermented food group, but nonetheless, their description is important as part of a 
combined model of fermented food intake. 
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a) Fermented dairy 

Several compounds identified in our search were associated with the intake of cheese and yoghurt, 
including the widely discussed fatty acids heptadecanoic acid (C17) and pentadecanoic acid (C15). These fatty 
acids were also captured in the systematic review of egg and dairy biomarkers by Munger et al. (34) as dairy 
biomarkers, where additional FIBs were proposed for general dairy fat/dairy products, including 10Z-
heptadecenoic acid (C17:1), myristoyl-sphingomyelin SM(d18:1/14:0), and galactonate. A handful of 
additional compounds that could represent biomarkers for milk (as compared to fermented milk) were 
additionally identified in the current search, including galactitol, galactonate, galactono-1,5-lactone, galactose, 
and lactose (58-60). Collectively, these compounds represent FIBs that may be useful for estimating total dairy 
intake, including both fermented and non-fermented dairy. As the degree of transformation of lactose (and 
similar metabolites) greatly varies among dairy products, the profile of these combined metabolites could 
provide specific insights into the degree of fermentation of the ingested dairy products. 

It has been reported that fermentation of milk products may increase the bioavailability of 
nutritionally-important and bioactive compounds of milk (61). Major milk proteins include caseins (αs1, αs2, 
β and k), β-lactoglobulin, α-lactalbumin (precursor of serotonin), immunoglobulins (IgA, IgG, IgM), 
glycomacropeptide, lactoferrin, lactoperoxidase, lysozyme, and serum albumin (7). Milk proteins are easily 
hydrolysed to free amino acids during fermentation, and a large group of amino acids (alpha-amino butyric 
acid, alanine, asparagine, cysteine, glycine, glutamine, histidine, isoleucine, leucine, lysine, methionine, 
ornithine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, and valine) were found to be 
increased in plasma following yoghurt and cheese intake compared to control (milk or water) (62-64).  Dairy 
proteins are also a source of bioactive peptides that can be released during fermentation or during digestion 
(65, 66). The bioactive peptides derived from these milk proteins during fermentation, such as Isoleucine-
Proline-Proline (IPP) and Valine-Proline-Proline (VPP), are reported to possess antimicrobial, antioxidative, 
immunomodulatory, angiotensin-1-converting enzyme (ACE-1) inhibitory and renin inhibitory activities (7). 
While these peptides were not identified in our search, their presence in fermented dairy products warrants 
further investigation in a combination biomarker approach for this food group.  

b) Fermented cereals and grains 

Cereals and grains are a staple agricultural product around the world, and their fermentation results in 
an array of rice-based (idli, dosa), wheat-based (bread, kishk), corn-based (ogi, pozol), or sorghum-based 
(injera, kisra) dishes (67). To date, the vast majority of research activity on FIBs of this fermented food group 
has centred around wheat-based bread products (whole or refined grain) that are leavened with baker’s yeast 
(Saccharomyces cerevisiae), with little to no reports on FIBs for other fermented grains. In the current review, 
alkylresorcinols and their primary metabolites 3,5-dihydroxybenzoic acid (DHBA) and 3-(3,5-
dihydroxyphenyl)-propanoic acid (DHPPA), as well as benzoxazinoids and their metabolites (2-hydroxyl-1,4-
benzoxazin-3-one, hydroxylated phenylacetamides and derivatives thereof) were identified as FIBs of 
wholegrain wheat/rye (68-73). Since these compounds are derived from wholegrain wheat and rye, they are 
present at a higher abundance in biosamples following consumption of wholegrain breads, rather than refined-
wheat bread (68). A recent review focusing on mass-spectrometry analysis of whole grains revealed the 
presence of hundreds of molecules in various wheat, barley, oat, and rye products, including 
alk(en)ylresorcinols, benzoxazinoids, avenanthramides, flavonoids, lignans, phytosterols, carotenoids, 
phenolic acids (hydroxybenzoic and hydroxycinnamic acids), sphingolipids, tocols, and glycine betaine (74). 
While these compounds have been primarily reported in raw grains and leavened bread products, they may 
also be useful as FIBs for fermented food products in which grains are used as a starting raw material (e.g., 
wheat/barley in beer production). It has not yet been investigated whether these compounds can also be 
detected in soy sauce, which is a fermented mixture of soybeans and wheat (67). 

A further distinction should also be made for breads that are leavened solely by yeast, and sourdough 
breads, which are both leavened by yeast and fermented by LAB. Sourdough-fermented rye has also been 
shown to contain higher levels of organic acids compared to rye bread, which can reduce starch digestibility 
and gastric emptying rate, leading to reduced insulin and glucose responses (75, 76). In one study, consumption 
of sourdough fermented bread increased total free amino acids in plasma compared to bread fermented solely 
with yeast, indicating improved digestibility of protein (77). 

c) Fermented meats and fish 

Fermented meat products are broadly produced and consumed in Germany, France, Spain, Italy, the 
Balkans, Hungary, Australia, USA, and Japan (7). Despite their widespread consumption, no studies were 
identified in the current search that reported on candidate FIBs of fermented meat or fish. However, a number 
of studies have identified FIB of raw or unfermented meat and fish products. For example, a study in free-
living individuals previously identified candidate biomarkers for chicken (anserine), meat (chicken, red meat, 
processed meat) (carnosine), fish (trimethylamine-N-oxide), and meat and fish intake (3-acetylcarnitines, 
including acetylcarnitine, propionylcarnitine, and 2-methylbutyrylcarnitine) (78). In another study, 1- and 3-
methylhistidine were determined to be urinary biomarkers for meat intake (79). Furthermore, raw meat is 
known to contain the histidyl dipeptides, carnosine and anserine (80). FIBs for meat intake were 
comprehensively evaluated in a review, in which urea, creatine, creatinine, carnitine, carnosine, anserine, 
ophidine, 1- and 3-methylhistidine, and sulfate or sulphite were described as the most discriminant compounds 
(81).  

For fermented meats, nitrites that are used as curing agents might also be present in some final products 
(82). In addition, some fermented sausages have been reported to contain high levels of the biogenic amine 
tyramine (83), and the antioxidant taurine (2-aminoethane sulfonic acid) (80, 84), both of which warrant 
confirmation as FIBs for fermented meat in human studies. Similarly to fermentation of other high-protein 
foods, fermentation of meat products also releases bioactive peptides from proteolytic protein degradation. 
ACE-1 inhibitory peptides and antioxidant peptides have been identified in cured ham and fermented sausages, 
such as Serbian Petrovac sausage (85) and Spanish dry-cured ham (86-88). While detected in the foods 
themselves, no studies were identified in the literature search in which these peptides were identified in 
biosamples following consumption of fermented meat products. On the other hand, biogenic amines (89) as 
well as ACE-1 inhibitory peptides (90) are well described in cheese, indicating that the distribution of these 
molecules extends beyond fermented meat products.  

d) Fermented fruits and vegetables 

While, in theory all fruits and vegetables could be fermented, those most commonly fermented include 
cabbage (sauerkraut, kimchi), cucumbers, olives, onions, carrots, caper berries, and garlic (91, 92). Fruits and 
vegetables are commonly fermented using LAB and yeasts via techniques such as dry salting or storage in a 
brine (91). During the lactic fermentation of cucumbers, cabbage, and olives, glucose and fructose are broken 
down to produce lactic acid, acetic acid, ethanol, and carbon dioxide (92). The production of organic acids 
plays a critical role in food safety by limiting the growth of pathogenic microorganisms (91). Slight differences 
in the fermentation process can also alter the final metabolite composition and quantities between food 
products. For instance, fermentation of cabbage into sauerkraut degrades glucosinolates to isothiocyanates, 
indole-3-carbinol, goitrin, allyl cyanide, and nitriles. While the degradation products allyl isothiocyaniate, allyl 
cyanide, and goitrin were higher in the spontaneously fermented product consisting of salted raw cabbage, 
methyl isothiocyanate and indole-3-carbinol were higher following in sauerkraut fermented with a starter 
culture containing LAB (93). 

Plasma β-cryptoxanthin and lutein have been previously proposed as robust biomarkers for general 
fruit and vegetable intake (94) and have been used to measure dietary compliance in multiple human 
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a) Fermented dairy 

Several compounds identified in our search were associated with the intake of cheese and yoghurt, 
including the widely discussed fatty acids heptadecanoic acid (C17) and pentadecanoic acid (C15). These fatty 
acids were also captured in the systematic review of egg and dairy biomarkers by Munger et al. (34) as dairy 
biomarkers, where additional FIBs were proposed for general dairy fat/dairy products, including 10Z-
heptadecenoic acid (C17:1), myristoyl-sphingomyelin SM(d18:1/14:0), and galactonate. A handful of 
additional compounds that could represent biomarkers for milk (as compared to fermented milk) were 
additionally identified in the current search, including galactitol, galactonate, galactono-1,5-lactone, galactose, 
and lactose (58-60). Collectively, these compounds represent FIBs that may be useful for estimating total dairy 
intake, including both fermented and non-fermented dairy. As the degree of transformation of lactose (and 
similar metabolites) greatly varies among dairy products, the profile of these combined metabolites could 
provide specific insights into the degree of fermentation of the ingested dairy products. 

It has been reported that fermentation of milk products may increase the bioavailability of 
nutritionally-important and bioactive compounds of milk (61). Major milk proteins include caseins (αs1, αs2, 
β and k), β-lactoglobulin, α-lactalbumin (precursor of serotonin), immunoglobulins (IgA, IgG, IgM), 
glycomacropeptide, lactoferrin, lactoperoxidase, lysozyme, and serum albumin (7). Milk proteins are easily 
hydrolysed to free amino acids during fermentation, and a large group of amino acids (alpha-amino butyric 
acid, alanine, asparagine, cysteine, glycine, glutamine, histidine, isoleucine, leucine, lysine, methionine, 
ornithine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, and valine) were found to be 
increased in plasma following yoghurt and cheese intake compared to control (milk or water) (62-64).  Dairy 
proteins are also a source of bioactive peptides that can be released during fermentation or during digestion 
(65, 66). The bioactive peptides derived from these milk proteins during fermentation, such as Isoleucine-
Proline-Proline (IPP) and Valine-Proline-Proline (VPP), are reported to possess antimicrobial, antioxidative, 
immunomodulatory, angiotensin-1-converting enzyme (ACE-1) inhibitory and renin inhibitory activities (7). 
While these peptides were not identified in our search, their presence in fermented dairy products warrants 
further investigation in a combination biomarker approach for this food group.  

b) Fermented cereals and grains 

Cereals and grains are a staple agricultural product around the world, and their fermentation results in 
an array of rice-based (idli, dosa), wheat-based (bread, kishk), corn-based (ogi, pozol), or sorghum-based 
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(Saccharomyces cerevisiae), with little to no reports on FIBs for other fermented grains. In the current review, 
alkylresorcinols and their primary metabolites 3,5-dihydroxybenzoic acid (DHBA) and 3-(3,5-
dihydroxyphenyl)-propanoic acid (DHPPA), as well as benzoxazinoids and their metabolites (2-hydroxyl-1,4-
benzoxazin-3-one, hydroxylated phenylacetamides and derivatives thereof) were identified as FIBs of 
wholegrain wheat/rye (68-73). Since these compounds are derived from wholegrain wheat and rye, they are 
present at a higher abundance in biosamples following consumption of wholegrain breads, rather than refined-
wheat bread (68). A recent review focusing on mass-spectrometry analysis of whole grains revealed the 
presence of hundreds of molecules in various wheat, barley, oat, and rye products, including 
alk(en)ylresorcinols, benzoxazinoids, avenanthramides, flavonoids, lignans, phytosterols, carotenoids, 
phenolic acids (hydroxybenzoic and hydroxycinnamic acids), sphingolipids, tocols, and glycine betaine (74). 
While these compounds have been primarily reported in raw grains and leavened bread products, they may 
also be useful as FIBs for fermented food products in which grains are used as a starting raw material (e.g., 
wheat/barley in beer production). It has not yet been investigated whether these compounds can also be 
detected in soy sauce, which is a fermented mixture of soybeans and wheat (67). 

A further distinction should also be made for breads that are leavened solely by yeast, and sourdough 
breads, which are both leavened by yeast and fermented by LAB. Sourdough-fermented rye has also been 
shown to contain higher levels of organic acids compared to rye bread, which can reduce starch digestibility 
and gastric emptying rate, leading to reduced insulin and glucose responses (75, 76). In one study, consumption 
of sourdough fermented bread increased total free amino acids in plasma compared to bread fermented solely 
with yeast, indicating improved digestibility of protein (77). 

c) Fermented meats and fish 

Fermented meat products are broadly produced and consumed in Germany, France, Spain, Italy, the 
Balkans, Hungary, Australia, USA, and Japan (7). Despite their widespread consumption, no studies were 
identified in the current search that reported on candidate FIBs of fermented meat or fish. However, a number 
of studies have identified FIB of raw or unfermented meat and fish products. For example, a study in free-
living individuals previously identified candidate biomarkers for chicken (anserine), meat (chicken, red meat, 
processed meat) (carnosine), fish (trimethylamine-N-oxide), and meat and fish intake (3-acetylcarnitines, 
including acetylcarnitine, propionylcarnitine, and 2-methylbutyrylcarnitine) (78). In another study, 1- and 3-
methylhistidine were determined to be urinary biomarkers for meat intake (79). Furthermore, raw meat is 
known to contain the histidyl dipeptides, carnosine and anserine (80). FIBs for meat intake were 
comprehensively evaluated in a review, in which urea, creatine, creatinine, carnitine, carnosine, anserine, 
ophidine, 1- and 3-methylhistidine, and sulfate or sulphite were described as the most discriminant compounds 
(81).  

For fermented meats, nitrites that are used as curing agents might also be present in some final products 
(82). In addition, some fermented sausages have been reported to contain high levels of the biogenic amine 
tyramine (83), and the antioxidant taurine (2-aminoethane sulfonic acid) (80, 84), both of which warrant 
confirmation as FIBs for fermented meat in human studies. Similarly to fermentation of other high-protein 
foods, fermentation of meat products also releases bioactive peptides from proteolytic protein degradation. 
ACE-1 inhibitory peptides and antioxidant peptides have been identified in cured ham and fermented sausages, 
such as Serbian Petrovac sausage (85) and Spanish dry-cured ham (86-88). While detected in the foods 
themselves, no studies were identified in the literature search in which these peptides were identified in 
biosamples following consumption of fermented meat products. On the other hand, biogenic amines (89) as 
well as ACE-1 inhibitory peptides (90) are well described in cheese, indicating that the distribution of these 
molecules extends beyond fermented meat products.  

d) Fermented fruits and vegetables 

While, in theory all fruits and vegetables could be fermented, those most commonly fermented include 
cabbage (sauerkraut, kimchi), cucumbers, olives, onions, carrots, caper berries, and garlic (91, 92). Fruits and 
vegetables are commonly fermented using LAB and yeasts via techniques such as dry salting or storage in a 
brine (91). During the lactic fermentation of cucumbers, cabbage, and olives, glucose and fructose are broken 
down to produce lactic acid, acetic acid, ethanol, and carbon dioxide (92). The production of organic acids 
plays a critical role in food safety by limiting the growth of pathogenic microorganisms (91). Slight differences 
in the fermentation process can also alter the final metabolite composition and quantities between food 
products. For instance, fermentation of cabbage into sauerkraut degrades glucosinolates to isothiocyanates, 
indole-3-carbinol, goitrin, allyl cyanide, and nitriles. While the degradation products allyl isothiocyaniate, allyl 
cyanide, and goitrin were higher in the spontaneously fermented product consisting of salted raw cabbage, 
methyl isothiocyanate and indole-3-carbinol were higher following in sauerkraut fermented with a starter 
culture containing LAB (93). 

Plasma β-cryptoxanthin and lutein have been previously proposed as robust biomarkers for general 
fruit and vegetable intake (94) and have been used to measure dietary compliance in multiple human 
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intervention studies. Untargeted metabolomics studies have further revealed a wide range of compounds 
associated with the intake of plant-based foods (95). However, from our systematic search, only five studies 
investigating fermented fruits and vegetables were identified. In one study, D-phenyllactic acid, a LAB 
metabolite, increased in the serum and urine of four volunteers following acute consumption of sauerkraut 
(96). In another study, 20-O-beta-D-glucopyranosyl-20(S)-protopanaxadiol, a novel ginseng saponin 
metabolite, was increased following intake of fermented ginseng. However, it was reported that the formation 
of this compound is likely attributable to the action of human intestinal bacteria (97). Further, it was reported 
that fermented red cabbage has lower bioavailability of anthocyanins compared to fresh red cabbage (98). 
Contrary results were reported in Hornero-Mendez et al. (99), where bioavailability of beta-cryptoxanthin and 
lutein (both attributed to oranges) were higher following consumption of fermented orange juice, and in 
Sawicki et al. (100), where increased levels of betalain and derivatives in plasma and urine following the 
consumption of fermented red beet juice were all attributed to red beetroot. However, despite the higher 
bioavailability afforded by the fermented products, high intake of unfermented forms of these foods would 
greatly obscure their use as FIBs in dietary assessment.  

e) Fermented legumes and soy 

Although the current search focused on identifying FIBs for all fermented legumes including soy 
products, only studies on fermented soy products were identified. Soybean products are commonly produced 
and consumed in East and Southeast Asia, and West Africa (4). Plasma and urinary isoflavones have long been 
used as markers of soy exposure (101, 102), and more recently, pinitol was identified as candidate biomarker 
of soy intake in an untargeted metabolomics study (60). Although most soy products are characterized by their 
isoflavone content (which are also present at moderate levels in other legumes), fermented soybeans are 
comparatively richer than non-fermented soybeans in the isoflavone genestein, as well as gamma-polyglutamic 
acid (PGA) which is produced by some strains of Bacillus subtilis during fermentation (4). In addition, the 
natural isoflavones present in soybeans and unfermented soy products are glucose-conjugated, and converted 
to the aglycone-isoflavones following hydrolysis during digestion prior to absorption (51). Aglycone-enriched 
isoflavones that are present in fermented soy products has been reported to be more efficiently absorbed and 
therefore more bioavailable (51). In a study by Jang et al. (103),  comparing levels of soy isoflavones following 
ingestion of test meals containing fermented or unfermented soybean, the metabolites daidzein 7-O-
glucuronide-4′-O-sulfate and genistein 4′,7-di-O-glucuronide were significantly higher in plasma, and 
genistein 7-Osulfate, glycitein 7-O-glucuronide-4′-O-sulfate, and genistein 4′-O-sulfate were significantly 
higher in urine, following fermented soy consumption, indicating these metabolites may be useful in 
distinguishing soy products with different fermentation status. In another acute intervention study, it has been 
demonstrated that fermentation of soybean increases the urinary recovery of soy isoflavones by 52% (104). 
Analysis of several fermented soy products, including Chungkookjang, tempeh, doenjang, and miso, revealed 
higher levels of isoflavones (genistin, daidzin, glycitin, genstein, daidzein) and/or amino acids (in particular 
glutamate) compared to unfermented soybean (105). In addition to soy isoflavones and aglycones, vitamins 
B2 and B12, and gamma aminobutyric acid (GABA), are increased in fermented soy products (106), and a 
variety of bioactive peptides have been identified, such as F2-2-2 and Fr-2-3 in chungkujang, Arginine-Proline 
in doenjang, Phenylalanine-Isoleucine-Glycine (1:2:5) in dou-chi, and Valine-Proline-Proline and Isoleucine-
Proline-Proline in miso paste containing casein (107-109). While many of these compounds are present across 
other foods as well (e.g., vitamin B12), which limits their usefulness as FIBs for fermented soy intake, their 
combination in a multi-marker approach warrants investigation.  

 
 
 

f) Other fermented products 

Coffee, tea, and chocolate are consumed worldwide, but largely unbeknownst to consumers as 
‘fermented’ food products. Unlike yoghurt and cheeses, where the final food products are subject to 
fermentation and are typically carriers of live microorganisms, fermentation of coffee, tea, and cocoa occurs 
upstream in the food manufacturing process (110). Following their harvest, cocoa seeds are intentionally 
fermented for 7 days (111, 112), raw coffee berries for 10 to 25 days (113), and in the case of post-fermented 
teas, fresh tea leaves may be fermented from several months up to several years (114). These foods rely on 
spontaneous fermentation via the actions of endogenous microbes, and depending on the duration and 
conditions of the fermentation, different compositional and flavour profiles are attained. 

Along with the food-level biomarkers identified for coffee, post-fermented tea, and cocoa as described 
above, our systematic search revealed several overlapping candidate biomarkers for these foods based on a 
common raw material characteristic other than a shared substrate. These included caffeine and its metabolites 
(theobromine, theophylline, methylxanthines, methylurates), nicotinic acid, and multiple phenolic acids, 
including (epi)catechin, chlorogenic acid, caffeic acids, and quinic acids (95, 115-118) (Table 1). Polyphenols 
are a group of chemically-diverse compounds with high abundance in the diet (115, 116).  Despite the 
widespread prevalence of polyphenols in a variety of plant-based foods (i.e., coffee, wine, citrus, apples, pears, 
tea, chocolate), which renders them non-specific biomarkers, distinct polyphenols have been shown to be more 
closely associated with certain foods than others. For example, methyl-(epi)catechin sulfate has been 
associated with chocolate intake, hydroxytyrosol, resveratrol, and gallic acid with red wine intake, and 
(dihydro)ferulic acid and caffeic acid with coffee intake (115, 116). Quantification of these polyphenols in 
biofluids may assist in determining cut-offs or ratios as an indication of their usefulness as biomarkers of acute 
or habitual intake of these foods. Furthermore, enterolactone, a phytoestrogenic compound formed via gut 
microbial transformation of plant lignans, has been detected in the blood or urine of individuals following 
consumption of breads, cocoa, coffee, and tea, and soy products. The non-specific nature of this compound 
limits its usefulness as a specific FIB, but may be interesting to explore as a food group-level biomarker. 
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Fermentation-dependent biomarkers 

Fermentation of foods is used in part to improve the bioavailability of dietary compounds, or release 
novel metabolites generated via microbial enzymes (8). These metabolites that can be considered as potential 
fermentation-dependent FIBs associated with a dietary pattern of fermented food consumption have not been 
previously documented in a systematic manner. In this review, we identified several compounds that arise from 
the fermentation process of a particular food, food group, or different fermented foods possibly indicating 
fermentation with common microbes.  

Several of the potential FIBs identified in this search correspond to specific features of the type of 
fermentation process or the food that is fermented. Notably, the presence of high levels of the sugar-alcohol 
mannitol in wine is indicative of fructose degradation during fermentation with LAB (29, 119, 120), while 2-
ethylmalate detected in beer is indicative of yeast fermentation (121). A significant increase in methionine 
following sourdough bread (52) and cheese consumption (59) is in line with previous reports of methionine 
detected in fermented foods, and methionine (and lysine) production by some cultures of Lactobacillus and 
yeasts used in the fermentation of cereals (122, 123).  

For tea, an increase in theabrownins (phenolic pigment compounds) reflects the fermentation of 
catechins and gallate derivatives. Along with acting as a possible FIB for the fermentation process, 
theabrownins may serve a dual role as health biomarkers as well, as it was recently demonstrated that 
theabrownins from post-fermented pu-erh tea exerts cholesterol- and lipid-lowering effects via modulation of 
gut microbiota and bile acid metabolism (124). Furthermore, increased levels of gallic acid for tea and wine 
results from the fermentation of the polyphenol EGCG, which is a common food group-level metabolite for 
these foods (125, 126).  

Similarly, as a major byproduct of alcoholic fermentation with yeast, ethanol and its metabolites (e.g., 
ethyl glucuronide, ethyl sulfate) could be considered fermentation biomarkers for alcoholic beverages such as 
wine, beer, as well as distilled liquor (127). Ethanol has been widely used by food and forensic scientists alike 
to detect and monitor levels of alcohol, typically in blood or expired breath. However, ethanol was not 
increased in blood following consumption of Şalgam, boza, kimiz, or kefir, which have low alcoholic content 
due to mainly being fermented with LAB (128). As such, the utility of ethanol as a biomarker may not extend 
to low-alcohol beers, dealcoholized wine, or similar variations of these beverages, due to differences in the 
fermentation process (e.g., selection of yeast strains that do not consume or produce ethanol) or the removal 
of alcohol from the fermented product. 

LAB are used for the fermentation of many food substrates (129), and several classes of compounds 
are produced via lactic fermentation processes. During fermentation, LAB can convert amino acids into amine-
containing compounds referred to as biogenic amines (130), which can be detected at fairly high concentrations 
in the final fermented foods. Fermented sausages, for example, have been reported to contain high 
concentrations of biogenic amines (spermine, spermidine) since their production is primarily attributed to the 
action of decarboxylase-positive bacteria and meat enzymes during fermentation and ripening (131). Biogenic 
amines serve a critical physiological role as precursors for the synthesis of hormones, alkaloids, nucleic acids, 
and proteins, act as neurotransmitters, and play a role in other central biological functions (132, 133). While 
accumulation of biogenic amines in the body has toxicological consequences (130), moderate levels are 
generally detoxified by amino oxidases in the gut. Despite extensive reports describing the presence of 
biogenic amines in fermented foods such as cheese, fermented vegetables, wine, and fermented meats, in the 
current search, only one study reported an increase in spermidine levels (fecal) following yoghurt consumption 
for 2 to 4 weeks (134, 135), and it is unknown whether this increase is a result of food consumption or synthesis 
by the gut microbiota. A review of biogenic amines in food products further indicates that biogenic amines are 
also naturally present in grapes, raw meat and seafood, and fresh milk (136), which offers an explanation of 

 

why biogenic amines have not served a prominent role as FIBs for fermented foods. Additionally, biogenic 
amines are notoriously chemically unstable, as well as light- and pH-sensitive, which makes their analysis 
difficult (137). However, some research has indicated that further chemical reactions of indoleamines with 
acetaldehyde can produce novel metabolites during fermentation, ripening, and storage that could be more 
specific for fermented foods. In a study by Ohya et al. (138), 4-methylspinacemine and its metabolite, 1,4-
dimethylspinacemine (Pictet-Spengler condensation reaction products of histamine with acetaldehyde), were 
increased in the urine of volunteers following consumption of soy sauce (with a meal) or Appenzeller cheese. 
Analysis of various fermented foodstuffs, including soy sauce, fish sauce, cheese, and shao hsing wine, 
confirmed the presence of both  compounds in these foods (138).  

A number of vitamins such as folate, vitamin B12, riboflavin and vitamin K are produced from 
fermentation of dairy products, elevating the nutritional quality of the product (7). In particular, many foods 
fermented using B. subtilis give rise to menaquinone 7 (MK-7, or vitamin K2), which is a long-chain 
menaquinone primarily synthesized by bacteria and detected abundantly in cheese, as well as fermented 
soybean products. However, MK-7 can also be synthesized by the gut microbiota, indicating a dual 
exogenous/endogenous origin of this compound (139). In the current search, increased MK-7 in serum or 
plasma was reported following consumption of the fermented soy product, natto (140-143), and validated in 
cross-sectional studies based on frequency of natto consumption (141, 143).  

Indoles, metabolites derived from tryptophan which act as endogenous ligands for the aryl 
hydrocarbon receptor, are also known to be produced from LAB via the tryptophanase pathway (144). In the 
current review, indoles (especially indole-3-lactic acid) have been detected in biosamples following the 
consumption of multiple fermented foods, including yoghurt, cheese, beer, coffee, and bread. In addition, 
multiple strains of LAB produce phenyllactic and 4-hydroxyphenyllactic acids, and these metabolites have 
been shown to play a role in the quality and preservation of foods (145). D-phenyllactic acid was increased in 
serum and urine following the acute consumption of Gruyère cheese (59, 60) and in plasma and urine following 
the acute consumption of sauerkraut (96). Given that D-phenyllactic acid has also been confirmed to be present 
in other LAB-fermented foods including kimchi and sourdough (146-148), further investigation is warranted 
for this metabolite as a promising ‘fermentation-dependent’ FIB for lactic-fermented foods.  

Heterogeneity of fermented foods and impact on FIBs 

An inherent challenge in searching for FIBs of fermented foods is attributable to the heterogeneity of 
this food group. As evident in this review, virtually all food substrates can be fermented, and differences in 
fermentation conditions, such as type of microorganisms involved, duration of fermentation, even minute 
changes in environmental conditions, further contribute to producing foods with vastly different compositional 
profiles. To illustrate, consider the fermentation of milk to produce different types of cheeses. The common 
starting substrate, milk, can originate from cows, goats, sheep, water buffalo, or a combination of these (149). 
Some cheeses are ripened with internal (Grana Padano) or surface bacteria (Havarti, Limburger), others with 
internal molds (Roquefort) or surface (brie, camembert) moulds (149). Even within bacteria-ripened cheese, 
interestingly, the ‘holes’ in the cheese are created via different processes: in Swiss Emmental cheese by 
fermentation of lactate by Propionibacterium freudenreichii, and in Dutch Gouda cheese by fermentation of 
citrate by LAB (149). 

Aside from the use of different microoganisms, the abundance of microbes can vary widely, and in 
some cases, the microorganisms are intentionally removed (e.g., heat inactivation, filtration). Even in the 
absence of a heat or separation step, the number of microbes present at the time of consumption depends on 
multiple factors, such as the initial composition, storage conditions, and the age of the food (150). In a review 
by Rezac et al. (151), levels of live microorganisms in fermented foods were found to be dependent on 
geographical region and age of the food. For instance, microbial counts were undetectable (<103 cfu/g) in 
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generally detoxified by amino oxidases in the gut. Despite extensive reports describing the presence of 
biogenic amines in fermented foods such as cheese, fermented vegetables, wine, and fermented meats, in the 
current search, only one study reported an increase in spermidine levels (fecal) following yoghurt consumption 
for 2 to 4 weeks (134, 135), and it is unknown whether this increase is a result of food consumption or synthesis 
by the gut microbiota. A review of biogenic amines in food products further indicates that biogenic amines are 
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hydrocarbon receptor, are also known to be produced from LAB via the tryptophanase pathway (144). In the 
current review, indoles (especially indole-3-lactic acid) have been detected in biosamples following the 
consumption of multiple fermented foods, including yoghurt, cheese, beer, coffee, and bread. In addition, 
multiple strains of LAB produce phenyllactic and 4-hydroxyphenyllactic acids, and these metabolites have 
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serum and urine following the acute consumption of Gruyère cheese (59, 60) and in plasma and urine following 
the acute consumption of sauerkraut (96). Given that D-phenyllactic acid has also been confirmed to be present 
in other LAB-fermented foods including kimchi and sourdough (146-148), further investigation is warranted 
for this metabolite as a promising ‘fermentation-dependent’ FIB for lactic-fermented foods.  
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An inherent challenge in searching for FIBs of fermented foods is attributable to the heterogeneity of 
this food group. As evident in this review, virtually all food substrates can be fermented, and differences in 
fermentation conditions, such as type of microorganisms involved, duration of fermentation, even minute 
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profiles. To illustrate, consider the fermentation of milk to produce different types of cheeses. The common 
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internal molds (Roquefort) or surface (brie, camembert) moulds (149). Even within bacteria-ripened cheese, 
interestingly, the ‘holes’ in the cheese are created via different processes: in Swiss Emmental cheese by 
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Aside from the use of different microoganisms, the abundance of microbes can vary widely, and in 
some cases, the microorganisms are intentionally removed (e.g., heat inactivation, filtration). Even in the 
absence of a heat or separation step, the number of microbes present at the time of consumption depends on 
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by Rezac et al. (151), levels of live microorganisms in fermented foods were found to be dependent on 
geographical region and age of the food. For instance, microbial counts were undetectable (<103 cfu/g) in 
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Swiss Gruyère or Grana Padano cheeses aged greater than 1 year, while high counts (109 cfu/g) were found in 
Tilsit cheese aged for 2 to 4 months (151). Given that fermentation relies on the enzymatic activities of 
microorganisms to convert food components, the chances of fermentation-dependent metabolites being 
detected in biosamples to be identified as FIBs is inevitably linked to the amount of microorganism present in 
the food product. Furthermore, while industrial fermentations are typically conducted using predefined starter 
cultures to guarantee consistency, safety, as well as specific metabolic activities, artisanal fermentations (which 
are gaining in popularity) rely on mixed sources or microbes endogenous to the raw food (152). This further 
complicates the generalizability of any FIBs identified for industrially fermented foods, and necessitates 
careful documentation of fermentation procedures and metabolic products in all cases. 

Impact of gut microbiota on FIBs for fermented foods 

A second complexity in exploring FIBs for fermented foods involves the food-gut microbiota interface. 
Many fermented foods can act as a delivery vehicle for live microorganisms that can subsequently contribute 
to a changed gut microbiota landscape and altered metabolite appearance (8, 22). The diversity of 
microorganisms found in various fermented foods, as well as their functional properties, have been reviewed 
previously (22, 153). Both the gut and food microbiota can ‘ferment’ food components, and it has recently 
been documented that over 40% the LAB consumed via the ingestion of fermented foods (mainly cheese and 
other fermented milk products) become members of the gut microbiome (152). Interestingly, the species of 
LAB colonized in the gut was found to be regionally dependent, with S. thermophiles and lactobacilli linked 
to yoghurt and dairy product consumption in Western diets, and heterofermentative Leuconostoc and Weissela 
linked to fermented vegetables and cereal-based foods predominant in non-Western diets (152).  A further 
study by Taylor et al. (154) indicated that gut microbiome composition and functional profile are also affected 
by the frequency of consumption of fermented plants, with several microbes (L. brevis, L. kefiranofaciens, L. 
parabuchneri, L. helveticus, and L. sakei) associated with both fermented foods and self-reported ‘consumers’, 
but not ‘non-consumers’ (154). Furthermore, while transient or long-term intake of fermented foods may 
differentially impact the gut microbiome, and the response of the microbiome to diet remains highly 
personalized (155). Collectively, these reports reflect the challenge in delineating the origin of a FIB as from 
a fermented food, or from a non-fermented food transformed by the gut microbiota.  

Representation of fermented foods consumed globally in the literature 

While our goal was to search for FIBs for fermented food products consumed globally, a small number 
of fermented food products were represented in the current literature. To-date, the majority of research has 
concentrated on coffee, beer, wine, chocolate, bread, and fermented dairy products, as described above. Studies 
on fermented foods consumed in large quantities in Africa and Asia, for example products from rice (idli, dosa, 
dhokla), corn (ogi, kenkey, pozol), or sorghum (injera, kisra), fermented alcoholic beverages (sake, bouza, 
chichi, mahewu, boza) (3-5), were not identified, indicating a gap in the scientific literature. There exists a 
great opportunity for the further exploration and validation of biomarkers for less-commonly investigated 
fermented foods, the results of which will help benefit fermentation-dependent FIBs for fermented foods 
overall.  

Conclusions 

The large number of different food-level, food group-level, and fermentation-dependent compounds 
identified in this literature search may be promising FIBs for fermented food products if combined in a multi-
marker approach, and needs to be validated in free-living cohorts with uncontrolled diets. While fairly specific 
food-level and food group-level biomarkers exist for commonly consumed fermented foods (e.g., trigonelline 
for coffee, pentadecanoic acid for dairy), this review captured several fermentation-dependent FIBs common 

 

among foods fermented by the same fermentation process (e.g., ethanol and metabolites for alcoholic 
fermentation, methionine, indoles, and 3-phenyllactic acid from lactic-fermentation). Further, several gaps in 
the literature were revealed, particularly in the lack of studies on FIBs for fermented meats, fish, fruits, and 
vegetables, which presents an opportunity for future scientific investigation. Expanding the repertoire of FIBs 
for different fermented food products will greatly aid epidemiological efforts aimed to associate fermented 
foods with various health outcomes.  
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Table S2. Operators used in the literature search for candidate biomarkers of fermented food intake 
Operator Database Field Keywords 
AND Pubmed All fields biomarker* OR marker* OR metabolite* 

OR biokinetics OR biotransformation OR 
pharmacokinetics  
 

Web of Science Topic 
Scopus Article Title/Abstract/Keywords 

AND Pubmed All fields intake* OR meal* OR diet* OR ingestion 
OR consumption OR eat* OR drink* OR 
administration 

Web of Science Topic 
Scopus Article Title/Abstract/Keywords 

AND Pubmed All fields human* OR men OR women OR patient* 
OR volunteer* OR participant* OR 
individual* OR subject* 

Web of Science Topic 
Scopus Article Title/Abstract/Keywords 

AND Pubmed All fields urine OR plasma OR blood OR serum OR 
excretion OR tissue* OR faeces OR feces 
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nail* OR hair 
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Abstract 

Background: Humans have a long history of consuming fermented foods. However, their prevalence in human 
diets remains largely undetermined, and there is a lack of validated dietary assessment tools assessing the 
intake of different fermented products. This study aimed to identify fermented foods consumed in The 
Netherlands and determine the relative validity of a food frequency questionnaire (FFQ) compared to multiple 
24-h recalls for estimating their intake.  
 
Methods: The validation population consisted of 809 participants (53.1±11.9 years) from a Dutch 
observational cohort (NQplus) who completed a FFQ and multiple 24-h recalls. Fermented foods from the 
FFQ and recalls were identified and aggregated into conventional food groups. Percent difference in mean 
intakes, quintile cross-classification, Spearman’s correlations, and Bland-Altman analyses were used to 
evaluate the agreement between the two dietary assessment methods.  
 
Results: Approximately 16-18% of foods consumed by this population were fermented, and a further 9-14% 
were dishes containing a fermented ingredient. Fermented foods with the highest consumption included coffee 
(~453g/day;~0.5% of daily energy intake), yoghurts (~88g/day;~2.2%), beer (~84g/day;~1.7%), wholegrain 
bread (~81g/day;~9.4%), wine (~65g/day;~2.7%), and cheese (~32g/day;~5.0%). Mean percent difference 
between the FFQ and recalls was small for fermented beverages (coffee), breads (brown, white, wholegrain, 
rye), and fermented dairy (cheeses) (0.3-2.8%), but large for buttermilk and quark (≥53%). All fermented food 
groups had >50% of participants classified into the same or adjacent quintile of intake (58%-buttermilk to 
89%-fermented beverages). Strong Spearman’s correlations (crude/energy-adjusted rs≥0.50) were obtained for 
fermented beverages (coffee, beer, wine), cereals/grains (wholegrain bread), and dairy (yoghurts). For ‘other 
bread’, quark, and buttermilk, correlations were low (rs<0.20). Bland-Altman analyses revealed good 
agreement for fermented beverages (coffee, beer), breads (brown, wholegrain, rye, other), pastries, chocolate, 
and fermented dairy (cheeses) (mean difference: 0.1-9.3).  
 
Conclusions: Fermented food groups with acceptable or good validity across all measures included commonly 
consumed foods in The Netherlands: fermented beverages (coffee), wholegrain and rye bread, and fermented 
dairy (cheeses). However, for less frequently consumed foods, such as quark and buttermilk, the levels of 
agreement were poor and estimates of intake should be interpreted with caution. This report provides the basis 
for developing a FFQ specific for fermented foods.   
  

 

Background 

Fermented foods are foods or beverages in which microorganisms have been intentionally added or 
used to enzymatically transform food components (1). They comprise a large, pervasive group of foods in the 
Western diet, including cheese, yoghurt, buttermilk, coffee, beer, wine, bread, sauerkraut, dried sausages, and 
chocolate. The fermentation process not only improves the shelf-life and organoleptic qualities of a food, but 
it can also impart novel nutritional qualities through the introduction of live microorganisms and/or bioactive 
compounds generated via microbial action (2). Several studies have associated the consumption of fermented 
foods with positive impacts on cardiometabolic health outcomes, including improvements in body weight, 
modulations in blood cholesterol, and prevention of type II diabetes (3-7). However, assessment of the true 
intake of fermented foods is limited due to the subjective nature of many traditional dietary assessment tools 
(that are also not specific for assessing fermented food intake), and the lack of validation of these methods for 
assessing the intake of different fermented food groups.  

Accurate dietary assessment is a core tenet of nutritional epidemiology that aids in the appropriate 
identification of diet-health associations. To date, the food frequency questionnaire (FFQ) is one of the most 
common dietary assessment instruments used to estimate habitual food and nutrient intake in large populations, 
for reference periods of one month to one year (8). Since the FFQ food list is determined based on the major 
foods that contribute to the total intake, as identified in food consumption surveys, it is not necessarily designed 
to assess the total diet (8-10). Conversely, 24-h recalls aim to assess the whole diet, but only for the previous 
24 hours prior to assessment (11). In theory, multiple, non-consecutive 24-h recalls can approximate habitual 
intake of a food or nutrient, akin to the FFQ, but this process can be labour-intensive. Both methods rely on 
self-reporting, and are prone to correlated measurement and reporting errors. Nevertheless, determining the 
level of agreement between intakes assessed by the FFQ versus multiple 24-h recalls may provide a better 
approximation of ‘true’ dietary intake. This could help with the interpretation of the results in future studies, 
and avoid misidentified associations between dietary components and health. 

The validity of FFQs in estimating intakes of various nutrients, foods, and food groups has been 
documented in multiple studies (12-16). However, to our knowledge, no groups have endeavoured to assess 
the validity of FFQs for estimating the intake of fermented foods. In this study, we aimed to first identify 
fermented foods in the diet, and subsequently assess the relative validity of a FFQ compared to multiple 24-h 
recalls in estimating the intake of fermented foods in a subsample of participants from a Dutch observational 
cohort study (NQplus). Given that the goal of nutritional epidemiological studies is to identify associations 
between food intake and the development of chronic diseases, the accurate assessment of dietary intake and 
classification of individuals into their relative levels of dietary intake is critical in order to promote accurate 
estimation of risk and prevent false associations. 

Methods 

Participants 

The Nutrition Questionnaires plus (NQplus) study is a prospective cohort study that was primarily 
conducted in Caucasian Dutch adults (20 to 70 years), living in or around Wageningen, The Netherlands. It 
was initiated as an ‘add-on’ study to the National Dietary Assessment Reference Database (NDARD) project, 
to gather extensive data on participant demographics, lifestyle, medical history, and cardiometabolic health 
outcomes. A complete description of NQplus and the NDARD project can be found elsewhere (17, 18). Briefly, 
2048 men and women were recruited and included in the study between June 2011 and February 2013. Baseline 
measurements included an assessment of habitual dietary intake by FFQ (n = 1468) and/or 24-h recall (n = 
1117). Additional data on anthropometrics, body composition, blood pressure, pulse wave velocity, advanced 
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Abstract 

Background: Humans have a long history of consuming fermented foods. However, their prevalence in human 
diets remains largely undetermined, and there is a lack of validated dietary assessment tools assessing the 
intake of different fermented products. This study aimed to identify fermented foods consumed in The 
Netherlands and determine the relative validity of a food frequency questionnaire (FFQ) compared to multiple 
24-h recalls for estimating their intake.  
 
Methods: The validation population consisted of 809 participants (53.1±11.9 years) from a Dutch 
observational cohort (NQplus) who completed a FFQ and multiple 24-h recalls. Fermented foods from the 
FFQ and recalls were identified and aggregated into conventional food groups. Percent difference in mean 
intakes, quintile cross-classification, Spearman’s correlations, and Bland-Altman analyses were used to 
evaluate the agreement between the two dietary assessment methods.  
 
Results: Approximately 16-18% of foods consumed by this population were fermented, and a further 9-14% 
were dishes containing a fermented ingredient. Fermented foods with the highest consumption included coffee 
(~453g/day;~0.5% of daily energy intake), yoghurts (~88g/day;~2.2%), beer (~84g/day;~1.7%), wholegrain 
bread (~81g/day;~9.4%), wine (~65g/day;~2.7%), and cheese (~32g/day;~5.0%). Mean percent difference 
between the FFQ and recalls was small for fermented beverages (coffee), breads (brown, white, wholegrain, 
rye), and fermented dairy (cheeses) (0.3-2.8%), but large for buttermilk and quark (≥53%). All fermented food 
groups had >50% of participants classified into the same or adjacent quintile of intake (58%-buttermilk to 
89%-fermented beverages). Strong Spearman’s correlations (crude/energy-adjusted rs≥0.50) were obtained for 
fermented beverages (coffee, beer, wine), cereals/grains (wholegrain bread), and dairy (yoghurts). For ‘other 
bread’, quark, and buttermilk, correlations were low (rs<0.20). Bland-Altman analyses revealed good 
agreement for fermented beverages (coffee, beer), breads (brown, wholegrain, rye, other), pastries, chocolate, 
and fermented dairy (cheeses) (mean difference: 0.1-9.3).  
 
Conclusions: Fermented food groups with acceptable or good validity across all measures included commonly 
consumed foods in The Netherlands: fermented beverages (coffee), wholegrain and rye bread, and fermented 
dairy (cheeses). However, for less frequently consumed foods, such as quark and buttermilk, the levels of 
agreement were poor and estimates of intake should be interpreted with caution. This report provides the basis 
for developing a FFQ specific for fermented foods.   
  

 

Background 

Fermented foods are foods or beverages in which microorganisms have been intentionally added or 
used to enzymatically transform food components (1). They comprise a large, pervasive group of foods in the 
Western diet, including cheese, yoghurt, buttermilk, coffee, beer, wine, bread, sauerkraut, dried sausages, and 
chocolate. The fermentation process not only improves the shelf-life and organoleptic qualities of a food, but 
it can also impart novel nutritional qualities through the introduction of live microorganisms and/or bioactive 
compounds generated via microbial action (2). Several studies have associated the consumption of fermented 
foods with positive impacts on cardiometabolic health outcomes, including improvements in body weight, 
modulations in blood cholesterol, and prevention of type II diabetes (3-7). However, assessment of the true 
intake of fermented foods is limited due to the subjective nature of many traditional dietary assessment tools 
(that are also not specific for assessing fermented food intake), and the lack of validation of these methods for 
assessing the intake of different fermented food groups.  

Accurate dietary assessment is a core tenet of nutritional epidemiology that aids in the appropriate 
identification of diet-health associations. To date, the food frequency questionnaire (FFQ) is one of the most 
common dietary assessment instruments used to estimate habitual food and nutrient intake in large populations, 
for reference periods of one month to one year (8). Since the FFQ food list is determined based on the major 
foods that contribute to the total intake, as identified in food consumption surveys, it is not necessarily designed 
to assess the total diet (8-10). Conversely, 24-h recalls aim to assess the whole diet, but only for the previous 
24 hours prior to assessment (11). In theory, multiple, non-consecutive 24-h recalls can approximate habitual 
intake of a food or nutrient, akin to the FFQ, but this process can be labour-intensive. Both methods rely on 
self-reporting, and are prone to correlated measurement and reporting errors. Nevertheless, determining the 
level of agreement between intakes assessed by the FFQ versus multiple 24-h recalls may provide a better 
approximation of ‘true’ dietary intake. This could help with the interpretation of the results in future studies, 
and avoid misidentified associations between dietary components and health. 

The validity of FFQs in estimating intakes of various nutrients, foods, and food groups has been 
documented in multiple studies (12-16). However, to our knowledge, no groups have endeavoured to assess 
the validity of FFQs for estimating the intake of fermented foods. In this study, we aimed to first identify 
fermented foods in the diet, and subsequently assess the relative validity of a FFQ compared to multiple 24-h 
recalls in estimating the intake of fermented foods in a subsample of participants from a Dutch observational 
cohort study (NQplus). Given that the goal of nutritional epidemiological studies is to identify associations 
between food intake and the development of chronic diseases, the accurate assessment of dietary intake and 
classification of individuals into their relative levels of dietary intake is critical in order to promote accurate 
estimation of risk and prevent false associations. 

Methods 

Participants 

The Nutrition Questionnaires plus (NQplus) study is a prospective cohort study that was primarily 
conducted in Caucasian Dutch adults (20 to 70 years), living in or around Wageningen, The Netherlands. It 
was initiated as an ‘add-on’ study to the National Dietary Assessment Reference Database (NDARD) project, 
to gather extensive data on participant demographics, lifestyle, medical history, and cardiometabolic health 
outcomes. A complete description of NQplus and the NDARD project can be found elsewhere (17, 18). Briefly, 
2048 men and women were recruited and included in the study between June 2011 and February 2013. Baseline 
measurements included an assessment of habitual dietary intake by FFQ (n = 1468) and/or 24-h recall (n = 
1117). Additional data on anthropometrics, body composition, blood pressure, pulse wave velocity, advanced 
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glycation endproduct (AGE) accumulation, and cognitive performance, were also collected. Background 
demographics, health, and lifestyle data were collected via validated questionnaires administered online using 
the open-source survey tool Limesurvey (Lime-Survey Project Team/Carsten Schmitz, Hamburg, Germany). 
Fasting blood samples and 24-h urine samples were also collected. All measurements were repeated at 1 and 
2 years of follow-up and performed according to a standardised protocol by trained research personnel. The 
study was approved by the ethical committee of Wageningen University and Research and performed in 
agreement with the Declaration of Helsinki. Written informed consent were obtained from all participants prior 
to the start of the study. 

Population for the validation study 

The validation analyses were conducted with a subset of participants who had completed both a FFQ 
as well as 2 or more 24-h phone-based recalls. From the original dataset (n = 2048), participants who did not 
have any dietary assessment data were excluded (n = 17), as were those who completed fewer than two phone-
based recalls (n = 1081). A further ten participants with implausible energy intakes were excluded from 
analyses (i.e., men with energy intakes <800 or >4200 kcal/day, and women with energy intakes <500 and 
>3500 kcal/day) (19-22). Merging the FFQ and 24-h recall data subsets resulted in a sample of n = 809 with 
complete data; these participants represented the validation subcohort for further analyses. 

Food frequency questionnaire (FFQ) 

A full description of the dietary assessment methods have been detailed previously in the study design 
papers for the NQplus study and NDARD project (17, 18). The goal of NDARD was to advance the 
development and validation of new FFQs, while NQplus promotes research activities between dietary 
determinants and cardiometabolic health in Dutch adults. Habitual dietary intake was assessed using a 216-
item FFQ. The food items for the FFQ were selected to cover ≥96% of the absolute level of food intake and 
≥95% of the between-person variability of each nutrient under study as assessed in the 1998 Dutch National 
Food Consumption Survey (DNFCS), and supplemented with commonly consumed commercial food products 
from the 2011 DNFCS (17). The FFQ was self-administered and completed online using the open-source 
survey tool Limesurvey, with 10 frequency categories: never, 1 day per 4 weeks, 2-3 days per 4 weeks, 1 day 
per week, 2 days per week, 3 days per week, 4 days per week, 5 days per week, 6 days per week, and 7 days 
per week. Portion sizes were estimated using typical portion sizes and commonly used household measures. 
Subsequently, total food intakes (in g/day) were calculated by multiplying consumption frequency (times/day) 
by portion size (in grams) as defined in the Dutch food composition tables (2011) (23). It should be noted that 
although the reference period of the FFQ validity is one month, it was assumed that food consumption patterns 
are stable in this adult population. Previous validation studies for this FFQ have revealed good correlation 
coefficients for energy (Pearson’s r=0.65 compared to 24-h recall) (24), total fats (Pearson’s r=0.78 compared 
to dietary history) (25), as well as several micronutrients (e.g., vitamin B1 and B2, Pearson’s r=0.58) and food 
groups (e.g., bread, Pearson’s r=0.69) compared to the 24-h recall (15). In addition, a recent validation study 
evaluating a Glycaemic Index FFQ (GI-FFQ) against the general-FFQ and 24-h recalls for the NQplus cohort 
revealed moderate to good relative validity for carbohydrates, carbohydrate-rich foods, and glycaemic 
index/glycaemic load (26). 

24-h Recalls 

For the current analyses, we used 24-h recall data collected by telephone. The telephone-based 24-h 
recalls were carried out by trained dietitians and performed according to a standardised protocol (17). Portion 
sizes were assessed using household measures, weight/volume, and standard reference portions. Recall data 
were subsequently transcribed as food codes of the 2011 Dutch food composition table (23). Regular meetings 
with all dietitians and quality checks ensured the quality of the telephone recalls and encoding of the data. 

 

Further information on dietary supplement intake and whether a dietary regime was followed during the month 
preceding the recall assessment (prescribed or at own initiative) were also recorded. The phone-based 24-h 
recalls were taken at the beginning of the study period, and at 6, 12, 24, and 36 months follow-up, with some 
participants completing less or more recalls than the indicated follow-up periods. Participants included in the 
validation study (n = 809) completed between two and eight phone-based 24-h recalls assessing the intake of 
2102 food items. The number of participants who completed 2, 3, 4, 5, 6, 7 and 8 recalls were respectively, n 
= 48, 358, 53, 229, 96, 21, and 4. 

Identification and classification of fermented foods 

Fermented foods from the FFQ and 24-h recall food lists were identified and classified. As a first step, 
foods that were not consumed by any participants were removed from the analyses. This left 216 foods in the 
FFQ food list, and 1593 foods in the 24-h recall food list. To take into consideration the breadth of fermented 
foods that exist in the marketplace and in the diet, we first stratified fermented foods in the FFQ and 24-h recall 
food lists into broad food groups, namely dairy, meat and fish, fruits and vegetables, soya, cereals and grains, 
beverages, and ‘other fermented products’. These food groups were defined a priori and were loosely based 
on the food-based dietary guidelines in The Netherlands, Switzerland, and United States (27-29). Fermented 
foods within each food group were then aggregated into subgroups. To ensure that the foods were truly 
fermented, a series of exclusion criteria were applied. For foods that were traditionally fermented but are 
typically no longer fermented due to modern food processing (e.g., pickled vegetables), ingredient lists of 
common grocery store items were consulted, and these foods were included/excluded accordingly. Foods that 
contained a fermented ingredient (e.g., composite dishes, such as pizza with cheese, chocolate-based 
confectionaries), processed variations of fermented foods (e.g., chocolate spreads, cheese spreads), and foods 
that were not fully fermented (e.g., green or black teas that are usually oxidised rather than post-fermented) 
were classified separately, as ‘composite dishes that contain a fermented ingredient’ or ‘possibly fermented’. 

For the validation aspects of this study, we selected fermented foods and food groups that were assessed 
by both the FFQ and 24-h recall methods, to enable a direct comparison between the two methods. These 
fermented food groups (and subgroups) included: fermented beverages (coffee, beer, and wine), fermented 
cereals/grains (brown bread, white bread, wholegrain bread, rye bread, or ‘other bread’), fermented dairy 
(cheese, yoghurt, buttermilk, quark), and chocolate. Additionally, we assessed the intakes of non-fermented 
dairy (milk, ice cream, butter, cream) and non-fermented soya products. Intakes of these products may be 
closely related to the intakes of the fermented foods and thus were considered as potentially relevant for future 
analyses wherein associations between fermented food intake and health will be explored. 

Statistical analysis 

For the recalls, intakes from the total number of recalls per participant (ranging from 2 to 8) were 
averaged prior to statistical analysis. We calculated both absolute as well as energy-adjusted intakes for food 
groups, where energy-adjustment was performed using the commonly used residual method (30). In order to 
provide comprehensive insight into the different aspects of validity, and to reveal the limitations of each dietary 
assessment method, a combination of statistical tests were used to assess relative validity (31): mean percent 
difference, quintile cross-classification, correlation coefficient (and attenuation factors), and Bland-Altman. 
Group-level agreement was first assessed using mean percent difference in energy-adjusted food intake, which 
was calculated according to the formula: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷�%� = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹 𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∗ 100 

To assess the level of agreement between intakes assessed by the two methods, quintile cross-classification 
was applied to the mean energy-adjusted intakes for each fermented food group. After defining the quintiles 
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glycation endproduct (AGE) accumulation, and cognitive performance, were also collected. Background 
demographics, health, and lifestyle data were collected via validated questionnaires administered online using 
the open-source survey tool Limesurvey (Lime-Survey Project Team/Carsten Schmitz, Hamburg, Germany). 
Fasting blood samples and 24-h urine samples were also collected. All measurements were repeated at 1 and 
2 years of follow-up and performed according to a standardised protocol by trained research personnel. The 
study was approved by the ethical committee of Wageningen University and Research and performed in 
agreement with the Declaration of Helsinki. Written informed consent were obtained from all participants prior 
to the start of the study. 

Population for the validation study 

The validation analyses were conducted with a subset of participants who had completed both a FFQ 
as well as 2 or more 24-h phone-based recalls. From the original dataset (n = 2048), participants who did not 
have any dietary assessment data were excluded (n = 17), as were those who completed fewer than two phone-
based recalls (n = 1081). A further ten participants with implausible energy intakes were excluded from 
analyses (i.e., men with energy intakes <800 or >4200 kcal/day, and women with energy intakes <500 and 
>3500 kcal/day) (19-22). Merging the FFQ and 24-h recall data subsets resulted in a sample of n = 809 with 
complete data; these participants represented the validation subcohort for further analyses. 

Food frequency questionnaire (FFQ) 

A full description of the dietary assessment methods have been detailed previously in the study design 
papers for the NQplus study and NDARD project (17, 18). The goal of NDARD was to advance the 
development and validation of new FFQs, while NQplus promotes research activities between dietary 
determinants and cardiometabolic health in Dutch adults. Habitual dietary intake was assessed using a 216-
item FFQ. The food items for the FFQ were selected to cover ≥96% of the absolute level of food intake and 
≥95% of the between-person variability of each nutrient under study as assessed in the 1998 Dutch National 
Food Consumption Survey (DNFCS), and supplemented with commonly consumed commercial food products 
from the 2011 DNFCS (17). The FFQ was self-administered and completed online using the open-source 
survey tool Limesurvey, with 10 frequency categories: never, 1 day per 4 weeks, 2-3 days per 4 weeks, 1 day 
per week, 2 days per week, 3 days per week, 4 days per week, 5 days per week, 6 days per week, and 7 days 
per week. Portion sizes were estimated using typical portion sizes and commonly used household measures. 
Subsequently, total food intakes (in g/day) were calculated by multiplying consumption frequency (times/day) 
by portion size (in grams) as defined in the Dutch food composition tables (2011) (23). It should be noted that 
although the reference period of the FFQ validity is one month, it was assumed that food consumption patterns 
are stable in this adult population. Previous validation studies for this FFQ have revealed good correlation 
coefficients for energy (Pearson’s r=0.65 compared to 24-h recall) (24), total fats (Pearson’s r=0.78 compared 
to dietary history) (25), as well as several micronutrients (e.g., vitamin B1 and B2, Pearson’s r=0.58) and food 
groups (e.g., bread, Pearson’s r=0.69) compared to the 24-h recall (15). In addition, a recent validation study 
evaluating a Glycaemic Index FFQ (GI-FFQ) against the general-FFQ and 24-h recalls for the NQplus cohort 
revealed moderate to good relative validity for carbohydrates, carbohydrate-rich foods, and glycaemic 
index/glycaemic load (26). 

24-h Recalls 

For the current analyses, we used 24-h recall data collected by telephone. The telephone-based 24-h 
recalls were carried out by trained dietitians and performed according to a standardised protocol (17). Portion 
sizes were assessed using household measures, weight/volume, and standard reference portions. Recall data 
were subsequently transcribed as food codes of the 2011 Dutch food composition table (23). Regular meetings 
with all dietitians and quality checks ensured the quality of the telephone recalls and encoding of the data. 

 

Further information on dietary supplement intake and whether a dietary regime was followed during the month 
preceding the recall assessment (prescribed or at own initiative) were also recorded. The phone-based 24-h 
recalls were taken at the beginning of the study period, and at 6, 12, 24, and 36 months follow-up, with some 
participants completing less or more recalls than the indicated follow-up periods. Participants included in the 
validation study (n = 809) completed between two and eight phone-based 24-h recalls assessing the intake of 
2102 food items. The number of participants who completed 2, 3, 4, 5, 6, 7 and 8 recalls were respectively, n 
= 48, 358, 53, 229, 96, 21, and 4. 

Identification and classification of fermented foods 

Fermented foods from the FFQ and 24-h recall food lists were identified and classified. As a first step, 
foods that were not consumed by any participants were removed from the analyses. This left 216 foods in the 
FFQ food list, and 1593 foods in the 24-h recall food list. To take into consideration the breadth of fermented 
foods that exist in the marketplace and in the diet, we first stratified fermented foods in the FFQ and 24-h recall 
food lists into broad food groups, namely dairy, meat and fish, fruits and vegetables, soya, cereals and grains, 
beverages, and ‘other fermented products’. These food groups were defined a priori and were loosely based 
on the food-based dietary guidelines in The Netherlands, Switzerland, and United States (27-29). Fermented 
foods within each food group were then aggregated into subgroups. To ensure that the foods were truly 
fermented, a series of exclusion criteria were applied. For foods that were traditionally fermented but are 
typically no longer fermented due to modern food processing (e.g., pickled vegetables), ingredient lists of 
common grocery store items were consulted, and these foods were included/excluded accordingly. Foods that 
contained a fermented ingredient (e.g., composite dishes, such as pizza with cheese, chocolate-based 
confectionaries), processed variations of fermented foods (e.g., chocolate spreads, cheese spreads), and foods 
that were not fully fermented (e.g., green or black teas that are usually oxidised rather than post-fermented) 
were classified separately, as ‘composite dishes that contain a fermented ingredient’ or ‘possibly fermented’. 

For the validation aspects of this study, we selected fermented foods and food groups that were assessed 
by both the FFQ and 24-h recall methods, to enable a direct comparison between the two methods. These 
fermented food groups (and subgroups) included: fermented beverages (coffee, beer, and wine), fermented 
cereals/grains (brown bread, white bread, wholegrain bread, rye bread, or ‘other bread’), fermented dairy 
(cheese, yoghurt, buttermilk, quark), and chocolate. Additionally, we assessed the intakes of non-fermented 
dairy (milk, ice cream, butter, cream) and non-fermented soya products. Intakes of these products may be 
closely related to the intakes of the fermented foods and thus were considered as potentially relevant for future 
analyses wherein associations between fermented food intake and health will be explored. 

Statistical analysis 

For the recalls, intakes from the total number of recalls per participant (ranging from 2 to 8) were 
averaged prior to statistical analysis. We calculated both absolute as well as energy-adjusted intakes for food 
groups, where energy-adjustment was performed using the commonly used residual method (30). In order to 
provide comprehensive insight into the different aspects of validity, and to reveal the limitations of each dietary 
assessment method, a combination of statistical tests were used to assess relative validity (31): mean percent 
difference, quintile cross-classification, correlation coefficient (and attenuation factors), and Bland-Altman. 
Group-level agreement was first assessed using mean percent difference in energy-adjusted food intake, which 
was calculated according to the formula: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷�%� = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹 𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∗ 100 

To assess the level of agreement between intakes assessed by the two methods, quintile cross-classification 
was applied to the mean energy-adjusted intakes for each fermented food group. After defining the quintiles 
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for each food group, the percentage of individuals classified into the same, adjacent, or extreme quintile for 
each fermented food group was examined. If more than 50% of the participants were correctly classified in the 
same or adjacent quintile, with less than 5% grossly misclassified in the extreme quintile, this was interpreted 
as a good outcome (31, 32). 

To determine the strength and direction of the associations, non-parametric Spearman’s rank 
correlation coefficients (rs) were calculated; correlations are shown as crude and energy-adjusted. Correlations 
coefficients of ≥0.50 were classified as good, 0.20 to 0.49 was considered acceptable, and <0.20 considered as 
poor (31). While these cut-offs are commonly used, for the ‘acceptable’ classification, we distinguished 
between a higher range (0.40 to 0.49) and lower range (0.20 to 0.39), where the higher acceptable range was 
considered a more rigorous cut-off to take into account the high possibility of correlated errors between the 
FFQ and recall methods. Attenuation factors were also calculated alongside correlation coefficients, since they 
are commonly used in epidemiological studies to adjust the association between diet and disease, and help 
indicate the extent to which diet-disease associations are weakened due to measurement error. Due to the high 
probability of correlated errors between the FFQ and 24-h recall methods, the attenuation factors are expected 
to give an incomplete correction of measurement error, and can be inflated (33, 34). Nevertheless, the use of 
attenuation factors (based on a 24-h recall method) has been shown to improve the relative risks of diet-disease 
associations (35), which warranted their inclusion in our analyses. A non-linear mixed model was used to 
obtain attenuation factors for all food groups. From the model parameters, we calculated the attenuation factors 
(λx) using the 24-h recall as a reference method according to methods previously described by Trijsburg et al. 
(36), and specified in the formula: 

𝜆𝜆𝜆𝜆� =
𝛽𝛽𝛽𝛽� ∗ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝛽𝛽𝛽𝛽�� ∗ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑣𝑣𝑣𝑣
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣���

𝑘𝑘𝑘𝑘 𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣��
 

where βX is the proportional scaling bias of the reference method (X), varT is the variance of the true 
intake, varεXij is the variance of the random error of the reference method, and varwxi indicates the variance of 
the person-specific bias of the reference method. To obtain the estimates of the attenuation factor for multiple 
24-h recalls, the variance of the random error of the method (varεXij) was divided by the number of 
measurements (k) of the reference method. 

Finally, Bland-Altman plots were constructed to examine the group-level agreement between the FFQ 
and recall (i.e., mean of multiple recalls) by plotting the mean measure [(FFQ+Recall)/2] against the difference 
in measures (FFQ-Recall) (37). To visually assess the degree of error, additional analyses were added to the 
plots, including: a line indicating the mean difference, and upper and lower 95% confidence intervals [mean ± 
(standard deviation of the mean difference*1.96)]. Additional regression analyses were conducted to detect 
proportional biases, and evaluate the direction and magnitude of the bias. All analyses were conducted in R, 
version 3.5.0 (38), with the exception of quintile cross-classification and Bland-Altman analyses, which were 
conducted using the statistical package IBM SPSS Statistics for Windows, version 22.0 (IBM Corp., Armonk, 
N.Y., USA), and the attenuation factors, which were calculated using SAS, version 9.3 (SAS Institute Inc. 
Cary, NC, USA, 2012). The level of statistical significance was set as p≤0.05. 

Results 

Participants in the validation study 

The characteristics of the participants included in the validation study are shown in Table 1. 
Participants had a mean age of 53 ± 12 years, and 53% of the population were men. Approximately 48% of 
participants (39% of men and 58% of women) had a body mass index (BMI) below 25 kg/m2, while 52% were 
overweight or obese (61% of men and 42% of women). The majority of participants had a high educational 

 

level (65%), had never smoked (52%), and had not followed a diet in the month preceding enrolment to the 
study (93%). About a fifth of participants had a disease history of hypertension (22%) and high cholesterol 
(18%), while only a small percentage (less than 5%) had a history of cancer, diabetes, heart attack, and/or 
stroke. 

 
Table 1. General characteristics of the participants included in the validation study 
 All (n = 809) Men (n = 425) Women (n = 384) 
Age, years 53.1 ± 11.9 55.5 ± 11.0 50.4 ± 12.2 
BMI, kg/m2 25.6 ± 3.8 26.1 ± 3.3 25.0 ± 4.2 
BMI category    

<25 kg/m2 387 (48) 165 (39) 222 (58) 
≥25 kg/m2 421 (52) 259 (61) 162 (42) 

Waist circumference, cm 90.7 ± 12.0 95.9 ± 10.3 84.8 ± 11.1 
Education, n (%)    

Low 54 (7) 31 (7) 23 (6) 
Intermediate 223 (28) 109 (26) 114 (30) 
High 529 (65) 285 (67) 244 (64) 

Smoking status, n (%)    
Never 364 (52) 170 (45) 194 (60) 
Former 270 (39) 163 (44) 107 (33) 
Current 65 (9) 41 (11) 24 (7) 

Disease history, n (%)    
Cancer 44 (5) 17 (4) 27 (7) 
Diabetes 21 (3) 15 (4) 6 (2) 
Heart attack 16 (2) 12 (3) 4 (1) 
Hypertension 179 (22) 101 (24) 78 (20) 
High cholesterol 147 (18) 92 (22) 55 (14) 
Stroke 9 (1) 8 (2) 1 (0) 

Diet during month preceding study, n (%)    
No 749 (93) 402 (94) 347 (91) 
Yes, always 28 (3) 8 (2) 20 (5) 
Yes, sometimes 31 (4) 15 (4) 16 (4) 

Energy, kcal/day    
FFQ 2143.7 ± 504.8 2344.6 ± 509.7 1921.3 ± 394.5 
24-h Recalla 2129.2 ± 444.2 2315.2 ± 451.2 1923.4 ± 331.5 

Protein, g/day    
FFQ 77.4 ± 17.7 83.4 ± 17.7 70.7 ± 15.1 
24-h Recalla 82.6 ± 18.4 89.8 ± 18.6 74.6 ± 14.5 

Fat, g/day    
FFQ 85.4 ± 25.9 93.1 ± 27.1 76.9 ± 21.6 
24-h Recalla 81.6 ± 21.7 87.7 ± 22.8 74.7 ± 18.1 

Carbohydrates, g/day    
FFQ 231.6 ± 61.1 251.7 ± 63.5 209.4 ± 49.6 
24-h Recalla 230.8 ± 58.0 249.1 ± 62.2 210.5 ± 44.8 

Fibre, g/day    
FFQ 25.0 ± 6.8 26.1 ± 7.3 23.8 ± 5.9 
24-h Recalla 23.4 ± 6.8 24.5 ± 7.1 22.1 ± 6.2 

BMI, body mass index; FFQ, food frequency questionnaire; SD, standard deviation. 
Values are presented as mean ± SD, unless otherwise specified. Missing values: BMI (n = 1), waist circumference (n = 1), education 
(n = 3), smoking status (n = 110), diet during last month (n = 1). 
a Mean of multiple 24-h recalls. 
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for each food group, the percentage of individuals classified into the same, adjacent, or extreme quintile for 
each fermented food group was examined. If more than 50% of the participants were correctly classified in the 
same or adjacent quintile, with less than 5% grossly misclassified in the extreme quintile, this was interpreted 
as a good outcome (31, 32). 

To determine the strength and direction of the associations, non-parametric Spearman’s rank 
correlation coefficients (rs) were calculated; correlations are shown as crude and energy-adjusted. Correlations 
coefficients of ≥0.50 were classified as good, 0.20 to 0.49 was considered acceptable, and <0.20 considered as 
poor (31). While these cut-offs are commonly used, for the ‘acceptable’ classification, we distinguished 
between a higher range (0.40 to 0.49) and lower range (0.20 to 0.39), where the higher acceptable range was 
considered a more rigorous cut-off to take into account the high possibility of correlated errors between the 
FFQ and recall methods. Attenuation factors were also calculated alongside correlation coefficients, since they 
are commonly used in epidemiological studies to adjust the association between diet and disease, and help 
indicate the extent to which diet-disease associations are weakened due to measurement error. Due to the high 
probability of correlated errors between the FFQ and 24-h recall methods, the attenuation factors are expected 
to give an incomplete correction of measurement error, and can be inflated (33, 34). Nevertheless, the use of 
attenuation factors (based on a 24-h recall method) has been shown to improve the relative risks of diet-disease 
associations (35), which warranted their inclusion in our analyses. A non-linear mixed model was used to 
obtain attenuation factors for all food groups. From the model parameters, we calculated the attenuation factors 
(λx) using the 24-h recall as a reference method according to methods previously described by Trijsburg et al. 
(36), and specified in the formula: 

𝜆𝜆𝜆𝜆� =
𝛽𝛽𝛽𝛽� ∗ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝛽𝛽𝛽𝛽�� ∗ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑣𝑣𝑣𝑣
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣���

𝑘𝑘𝑘𝑘 𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣��
 

where βX is the proportional scaling bias of the reference method (X), varT is the variance of the true 
intake, varεXij is the variance of the random error of the reference method, and varwxi indicates the variance of 
the person-specific bias of the reference method. To obtain the estimates of the attenuation factor for multiple 
24-h recalls, the variance of the random error of the method (varεXij) was divided by the number of 
measurements (k) of the reference method. 

Finally, Bland-Altman plots were constructed to examine the group-level agreement between the FFQ 
and recall (i.e., mean of multiple recalls) by plotting the mean measure [(FFQ+Recall)/2] against the difference 
in measures (FFQ-Recall) (37). To visually assess the degree of error, additional analyses were added to the 
plots, including: a line indicating the mean difference, and upper and lower 95% confidence intervals [mean ± 
(standard deviation of the mean difference*1.96)]. Additional regression analyses were conducted to detect 
proportional biases, and evaluate the direction and magnitude of the bias. All analyses were conducted in R, 
version 3.5.0 (38), with the exception of quintile cross-classification and Bland-Altman analyses, which were 
conducted using the statistical package IBM SPSS Statistics for Windows, version 22.0 (IBM Corp., Armonk, 
N.Y., USA), and the attenuation factors, which were calculated using SAS, version 9.3 (SAS Institute Inc. 
Cary, NC, USA, 2012). The level of statistical significance was set as p≤0.05. 

Results 

Participants in the validation study 

The characteristics of the participants included in the validation study are shown in Table 1. 
Participants had a mean age of 53 ± 12 years, and 53% of the population were men. Approximately 48% of 
participants (39% of men and 58% of women) had a body mass index (BMI) below 25 kg/m2, while 52% were 
overweight or obese (61% of men and 42% of women). The majority of participants had a high educational 

 

level (65%), had never smoked (52%), and had not followed a diet in the month preceding enrolment to the 
study (93%). About a fifth of participants had a disease history of hypertension (22%) and high cholesterol 
(18%), while only a small percentage (less than 5%) had a history of cancer, diabetes, heart attack, and/or 
stroke. 

 
Table 1. General characteristics of the participants included in the validation study 
 All (n = 809) Men (n = 425) Women (n = 384) 
Age, years 53.1 ± 11.9 55.5 ± 11.0 50.4 ± 12.2 
BMI, kg/m2 25.6 ± 3.8 26.1 ± 3.3 25.0 ± 4.2 
BMI category    

<25 kg/m2 387 (48) 165 (39) 222 (58) 
≥25 kg/m2 421 (52) 259 (61) 162 (42) 

Waist circumference, cm 90.7 ± 12.0 95.9 ± 10.3 84.8 ± 11.1 
Education, n (%)    

Low 54 (7) 31 (7) 23 (6) 
Intermediate 223 (28) 109 (26) 114 (30) 
High 529 (65) 285 (67) 244 (64) 

Smoking status, n (%)    
Never 364 (52) 170 (45) 194 (60) 
Former 270 (39) 163 (44) 107 (33) 
Current 65 (9) 41 (11) 24 (7) 

Disease history, n (%)    
Cancer 44 (5) 17 (4) 27 (7) 
Diabetes 21 (3) 15 (4) 6 (2) 
Heart attack 16 (2) 12 (3) 4 (1) 
Hypertension 179 (22) 101 (24) 78 (20) 
High cholesterol 147 (18) 92 (22) 55 (14) 
Stroke 9 (1) 8 (2) 1 (0) 

Diet during month preceding study, n (%)    
No 749 (93) 402 (94) 347 (91) 
Yes, always 28 (3) 8 (2) 20 (5) 
Yes, sometimes 31 (4) 15 (4) 16 (4) 

Energy, kcal/day    
FFQ 2143.7 ± 504.8 2344.6 ± 509.7 1921.3 ± 394.5 
24-h Recalla 2129.2 ± 444.2 2315.2 ± 451.2 1923.4 ± 331.5 

Protein, g/day    
FFQ 77.4 ± 17.7 83.4 ± 17.7 70.7 ± 15.1 
24-h Recalla 82.6 ± 18.4 89.8 ± 18.6 74.6 ± 14.5 

Fat, g/day    
FFQ 85.4 ± 25.9 93.1 ± 27.1 76.9 ± 21.6 
24-h Recalla 81.6 ± 21.7 87.7 ± 22.8 74.7 ± 18.1 

Carbohydrates, g/day    
FFQ 231.6 ± 61.1 251.7 ± 63.5 209.4 ± 49.6 
24-h Recalla 230.8 ± 58.0 249.1 ± 62.2 210.5 ± 44.8 

Fibre, g/day    
FFQ 25.0 ± 6.8 26.1 ± 7.3 23.8 ± 5.9 
24-h Recalla 23.4 ± 6.8 24.5 ± 7.1 22.1 ± 6.2 

BMI, body mass index; FFQ, food frequency questionnaire; SD, standard deviation. 
Values are presented as mean ± SD, unless otherwise specified. Missing values: BMI (n = 1), waist circumference (n = 1), education 
(n = 3), smoking status (n = 110), diet during last month (n = 1). 
a Mean of multiple 24-h recalls. 
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Identification of fermented foods in the diet and comparison of mean intakes 

The identification and classification of fermented foods from the FFQ and 24-h recall into food groups 
and subgroups, is provided in Table S1. For the FFQ, 39 foods (18%) were classified as fermented, including 
5 types of fermented beverages, 12 types of fermented cereals/grains, 3 types of chocolate, 17 types of 
fermented dairy products, and 2 other fermented products. A further 19 (9%) of foods in the FFQ food list 
were classified as ‘composite dishes that contain a fermented ingredient’ or ‘possibly fermented’. For the 24-
h recall, 247 foods (16%) were classified as fermented, including 20 types of fermented beverages, 95 types 
of fermented cereals/grains, 20 types of cocoa products, 96 types of fermented dairy, 4 types of fermented 
fruits/vegetables, 6 types of fermented meat/fish, 4 types of fermented soya, and 2 other fermented products. 
A further 228 (14%) of foods in the recall food list were classified as ‘composite dishes containing a fermented 
ingredient’ or ‘possibly fermented’. 

Mean energy-adjusted daily intakes and percentage of average daily energy intake for each fermented 
food group, the number of consumers per food group, as well as the percent and absolute differences in mean 
intakes, are presented in Table 2. The mean daily energy intake as estimated by the FFQ was 2144 (±505) 
kcal/day, which was comparable to the energy intake estimated by the 24-h recalls of 2129 (±444) kcal/day 
(0.68% difference). Fermented food groups with the highest intakes for both the FFQ and 24-h recall were 
total fermented beverages (respectively, 606 and 610 g/day; the main contributor was coffee), fermented dairy 
(respectively, 171 and 176 g/day; the main contributor was yoghurt), and fermented cereals/grains 
(respectively, 129 and 143 g/day; the main contributor was wholegrain bread). When expressed as a percentage 
of average daily energy intake, the main contributor changed for total fermented beverages to wine 
(respectively, 2.6 and 2.8%, for the FFQ and 24-h recall), and for total fermented dairy to cheese (respectively, 
4.9 and 5.2%). For fermented cereals/grains, the main contributor remained wholegrain bread (respectively, 
9.5 and 9.3%). Taking into account all fermented food groups, the mean percent (and absolute) difference 
between the FFQ and the 24-h recall data ranged from 0.3% (0.1 g/day) for cheeses to 10224.4% (41.9 g/day) 
for buttermilk. Mean intakes were similar between the FFQ and 24-h recall methods for total fermented 
beverages (percent difference of -0.7%) and in particular coffee (2.1%), fermented cereals and grains (-9.7%), 
with smaller differences for specific assessments of brown bread, wholegrain bread, and rye breads,  and total 
fermented dairy (-2.8%), particularly for cheeses (-0.3%). On the contrary, percent differences in mean intake 
for buttermilk, quark, and white bread were large (≥53%). 

High intake levels of non-fermented dairy foods were also observed in this population (recall 137g/d 
and FFQ 153 g/day), the main contributor being milk (Table 2). While the percent difference in mean intakes 
was similar for butter (0.7%), a larger difference was observed for cream (-62.5%) and non-fermented soya (-
15.9%). 

Compared to group level percent differences in means, higher individual level percent differences in 
means was observed for total energy as well as multiple fermented food groups, with the most striking contrasts 
observed for beer, brown bread, white bread, rye bread, ‘other bread’, fermented dairy, cheeses, yoghurts, and 
buttermilk (Table S2). Meanwhile, for wine, total fermented cereals/grains, quark, and ice cream, the mean 
percent differences on an individual level were improved. From the non-fermented food groups evaluated, 
milk and soya had large differences between percent differences in means determined on an individual 
compared to group level. 
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Identification of fermented foods in the diet and comparison of mean intakes 

The identification and classification of fermented foods from the FFQ and 24-h recall into food groups 
and subgroups, is provided in Table S1. For the FFQ, 39 foods (18%) were classified as fermented, including 
5 types of fermented beverages, 12 types of fermented cereals/grains, 3 types of chocolate, 17 types of 
fermented dairy products, and 2 other fermented products. A further 19 (9%) of foods in the FFQ food list 
were classified as ‘composite dishes that contain a fermented ingredient’ or ‘possibly fermented’. For the 24-
h recall, 247 foods (16%) were classified as fermented, including 20 types of fermented beverages, 95 types 
of fermented cereals/grains, 20 types of cocoa products, 96 types of fermented dairy, 4 types of fermented 
fruits/vegetables, 6 types of fermented meat/fish, 4 types of fermented soya, and 2 other fermented products. 
A further 228 (14%) of foods in the recall food list were classified as ‘composite dishes containing a fermented 
ingredient’ or ‘possibly fermented’. 

Mean energy-adjusted daily intakes and percentage of average daily energy intake for each fermented 
food group, the number of consumers per food group, as well as the percent and absolute differences in mean 
intakes, are presented in Table 2. The mean daily energy intake as estimated by the FFQ was 2144 (±505) 
kcal/day, which was comparable to the energy intake estimated by the 24-h recalls of 2129 (±444) kcal/day 
(0.68% difference). Fermented food groups with the highest intakes for both the FFQ and 24-h recall were 
total fermented beverages (respectively, 606 and 610 g/day; the main contributor was coffee), fermented dairy 
(respectively, 171 and 176 g/day; the main contributor was yoghurt), and fermented cereals/grains 
(respectively, 129 and 143 g/day; the main contributor was wholegrain bread). When expressed as a percentage 
of average daily energy intake, the main contributor changed for total fermented beverages to wine 
(respectively, 2.6 and 2.8%, for the FFQ and 24-h recall), and for total fermented dairy to cheese (respectively, 
4.9 and 5.2%). For fermented cereals/grains, the main contributor remained wholegrain bread (respectively, 
9.5 and 9.3%). Taking into account all fermented food groups, the mean percent (and absolute) difference 
between the FFQ and the 24-h recall data ranged from 0.3% (0.1 g/day) for cheeses to 10224.4% (41.9 g/day) 
for buttermilk. Mean intakes were similar between the FFQ and 24-h recall methods for total fermented 
beverages (percent difference of -0.7%) and in particular coffee (2.1%), fermented cereals and grains (-9.7%), 
with smaller differences for specific assessments of brown bread, wholegrain bread, and rye breads,  and total 
fermented dairy (-2.8%), particularly for cheeses (-0.3%). On the contrary, percent differences in mean intake 
for buttermilk, quark, and white bread were large (≥53%). 

High intake levels of non-fermented dairy foods were also observed in this population (recall 137g/d 
and FFQ 153 g/day), the main contributor being milk (Table 2). While the percent difference in mean intakes 
was similar for butter (0.7%), a larger difference was observed for cream (-62.5%) and non-fermented soya (-
15.9%). 

Compared to group level percent differences in means, higher individual level percent differences in 
means was observed for total energy as well as multiple fermented food groups, with the most striking contrasts 
observed for beer, brown bread, white bread, rye bread, ‘other bread’, fermented dairy, cheeses, yoghurts, and 
buttermilk (Table S2). Meanwhile, for wine, total fermented cereals/grains, quark, and ice cream, the mean 
percent differences on an individual level were improved. From the non-fermented food groups evaluated, 
milk and soya had large differences between percent differences in means determined on an individual 
compared to group level. 
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 Quintile cross-classification 

The degree of potential misclassification of fermented foods was examined using quintile cross-
classification (Table 3). All fermented food groups were characterised by over 50% of participants being 
classified into the same or adjacent quintile of intake, confirming good ranking ability (ranging from 57.8% 
for buttermilk to 88.5% for total fermented beverages). Furthermore, for total fermented beverages, coffee, 
and wine, almost 50% of participants were classified in the same quintile for both methods. While 
misclassification in the extreme quintiles was relatively low across the total fermented food groups (0.4-3.8%), 
a greater proportion of participants (5.3 to 6.8%) were grossly misclassified for some individual fermented 
foods including brown bread, ‘other bread’, pastries, quark, and buttermilk.  

Non-fermented dairy and soya food groups also had good agreement between dietary assessment tools 
in the quintile cross-classification, with over 50% of participants classified into the same or adjacent quintile 
of intake (Table 3). However, for cream and ice cream, a relatively higher percentage (5.4 and 5.7%, 
respectively) were misclassified into the extreme quintiles. 

 
Table 3. Quintile cross-classification and Spearman’s correlations for fermented and non-fermented foods 
Food Group Agreement of Quintiles for Food Group Intakea Spearman’s Rank Correlation 

Coefficient (rs) 
Same Quintile 

(%) 
Adjacent 

Quintile (%) 
Extreme 

Quintile (%)b 
Crude Energy-Adjusted 

Fermented beverages  47.6 40.9 0.4 0.80** 0.78** 
Coffee 48.8 37.2 0.9 0.76** 0.74** 
Beer 39.9 35.0 1.7 0.67** 0.53** 
Wine 46.4 38.9 0.3 0.76** 0.74** 

Fermented cereals/grains  38.1 41.3 1.2 0.68** 0.63** 
Brown bread 30.3 34.9 6.2 0.25** 0.28** 
White bread 35.2 34.5 4.7 0.33** 0.35** 
Wholegrain bread 38.8 37.9 1.9 0.61** 0.55** 
Rye bread 33.9 34.2 3.0 0.43** 0.42** 
Other bread 28.1 32.1 6.8 0.11** 0.17** 
Pastries 29.2 33.7 5.4 0.20** 0.27** 

Chocolate 27.8 39.8 3.8 0.36** 0.38** 
Fermented dairy 43.1 40.2 0.9 0.68** 0.69** 

Cheeses 32.9 38.1 2.2 0.46** 0.47** 
Yoghurts 34.5 41.5 1.7 0.56** 0.55** 
Quark 30.2 36.3 5.3 0.13** 0.31** 
Buttermilk 25.2 32.6 5.6 0.10** 0.18** 

Non-fermented dairy 40.9 41.5 0.9 0.68** 0.67** 
Butter 36.6 37.6 2.5 0.48** 0.51** 
Cream 28.7 30.5 5.4 0.20** 0.21** 
Ice cream 26.1 35.1 5.7 0.23** 0.21** 
Milk 40.9 41.9 1.1 0.67** 0.66** 

Non-fermented soya 34.1 36.0 4.1 0.40** 0.41** 
FFQ, food frequency questionnaire. **, p<0.01. 
a Mean energy-adjusted intake values for each food group were used to divide participants into quintiles. 
b Percentage of 1st quintile participants in the FFQ classified into the 5th quintile in the recall, or vice versa. 

  

 

Spearman’s correlations 

Crude Spearman’s correlation coefficients ranged from to 0.10 (buttermilk) to 0.80 (fermented 
beverages) (Table 3). Energy-adjustment slightly increased the correlation coefficient for brown bread, white 
bread, ‘other bread’, pastries, chocolate, total fermented dairy, cheeses, quark, and buttermilk, and slightly 
decreased the correlation coefficient for other fermented food groups. Strong correlations (rs≥0.50) for both 
crude and energy-adjusted intakes were obtained for fermented beverages (including coffee, beer, wine), 
fermented cereals/grains (including wholegrain bread), and fermented dairy (including yoghurts). Correlation 
coefficients in the higher acceptable range were obtained for rye bread and cheeses (0.40 ≤rs≤ 0.49), while 
correlation coefficients in the lower acceptable range were found for brown bread, white bread, pastries, and 
chocolate (0.20≤rs≤ 0.39). Only for three fermented foods (‘other bread’, quark, buttermilk) was the correlation 
coefficient was less than 0.20. All correlations were statistically significant (p<0.01). Crude and energy-
adjusted attenuation factors for two 24-h recall replicates were consistently high for fermented beverages 
(0.81), coffee (0.85), beer (0.71), wine (0.64), while moderate values were observed in the range of attenuation 
factors for fermented cereals/grains (0.51), wholegrain bread (0.47), rye bread (0.54), fermented dairy (0.52), 
cheese (0.42), and yoghurts (0.53) (Table S3). In comparison, lower values in the range of attenuation factors 
were obtained for brown bread (0.28), white bread (0.26), ‘other bread’ (0.19), pastries (0.23), chocolate (0.32), 
and quark (0.14). For buttermilk, accurate attenuation factors could not be calculated due to the low variance 
of the person-specific biases compared to the within- and between-person variances. As expected, for all food 
groups, attenuation factors improved with increasing replicates of the reference 24-h recall from two (0.14-
0.86) to eight (0.24-1.0). Energy-adjustment had little effect on the attenuation factors. Sex-specific correlation 
coefficients (crude and energy-adjusted) were similar compared to those obtained for the total population, as 
well as between men and women, for virtually all fermented food groups (Table S4). Energy-adjustment 
generally had a negligible effect on the sex-specific correlation coefficients, but were amplified for less 
commonly consumed foods, in the positive (i.e., other bread and buttermilk in men, quark and other bread in 
women) or negative direction (i.e., rye bread and quark in men, buttermilk in women). 

Similarly, for non-fermented food groups, strong correlations were obtained for non-fermented dairy, 
including milk, while acceptable correlations were obtained for butter and non-fermented soya (in the higher 
range), and ice cream and cream (in the lower range) (Table 3). The crude and energy-adjusted attenuation 
factors obtained were high for non-fermented dairy (0.69-0.98) and butter (0.65-0.97), moderate for milk (0.57-
0.72) and non-fermented soya (0.6-0.76), and lower for cream (0.32-0.5) and ice cream (0.18-0.63) (Table 
S3). Sex-specific correlation coefficients (crude and energy-adjusted) for non-fermented food groups were 
similar compared to those obtained for the total population, as well as between men and women (Table S4). 

Bland-Altman analyses 

The results of the Bland-Altman analyses revealed good agreement in group-level intakes for total 
fermented beverages, including coffee and beer (Table S2). Good agreement was also demonstrated for brown 
bread, wholegrain bread, rye bread, ‘other bread’, pastries, chocolate, fermented dairy, and cheeses (mean 
difference between -0.1 to 9.3 g/day; pdifference≥0.05). However, for wine, total fermented cereals/grains, white 
bread, chocolate, yoghurts, quark, and buttermilk, significant differences were found between the two dietary 
assessment methods (mean difference between -3.4 to 41.9, pdifference<0.0001). The results of the regression 
analyses further revealed a significant amount of proportional bias for wine, white bread, rye bread, pastries, 
chocolate, cheese, quark, and buttermilk (pslope<0.0001). For certain foods (wine, white bread, pastries, 
chocolate, cheese, and quark), the FFQ tended to consistently underestimate their consumption compared to 
the 24-h recalls, while intakes were overestimated for others (rye bread and buttermilk). A small bias for coffee, 
beer, brown bread, and ‘other bread’ was also observed (p<0.05) (Table S2). These results were also confirmed 
visually in the Bland-Altman plots for the main fermented food groups (Figure 1) and subgroups (Figure S1). 
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 Quintile cross-classification 

The degree of potential misclassification of fermented foods was examined using quintile cross-
classification (Table 3). All fermented food groups were characterised by over 50% of participants being 
classified into the same or adjacent quintile of intake, confirming good ranking ability (ranging from 57.8% 
for buttermilk to 88.5% for total fermented beverages). Furthermore, for total fermented beverages, coffee, 
and wine, almost 50% of participants were classified in the same quintile for both methods. While 
misclassification in the extreme quintiles was relatively low across the total fermented food groups (0.4-3.8%), 
a greater proportion of participants (5.3 to 6.8%) were grossly misclassified for some individual fermented 
foods including brown bread, ‘other bread’, pastries, quark, and buttermilk.  

Non-fermented dairy and soya food groups also had good agreement between dietary assessment tools 
in the quintile cross-classification, with over 50% of participants classified into the same or adjacent quintile 
of intake (Table 3). However, for cream and ice cream, a relatively higher percentage (5.4 and 5.7%, 
respectively) were misclassified into the extreme quintiles. 

 
Table 3. Quintile cross-classification and Spearman’s correlations for fermented and non-fermented foods 
Food Group Agreement of Quintiles for Food Group Intakea Spearman’s Rank Correlation 

Coefficient (rs) 
Same Quintile 

(%) 
Adjacent 

Quintile (%) 
Extreme 

Quintile (%)b 
Crude Energy-Adjusted 

Fermented beverages  47.6 40.9 0.4 0.80** 0.78** 
Coffee 48.8 37.2 0.9 0.76** 0.74** 
Beer 39.9 35.0 1.7 0.67** 0.53** 
Wine 46.4 38.9 0.3 0.76** 0.74** 

Fermented cereals/grains  38.1 41.3 1.2 0.68** 0.63** 
Brown bread 30.3 34.9 6.2 0.25** 0.28** 
White bread 35.2 34.5 4.7 0.33** 0.35** 
Wholegrain bread 38.8 37.9 1.9 0.61** 0.55** 
Rye bread 33.9 34.2 3.0 0.43** 0.42** 
Other bread 28.1 32.1 6.8 0.11** 0.17** 
Pastries 29.2 33.7 5.4 0.20** 0.27** 

Chocolate 27.8 39.8 3.8 0.36** 0.38** 
Fermented dairy 43.1 40.2 0.9 0.68** 0.69** 

Cheeses 32.9 38.1 2.2 0.46** 0.47** 
Yoghurts 34.5 41.5 1.7 0.56** 0.55** 
Quark 30.2 36.3 5.3 0.13** 0.31** 
Buttermilk 25.2 32.6 5.6 0.10** 0.18** 

Non-fermented dairy 40.9 41.5 0.9 0.68** 0.67** 
Butter 36.6 37.6 2.5 0.48** 0.51** 
Cream 28.7 30.5 5.4 0.20** 0.21** 
Ice cream 26.1 35.1 5.7 0.23** 0.21** 
Milk 40.9 41.9 1.1 0.67** 0.66** 

Non-fermented soya 34.1 36.0 4.1 0.40** 0.41** 
FFQ, food frequency questionnaire. **, p<0.01. 
a Mean energy-adjusted intake values for each food group were used to divide participants into quintiles. 
b Percentage of 1st quintile participants in the FFQ classified into the 5th quintile in the recall, or vice versa. 

  

 

Spearman’s correlations 

Crude Spearman’s correlation coefficients ranged from to 0.10 (buttermilk) to 0.80 (fermented 
beverages) (Table 3). Energy-adjustment slightly increased the correlation coefficient for brown bread, white 
bread, ‘other bread’, pastries, chocolate, total fermented dairy, cheeses, quark, and buttermilk, and slightly 
decreased the correlation coefficient for other fermented food groups. Strong correlations (rs≥0.50) for both 
crude and energy-adjusted intakes were obtained for fermented beverages (including coffee, beer, wine), 
fermented cereals/grains (including wholegrain bread), and fermented dairy (including yoghurts). Correlation 
coefficients in the higher acceptable range were obtained for rye bread and cheeses (0.40 ≤rs≤ 0.49), while 
correlation coefficients in the lower acceptable range were found for brown bread, white bread, pastries, and 
chocolate (0.20≤rs≤ 0.39). Only for three fermented foods (‘other bread’, quark, buttermilk) was the correlation 
coefficient was less than 0.20. All correlations were statistically significant (p<0.01). Crude and energy-
adjusted attenuation factors for two 24-h recall replicates were consistently high for fermented beverages 
(0.81), coffee (0.85), beer (0.71), wine (0.64), while moderate values were observed in the range of attenuation 
factors for fermented cereals/grains (0.51), wholegrain bread (0.47), rye bread (0.54), fermented dairy (0.52), 
cheese (0.42), and yoghurts (0.53) (Table S3). In comparison, lower values in the range of attenuation factors 
were obtained for brown bread (0.28), white bread (0.26), ‘other bread’ (0.19), pastries (0.23), chocolate (0.32), 
and quark (0.14). For buttermilk, accurate attenuation factors could not be calculated due to the low variance 
of the person-specific biases compared to the within- and between-person variances. As expected, for all food 
groups, attenuation factors improved with increasing replicates of the reference 24-h recall from two (0.14-
0.86) to eight (0.24-1.0). Energy-adjustment had little effect on the attenuation factors. Sex-specific correlation 
coefficients (crude and energy-adjusted) were similar compared to those obtained for the total population, as 
well as between men and women, for virtually all fermented food groups (Table S4). Energy-adjustment 
generally had a negligible effect on the sex-specific correlation coefficients, but were amplified for less 
commonly consumed foods, in the positive (i.e., other bread and buttermilk in men, quark and other bread in 
women) or negative direction (i.e., rye bread and quark in men, buttermilk in women). 

Similarly, for non-fermented food groups, strong correlations were obtained for non-fermented dairy, 
including milk, while acceptable correlations were obtained for butter and non-fermented soya (in the higher 
range), and ice cream and cream (in the lower range) (Table 3). The crude and energy-adjusted attenuation 
factors obtained were high for non-fermented dairy (0.69-0.98) and butter (0.65-0.97), moderate for milk (0.57-
0.72) and non-fermented soya (0.6-0.76), and lower for cream (0.32-0.5) and ice cream (0.18-0.63) (Table 
S3). Sex-specific correlation coefficients (crude and energy-adjusted) for non-fermented food groups were 
similar compared to those obtained for the total population, as well as between men and women (Table S4). 

Bland-Altman analyses 

The results of the Bland-Altman analyses revealed good agreement in group-level intakes for total 
fermented beverages, including coffee and beer (Table S2). Good agreement was also demonstrated for brown 
bread, wholegrain bread, rye bread, ‘other bread’, pastries, chocolate, fermented dairy, and cheeses (mean 
difference between -0.1 to 9.3 g/day; pdifference≥0.05). However, for wine, total fermented cereals/grains, white 
bread, chocolate, yoghurts, quark, and buttermilk, significant differences were found between the two dietary 
assessment methods (mean difference between -3.4 to 41.9, pdifference<0.0001). The results of the regression 
analyses further revealed a significant amount of proportional bias for wine, white bread, rye bread, pastries, 
chocolate, cheese, quark, and buttermilk (pslope<0.0001). For certain foods (wine, white bread, pastries, 
chocolate, cheese, and quark), the FFQ tended to consistently underestimate their consumption compared to 
the 24-h recalls, while intakes were overestimated for others (rye bread and buttermilk). A small bias for coffee, 
beer, brown bread, and ‘other bread’ was also observed (p<0.05) (Table S2). These results were also confirmed 
visually in the Bland-Altman plots for the main fermented food groups (Figure 1) and subgroups (Figure S1). 
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For non-fermented foods, good agreement between dietary assessment methods was demonstrated for 
butter and non-fermented soya (mean difference between 0.02 to -1.8; p≥0.05), while poor agreement was 
revealed for total non-fermented dairy, cream, ice cream, and milk (mean difference between -4.9 to 25.1; 
pdifference<0.0001) (Table S2). The results of the regression analyses demonstrated significant proportional bias 
for butter, cream, ice cream, and non-fermented soya (pslope<0.0001) (Table 1 and Figure S2). 
 
Figure 1. Bland-Altman plots demonstrating relative validity of FFQ versus 24-h recalls for main fermented food groups. Group-level 
relative validity assessed for: (a) fermented beverages, (b) fermented cereals/grains, (c) chocolate, and (d) fermented dairy. The middle 
line indicates the mean difference, while the upper and lower lines indicate the 95% confidence intervals, respectively [calculated as: 
mean ± (standard deviation of the mean difference X 1.96)]. 
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Summary of Validity Assessment 

A summary assessment of the different aspects of validity between the FFQ and 24-h recall methods 
is provided in Table 4. 
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For non-fermented foods, good agreement between dietary assessment methods was demonstrated for 
butter and non-fermented soya (mean difference between 0.02 to -1.8; p≥0.05), while poor agreement was 
revealed for total non-fermented dairy, cream, ice cream, and milk (mean difference between -4.9 to 25.1; 
pdifference<0.0001) (Table S2). The results of the regression analyses demonstrated significant proportional bias 
for butter, cream, ice cream, and non-fermented soya (pslope<0.0001) (Table 1 and Figure S2). 
 
Figure 1. Bland-Altman plots demonstrating relative validity of FFQ versus 24-h recalls for main fermented food groups. Group-level 
relative validity assessed for: (a) fermented beverages, (b) fermented cereals/grains, (c) chocolate, and (d) fermented dairy. The middle 
line indicates the mean difference, while the upper and lower lines indicate the 95% confidence intervals, respectively [calculated as: 
mean ± (standard deviation of the mean difference X 1.96)]. 
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Summary of Validity Assessment 

A summary assessment of the different aspects of validity between the FFQ and 24-h recall methods 
is provided in Table 4. 
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Discussion 

Consumption of fermented foods by adults in the Netherlands 

While it has been previously estimated that 5 to 40% of foods in the human diet are fermented (39), a 
quantitative evaluation of the contribution of fermented foods to the human diet had not been conducted prior 
to this report. Based on the present analysis, approximately 16 to 18% of foods consumed in this population 
are fermented food items, while a further 9 to 14% are composite dishes that contain a fermented ingredient, 
indicating that there is a high prevalence of fermented foods in the Dutch diet. These estimates are also likely 
to be valid for other countries (in Europe or worldwide) in which primarily Western diets are consumed.  

Reliability of the current FFQ for estimating fermented food intake 

In the present study, we also assessed the relative validity of a FFQ compared to multiple 24-h recalls 
for estimating the intake of fermented foods in a Dutch adult population. Using a combination of validation 
methods, including percent difference, quintile cross-classification, Spearman’s correlation, and Bland-Altman 
plots, fermented food groups that had acceptable or good validity across all measures included total fermented 
beverages, coffee, wholegrain bread, rye bread, fermented dairy, and cheese. From the non-fermented food 
groups that were assessed, butter was the only food with uniformly good/acceptable validity. In addition, wine, 
beer, fermented cereals/grains, white bread, chocolate, yoghurts, non-fermented dairy, milk, and non-
fermented soya all had good ranking ability (as indicated by the strong correlation coefficients and high 
agreement in quintile cross-classification), albeit poor parametric assessment of differences (as indicated by 
the low agreement in percent difference and Bland-Altman). 

Fermented foods with the highest consumption levels included coffee (~453 g/day; ~0.5% of daily 
energy intake), yoghurts (~88 g/day; ~2.3% of daily energy intake), beer (~84 g/day; ~1.8% of daily energy 
intake), wholegrain bread (~81 g/day; ~9.4% of daily energy intake), wine (~65 g/day; ~2.7% of daily energy 
intake), and cheese (~32 g/day; ~5.1% of daily energy intake). These foods, with the exception of coffee, also 
correspond to the top fermented foods contributing to total daily energy intake in this study. Comparing our 
findings to studies in other European populations, mean daily intakes were similar for coffee (404 g/day), bread 
products (64 to 146 g/day), butter (5 g/day), cheese (25 to 58 g/day), yoghurt (95 g/day), and soya products (6 
to 10 g/day) (12, 13, 15, 40); however, milk consumption in our study is a little lower than previously reported 
(220 to 230 g/day) (12, 13, 15). As indicated previously, the comparison of mean energy-adjusted daily intakes 
for the fermented food groups revealed group-level differences ranging from 0.3% (for cheeses) to 10224% 
(for buttermilk). Foods that are consumed by the majority of the population on a regular basis, such as coffee, 
bread, and cheeses, showed comparable intakes for 24-recall and FFQ assessments (-0.3 to 9.7%), which was 
expected. The most striking differences in mean intakes were for buttermilk and quark (10224 and -78.6%, 
respectively), which might be a consequence of the difference in number of consumers between the FFQ and 
recall for these foods (60 vs. 207 for quark, 316 vs. 3 for buttermilk). Moreover, the results of both comparison 
of mean intakes and Bland-Altman revealed that intakes for most fermented food groups were slightly 
underestimated by the FFQ when compared to the 24-h recalls, which is expected since the 24-h recall, by 
design, generally captures a greater proportion of the diet than the FFQ. 

Since a critical measure of success for an FFQ is its ability to accurately rank individuals into high- 
and low-intakes based on their habitual diet (13), we evaluated ranking ability using both Spearman’s 
correlation and quintile cross-classification. High Spearman’s correlation coefficients (rs≥0.50) were obtained 
for all fermented beverage groups (total fermented beverages, coffee, beer, wine), total fermented 
cereals/grains, wholegrain bread, total fermented dairy, yoghurts, total non-fermented dairy, and milk. Since 
the use of different dietary assessment instruments in distinct populations could affect results, we compared 

 

our results with those obtained from other studies for similar food groups. Streppel et al. (15) assessed the 
relative validity of a previous version of the FFQ used in the current study in 128 elderly Dutch individuals. 
Comparing the FFQ data to three 24-h recalls, Pearson’s correlations of 0.71 to 0.93 for bread, 0.46 to 0.61 for 
cheese, 0.68 to 0.75 for milk and milk products, and 0.50 to 0.66 for soya and vegetarian products were 
obtained. Similar validation studies have been conducted in 161 German adults (12), 100 Belgian adults (14), 
1,213 German adolescents (13), and 56 Swiss adults (40), comparing a FFQ to multiple 24-h recalls, 7-day 
estimated diet records, diet history interviews, and 4-day weighted food records, respectively. Collectively, the 
correlations obtained in these studies of 0.69 to 0.78 for coffee, 0.40 to 0.42 for dairy products, 0.63 for butter, 
0.63 to 0.66 for milk, 0.49 for curd cheese, soured milk, and yoghurt, 0.25 to 0.61 for cheese, 0.59 for ice 
cream, and 0.16 to 0.48 for bread and cereals, are similar to those determined in the current study (0.78 to 0.80 
for coffee, 0.20 to 0.21 for butter, 0.66 to 0.67 for milk, 0.46 to 0.47 for cheese, 0.55 to 0.56 for yoghurt, 0.21 
to 0.23 for ice cream, and 0.63 to 0.68 for total fermented cereals/grains). The interesting exception is that the 
correlation coefficients determined for total fermented cereals/grains (rs 0.63) and wholegrain bread (rs 0.55) 
in our study are slightly lower than those reported in Streppel et al. (15) (rs 0.71 to 0.93 for bread). Although 
total bread consumption in this elderly population (126 to 133 g/day) is comparable to total fermented 
cereals/grains intake by the study cohort described in the current publication (129 to 143 g/day), older adults 
tend to have more stable diets and different dietary patterns than those of younger adults, which might account 
for this difference in correlation coefficients. The attenuation factors obtained for the food groups investigated 
in this study were considerably higher for fermented beverages, coffee, beer, and wine (range between 0.64-
1.0) than for brown bread, white bread, ‘other bread’, pastries, chocolate, and quark (range between 0.14-0.77). 
Since attenuation factors closer to one indicates a better overall estimation of intake (36), these results suggest 
that intake estimates for all fermented beverages are reliable across the dietary methods used here. Meanwhile, 
intake estimates were weaker for fermented cereals and grains, wholegrain bread, rye bread, fermented dairy, 
cheeses, and yoghurts, and weakest for brown bread, white bread, ‘other bread’, pastries, chocolate, and quark. 
These effects correspond with other assessments of validity for the food groups investigated.  

Our results for quintile cross-classification further supported a high level of agreement between the 
FFQ and 24-h recall in ranking participants for the majority of fermented foods, non-fermented dairy, and 
soya, even when using more stringent criteria of quintiles and cut-offs of 5% for misclassification. Other 
validation studies have reported similar cross-classifications for cheese (46.8% same quartile, 50% same 
tertile), milk (45.6-49.5% same quartile), milk and soya products (57.4% same tertile), butter (49.7-50.3% 
same quartile) (12-14), and slightly lower cross-classification for coffee (75.2% same quartile) and ice cream 
(44.1% same quartile) (13). Interestingly, in these studies and ours, bread products had a lower accurate 
classification rate (33.1-39.2% in same tertile or quartile, and 6.4-8.4% in opposite quartile (12-14); 28.1-
38.8% in same quintile and 1.2-6.8% in opposite quintile (present study)). Although total fermented 
cereals/grains had good cross-classification, the same is not true for the corresponding subgroups, which may 
be also be attributed to the misclassification of bread products by consumers for FFQs. Sporadically consumed 
foods (e.g., quark) or seasonal foods (e.g., ice cream) also tended to have a higher discordance and degree of 
misclassification between methods. However, these results were expected due to the lower probability of 
assessing such foods on recall days, compared to the FFQ which evaluates a larger reference period (12).  

Study strengths and limitations 

A strength of this study is the inclusion of a large population size for validation. Moreover, we utilized 
multiple assessment methods, which allows for a more comprehensive evaluation of relative validity at both 
the individual and group level (31). Notwithstanding, there are several limitations to address, the most 
dominant of which relate to the inherent limitations associated with using the FFQ and 24-h recall to measure 
dietary intake. Firstly, in an ideal validation, the comparison and reference methods should have independent 
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Discussion 

Consumption of fermented foods by adults in the Netherlands 

While it has been previously estimated that 5 to 40% of foods in the human diet are fermented (39), a 
quantitative evaluation of the contribution of fermented foods to the human diet had not been conducted prior 
to this report. Based on the present analysis, approximately 16 to 18% of foods consumed in this population 
are fermented food items, while a further 9 to 14% are composite dishes that contain a fermented ingredient, 
indicating that there is a high prevalence of fermented foods in the Dutch diet. These estimates are also likely 
to be valid for other countries (in Europe or worldwide) in which primarily Western diets are consumed.  

Reliability of the current FFQ for estimating fermented food intake 

In the present study, we also assessed the relative validity of a FFQ compared to multiple 24-h recalls 
for estimating the intake of fermented foods in a Dutch adult population. Using a combination of validation 
methods, including percent difference, quintile cross-classification, Spearman’s correlation, and Bland-Altman 
plots, fermented food groups that had acceptable or good validity across all measures included total fermented 
beverages, coffee, wholegrain bread, rye bread, fermented dairy, and cheese. From the non-fermented food 
groups that were assessed, butter was the only food with uniformly good/acceptable validity. In addition, wine, 
beer, fermented cereals/grains, white bread, chocolate, yoghurts, non-fermented dairy, milk, and non-
fermented soya all had good ranking ability (as indicated by the strong correlation coefficients and high 
agreement in quintile cross-classification), albeit poor parametric assessment of differences (as indicated by 
the low agreement in percent difference and Bland-Altman). 

Fermented foods with the highest consumption levels included coffee (~453 g/day; ~0.5% of daily 
energy intake), yoghurts (~88 g/day; ~2.3% of daily energy intake), beer (~84 g/day; ~1.8% of daily energy 
intake), wholegrain bread (~81 g/day; ~9.4% of daily energy intake), wine (~65 g/day; ~2.7% of daily energy 
intake), and cheese (~32 g/day; ~5.1% of daily energy intake). These foods, with the exception of coffee, also 
correspond to the top fermented foods contributing to total daily energy intake in this study. Comparing our 
findings to studies in other European populations, mean daily intakes were similar for coffee (404 g/day), bread 
products (64 to 146 g/day), butter (5 g/day), cheese (25 to 58 g/day), yoghurt (95 g/day), and soya products (6 
to 10 g/day) (12, 13, 15, 40); however, milk consumption in our study is a little lower than previously reported 
(220 to 230 g/day) (12, 13, 15). As indicated previously, the comparison of mean energy-adjusted daily intakes 
for the fermented food groups revealed group-level differences ranging from 0.3% (for cheeses) to 10224% 
(for buttermilk). Foods that are consumed by the majority of the population on a regular basis, such as coffee, 
bread, and cheeses, showed comparable intakes for 24-recall and FFQ assessments (-0.3 to 9.7%), which was 
expected. The most striking differences in mean intakes were for buttermilk and quark (10224 and -78.6%, 
respectively), which might be a consequence of the difference in number of consumers between the FFQ and 
recall for these foods (60 vs. 207 for quark, 316 vs. 3 for buttermilk). Moreover, the results of both comparison 
of mean intakes and Bland-Altman revealed that intakes for most fermented food groups were slightly 
underestimated by the FFQ when compared to the 24-h recalls, which is expected since the 24-h recall, by 
design, generally captures a greater proportion of the diet than the FFQ. 

Since a critical measure of success for an FFQ is its ability to accurately rank individuals into high- 
and low-intakes based on their habitual diet (13), we evaluated ranking ability using both Spearman’s 
correlation and quintile cross-classification. High Spearman’s correlation coefficients (rs≥0.50) were obtained 
for all fermented beverage groups (total fermented beverages, coffee, beer, wine), total fermented 
cereals/grains, wholegrain bread, total fermented dairy, yoghurts, total non-fermented dairy, and milk. Since 
the use of different dietary assessment instruments in distinct populations could affect results, we compared 

 

our results with those obtained from other studies for similar food groups. Streppel et al. (15) assessed the 
relative validity of a previous version of the FFQ used in the current study in 128 elderly Dutch individuals. 
Comparing the FFQ data to three 24-h recalls, Pearson’s correlations of 0.71 to 0.93 for bread, 0.46 to 0.61 for 
cheese, 0.68 to 0.75 for milk and milk products, and 0.50 to 0.66 for soya and vegetarian products were 
obtained. Similar validation studies have been conducted in 161 German adults (12), 100 Belgian adults (14), 
1,213 German adolescents (13), and 56 Swiss adults (40), comparing a FFQ to multiple 24-h recalls, 7-day 
estimated diet records, diet history interviews, and 4-day weighted food records, respectively. Collectively, the 
correlations obtained in these studies of 0.69 to 0.78 for coffee, 0.40 to 0.42 for dairy products, 0.63 for butter, 
0.63 to 0.66 for milk, 0.49 for curd cheese, soured milk, and yoghurt, 0.25 to 0.61 for cheese, 0.59 for ice 
cream, and 0.16 to 0.48 for bread and cereals, are similar to those determined in the current study (0.78 to 0.80 
for coffee, 0.20 to 0.21 for butter, 0.66 to 0.67 for milk, 0.46 to 0.47 for cheese, 0.55 to 0.56 for yoghurt, 0.21 
to 0.23 for ice cream, and 0.63 to 0.68 for total fermented cereals/grains). The interesting exception is that the 
correlation coefficients determined for total fermented cereals/grains (rs 0.63) and wholegrain bread (rs 0.55) 
in our study are slightly lower than those reported in Streppel et al. (15) (rs 0.71 to 0.93 for bread). Although 
total bread consumption in this elderly population (126 to 133 g/day) is comparable to total fermented 
cereals/grains intake by the study cohort described in the current publication (129 to 143 g/day), older adults 
tend to have more stable diets and different dietary patterns than those of younger adults, which might account 
for this difference in correlation coefficients. The attenuation factors obtained for the food groups investigated 
in this study were considerably higher for fermented beverages, coffee, beer, and wine (range between 0.64-
1.0) than for brown bread, white bread, ‘other bread’, pastries, chocolate, and quark (range between 0.14-0.77). 
Since attenuation factors closer to one indicates a better overall estimation of intake (36), these results suggest 
that intake estimates for all fermented beverages are reliable across the dietary methods used here. Meanwhile, 
intake estimates were weaker for fermented cereals and grains, wholegrain bread, rye bread, fermented dairy, 
cheeses, and yoghurts, and weakest for brown bread, white bread, ‘other bread’, pastries, chocolate, and quark. 
These effects correspond with other assessments of validity for the food groups investigated.  

Our results for quintile cross-classification further supported a high level of agreement between the 
FFQ and 24-h recall in ranking participants for the majority of fermented foods, non-fermented dairy, and 
soya, even when using more stringent criteria of quintiles and cut-offs of 5% for misclassification. Other 
validation studies have reported similar cross-classifications for cheese (46.8% same quartile, 50% same 
tertile), milk (45.6-49.5% same quartile), milk and soya products (57.4% same tertile), butter (49.7-50.3% 
same quartile) (12-14), and slightly lower cross-classification for coffee (75.2% same quartile) and ice cream 
(44.1% same quartile) (13). Interestingly, in these studies and ours, bread products had a lower accurate 
classification rate (33.1-39.2% in same tertile or quartile, and 6.4-8.4% in opposite quartile (12-14); 28.1-
38.8% in same quintile and 1.2-6.8% in opposite quintile (present study)). Although total fermented 
cereals/grains had good cross-classification, the same is not true for the corresponding subgroups, which may 
be also be attributed to the misclassification of bread products by consumers for FFQs. Sporadically consumed 
foods (e.g., quark) or seasonal foods (e.g., ice cream) also tended to have a higher discordance and degree of 
misclassification between methods. However, these results were expected due to the lower probability of 
assessing such foods on recall days, compared to the FFQ which evaluates a larger reference period (12).  

Study strengths and limitations 

A strength of this study is the inclusion of a large population size for validation. Moreover, we utilized 
multiple assessment methods, which allows for a more comprehensive evaluation of relative validity at both 
the individual and group level (31). Notwithstanding, there are several limitations to address, the most 
dominant of which relate to the inherent limitations associated with using the FFQ and 24-h recall to measure 
dietary intake. Firstly, in an ideal validation, the comparison and reference methods should have independent 
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error sources (9). Both the FFQ and 24-h recall rely on the memories and perceptions of the participants, which 
can lead to higher estimates of validity (13). Moreover, both methods rely on the same food composition table 
and tools to classify foods and quantify portion sizes, as an additional source of correlated error. Thus, only 
relative validity could be determined in this study. Secondly, estimates of portion sizes were performed using 
standard portion sizes and household measures. While these are commonly used approaches, different 
interpretations of household portion sizes can lead to misclassification and measurement bias. In particular, 
this misclassification may be more pronounced in estimates of absolute intake (i.e., in g/day), while a small 
effect is anticipated on the ranking ability of the FFQ (i.e., into quintiles of intake). Ongoing innovations in 
technology-based tools are aimed to reduce this source of measurement bias in dietary assessment. Thirdly, 
foods that are not frequently consumed or consumed only seasonally may be inconsistently or unevenly 
captured, depending on when the diet was assessed. Fourthly, since the dietary assessments in NQplus were 
performed from 2011 to 2014, we cannot exclude the possibility of changes in diet that would obscure the 
underlying assumption that participants have very stable diets at the time of assessment.  

A further aspect worth highlighting is that the FFQ used in the NQplus study was not specifically 
designed to assess the intake of fermented foods; consequently, not all fermented food products could be 
captured by this method and some may only be represented by a food group comprising fermented and non-
fermented foods. Indeed, 247 fermented foods were reported for the 24-h recall compared to only 39 in the 
FFQ. The fermented foods in this validation study primarily consisted of foods common to the Western diet 
(e.g., coffee, breads, dairy), but there exists a wealth of fermented foods from other cultures and regions that 
are increasingly consumed due to globalisation (e.g., kombucha, kefir, kimchi, natto, tempe). Novel fermented 
foods are also being developed, driven by the realisation of their potential impacts on health (41), and that 
consumption of fermented foods with live microorganisms may promote a healthy gut microbiota (42, 43). 
Conversely, some traditionally fermented products (e.g., pickles, olives, mozzarella) are no longer fermented 
due to modernisation of food processing technologies (44). As such, fermented and non-fermented versions of 
the same products become indistinguishable to consumers. This emphasises the importance for developing a 
FFQ specific for fermented food products. Nevertheless, the present study reveals the strengths and limitations 
of each tool for assessing fermented food intake, highlights the need to design a FFQ to specifically assess 
fermented food intake, and aids in our goal of developing unbiased biomarkers of intake for fermented foods. 
Improved dietary assessment of fermented foods is expected to aid future trials that investigate associations 
between fermented food intake and (cardiometabolic) health. 

Conclusions 

About a fifth of the Dutch diet consists of fermented food items. Adequate to good relative validity 
was determined for the FFQ compared to the 24-h recall across all statistical measures for commonly consumed 
foods, including total fermented beverages, coffee, wholegrain bread, rye bread, total fermented dairy, cheeses, 
as well as butter (non-fermented). For wine, beer, total fermented cereals/grains, white bread, chocolate, 
yoghurts, as well as total non-fermented dairy, milk, and non-fermented soya, good ranking ability of 
participants into their levels of consumption could be established, albeit poor agreement in absolute intakes. 
For quark and buttermilk (fermented), as well as cream and ice cream (non-fermented), acceptable relative 
validity between the two methods could not be established; thus, the intakes for these food groups should be 
interpreted with caution in future studies using this population. Developing a FFQ specific for fermented foods 
would be valuable to capture global fermented foods that are increasingly consumed, and to delineate between 
fermented and non-fermented versions of foods that could obscure investigations between fermented food 
intake and health.   
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error sources (9). Both the FFQ and 24-h recall rely on the memories and perceptions of the participants, which 
can lead to higher estimates of validity (13). Moreover, both methods rely on the same food composition table 
and tools to classify foods and quantify portion sizes, as an additional source of correlated error. Thus, only 
relative validity could be determined in this study. Secondly, estimates of portion sizes were performed using 
standard portion sizes and household measures. While these are commonly used approaches, different 
interpretations of household portion sizes can lead to misclassification and measurement bias. In particular, 
this misclassification may be more pronounced in estimates of absolute intake (i.e., in g/day), while a small 
effect is anticipated on the ranking ability of the FFQ (i.e., into quintiles of intake). Ongoing innovations in 
technology-based tools are aimed to reduce this source of measurement bias in dietary assessment. Thirdly, 
foods that are not frequently consumed or consumed only seasonally may be inconsistently or unevenly 
captured, depending on when the diet was assessed. Fourthly, since the dietary assessments in NQplus were 
performed from 2011 to 2014, we cannot exclude the possibility of changes in diet that would obscure the 
underlying assumption that participants have very stable diets at the time of assessment.  

A further aspect worth highlighting is that the FFQ used in the NQplus study was not specifically 
designed to assess the intake of fermented foods; consequently, not all fermented food products could be 
captured by this method and some may only be represented by a food group comprising fermented and non-
fermented foods. Indeed, 247 fermented foods were reported for the 24-h recall compared to only 39 in the 
FFQ. The fermented foods in this validation study primarily consisted of foods common to the Western diet 
(e.g., coffee, breads, dairy), but there exists a wealth of fermented foods from other cultures and regions that 
are increasingly consumed due to globalisation (e.g., kombucha, kefir, kimchi, natto, tempe). Novel fermented 
foods are also being developed, driven by the realisation of their potential impacts on health (41), and that 
consumption of fermented foods with live microorganisms may promote a healthy gut microbiota (42, 43). 
Conversely, some traditionally fermented products (e.g., pickles, olives, mozzarella) are no longer fermented 
due to modernisation of food processing technologies (44). As such, fermented and non-fermented versions of 
the same products become indistinguishable to consumers. This emphasises the importance for developing a 
FFQ specific for fermented food products. Nevertheless, the present study reveals the strengths and limitations 
of each tool for assessing fermented food intake, highlights the need to design a FFQ to specifically assess 
fermented food intake, and aids in our goal of developing unbiased biomarkers of intake for fermented foods. 
Improved dietary assessment of fermented foods is expected to aid future trials that investigate associations 
between fermented food intake and (cardiometabolic) health. 

Conclusions 

About a fifth of the Dutch diet consists of fermented food items. Adequate to good relative validity 
was determined for the FFQ compared to the 24-h recall across all statistical measures for commonly consumed 
foods, including total fermented beverages, coffee, wholegrain bread, rye bread, total fermented dairy, cheeses, 
as well as butter (non-fermented). For wine, beer, total fermented cereals/grains, white bread, chocolate, 
yoghurts, as well as total non-fermented dairy, milk, and non-fermented soya, good ranking ability of 
participants into their levels of consumption could be established, albeit poor agreement in absolute intakes. 
For quark and buttermilk (fermented), as well as cream and ice cream (non-fermented), acceptable relative 
validity between the two methods could not be established; thus, the intakes for these food groups should be 
interpreted with caution in future studies using this population. Developing a FFQ specific for fermented foods 
would be valuable to capture global fermented foods that are increasingly consumed, and to delineate between 
fermented and non-fermented versions of foods that could obscure investigations between fermented food 
intake and health.   
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Abstract 

Studies examining associations between self-reported dairy intake and health are inconclusive, but biomarkers 
hold promise for elucidating such relationships by offering objective measures of dietary intake. Previous 
human intervention studies identified several biomarkers for dairy foods in blood and urine using non-targeted 
metabolomics. We evaluated the robustness of these biomarkers in a free-living cohort in The Netherlands 
using both single- and multi-marker approaches. Plasma and urine from 246 participants (54±13 years) who 
completed a food frequency questionnaire were analyzed using liquid and gas chromatography-mass 
spectrometry. The targeted metabolite panel included 37 previously-identified candidate biomarkers of milk, 
cheese, and/or yogurt consumption. Associations between biomarkers and energy-adjusted dairy food intakes 
were assessed by a ‘single-marker’ generalized linear model, and stepwise regression was used to select the 
best ‘multi-marker’ panel. Multi-marker models that also accounted for common covariates better captured the 
subtle differences for milk (urinary galactose, galactitol; sex, body mass index, age) and cheese (plasma 
pentadecanoic acid, isoleucine, glutamic acid) over single-marker models. No significant associations were 
observed for yoghurt. Further examination of other facets of validity of these biomarkers may improve 
estimates of dairy food intake in conjunction with self-reported methods, and help reach a clearer consensus 
on their health impacts. 

  

 

Introduction 

Dairy products are widely acknowledged as an essential component of a healthy, diverse diet. Over 6 
billion people consume milk and dairy products globally (1), and rely on these foods as a source of critical 
nutrients for growth, development, and disease prevention. However, studies linking dairy and dairy fat intake 
with cardiovascular disease and cardiometabolic conditions have yielded inconsistent findings, and there is 
still no consensus among different systematic reviews and meta-analyses on this matter (2-4). Furthermore, 
several recent studies have indicated that fermented dairy products may be responsible for the cardioprotective 
effects of dairy foods (e.g., (5, 6)). Fermentation of milk releases bioactive compounds, including some with 
anti-hypertensive and immunomodulatory properties, which can convey additional nutritive value (7). Certain 
fermented dairy products, such as yogurt, also contain live bacterial cultures that can modify the composition 
of the gut microbiota, thereby influencing the risk of developing obesity, type II diabetes, and general 
cardiovascular diseases (6, 8-10). 

For epidemiologists, a challenging but necessary task lies in capturing the ‘true’ intake of dairy 
products, such that its relationship with disease risk can be accurately portrayed. A major limitation of current 
dietary assessment tools (i.e., food frequency questionnaires (FFQ), 24-h recalls) is their reliance on subjective 
reporting by participants while food intake biomarkers (FIBs) offer an objective alternative, which can be used 
in conjunction with self-report tools to improve the dietary intake assessment of dairy food intake (11). The 
odd-chain fatty acids pentadecanoic acid (C15) and heptadecanoic acid (C17) have been used as markers for 
total dairy intake (in particular, dairy fat), and have been effectively used for adjusting intakes when examining 
role of dairy consumption on cardiometabolic diseases (12). However, these FIBs may not be as useful in 
capturing low-fat dairy products or distinguishing between specific dairy foods, and have also been criticized 
for being non-specific when assessing dairy intake in populations with high fish consumption (13). In addition, 
given the limitations of using single biomarkers to assess dietary intake of a food (i.e., non-specific and high 
inter-individual variation), a multi-marker approach implying a combination of FIBs may improve the 
precision of the assessment (14). Recently, multi-marker models have been developed for various foods 
including wine (15) and cocoa (16). The sum of C15, C17, and/or trans-palmitoleic acid (t16:1n-7) have been 
previously used as biomarkers of dairy fat (17), but combined biomarkers reflecting the intake of specific dairy 
foods have not been exploited. 

Eight criteria have been proposed for the validation of FIBs, one of which includes an evaluation of 
their robustness in both controlled intervention settings as well as free-living populations with complex, 
uncontrolled diets (18). A number of previous acute and short-term, controlled human intervention studies 
have already been conducted in our laboratory and resulted in the identification of several FIBs for milk, 
cheese, and yogurt, in serum and urine using untargeted metabolomics (19-22). These FIBs were identified 
using a combination of liquid chromatography mass spectrometry (LC-MS), gas chromatography mass 
spectrometry (GC-MS), and nuclear magnetic resonance (NMR), since each platform offers unique advantages 
for the detection of specific compounds based on factors such as compound size, polarity, abundance, and 
ionization, and their combined use permits complementary coverage of the metabolome (23). In these studies, 
we also observed high inter-individual variability in the response of several candidate FIBs based on genetic 
variation. Specifically, postprandial responses for the lactose metabolites galactose, galactitol and galactonate 
in the serum and urine of healthy men following acidified milk intake were concordant with genetic lactase 
persistence (24). In another study, we found that the oligosaccharides Lewis A trisaccharide and Blood Group 
H disaccharide reflected milk intake, and hypothesized that this was dependent on the expression of galactoside 
2-alpha-L-fucosyltransferase 2 (FUT2) or galactoside 2-alpha-L-fucosyltransferase 3 (FUT3) enzymes, which 
act in competition to influence the production of these metabolites (20). 
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In the current paper, we aimed to evaluate the robustness of previously-identified candidate FIBs for 
milk, cheese, and yogurt in a free-living population in the Netherlands, using both single- and multi-marker 
approaches, with investigation of known covariates and genetic targets. For comparison, we also evaluated the 
performance of C15 and/or C17 for predicting total dairy intake (as well as dairy intakes grouped by 
fermentation status and high/low fat content) in our population. 

Materials and Methods 

Study population 

The Nutrition Questionnaires plus (NQplus) study is a prospective cohort study that was conducted in 
Dutch adults (primarily Caucasian, 20 to 70 years), living in or around Wageningen (The Netherlands). NQplus 
was initiated as an ‘add-on’ study to the National Dietary Assessment Reference Database (NDARD) project, 
to gather extensive data on participant demographics, lifestyle, medical history, and cardiometabolic health 
outcomes. A complete description of NQplus and NDARD has been provided elsewhere (25, 26). Briefly, 
2048 men and women were recruited and included in the study between June 2011 and February 2013. Baseline 
measurements included an assessment of habitual dietary intake by FFQ and/or 24-h recall. Background 
demographics, health, anthropometric, and lifestyle data, along with fasting blood samples (total collected: 
EDTA plasma (6×0.5 mL+1×1.5 mL), citrate plasma (5×0.5 mL), serum (3×0.5 mL+2×1 mL) and one buffy 
coat sample) and 24-h urine samples (mean ± SD weight: 2282 ± 814 g), were also collected. All biosamples 
were stored in the biobank at -80 °C for future analysis. All measurements were performed according to a 
standardized protocol by trained research personnel. The study was approved by the ethical committee of 
Wageningen University and Research (protocol number NL34775.081.10) and conducted in agreement with 
the Declaration of Helsinki. Written informed consent was obtained from all participants prior to the start of 
the study. 

Metabolomics analyses were performed on a sub-cohort of NQplus participants (n = 531), including 
participants with ‘complete’ dietary data (completion of one FFQ and at least two 24-h recalls) as well as a 
biosample collected within 14 days of completing either a FFQ or a 24-h recall. For the present study, we 
report on n = 246 participants who had a biosample collected within ±14 days of completing a FFQ (228 
plasma and 216 urine samples). This criterion ensured that biosample collection occurred within the FFQ 
reference period of one month, providing an assessment of typical dietary intake that is not as sensitive to 
fluctuations in daily intake as repeated 24-h recall assessments.  

Food frequency questionnaire and levels of dairy food consumption 

A full description of the FFQ used to assess habitual dietary intake has been described in the study 
design papers for NQplus and NDARD (25, 26). The FFQ was self-administered and completed online using 
the open-source survey tool LimeSurvey (LimeSurvey Project Team/Carsten Schmitz, Hamburg, Germany), 
with ten frequency categories ranging from ‘never’ to ‘6–7 days per week’. Portion sizes were estimated using 
commonly used household measures. Total food intake (in g/d) was determined by multiplying consumption 
frequency by portion size as defined in the Dutch food composition tables (27). The majority of FFQ 
assessments were completed in the spring (n = 129) and summer (n = 94) months, with fewer assessments 
performed in the autumn (n = 9) or winter (n = 14) months. Although the intake levels of some dairy foods 
could be dependent on season, we did not observe a consistent trend for such differences. Out of 216 total food 
items in the FFQ, 39 were identified as dairy products, which were further classified into milk, cheese, yogurt, 
cream, butter, buttermilk, quark, and ice cream subgroups (Table S1). This FFQ has been previously validated 
for energy, fat, and various nutrients and food groups (28-30), including milk, yogurt, cheese, total fermented 

 

dairy, and total non-fermented dairy (against multiple 24-h recalls) (31), which were used in the current study 
for evaluation of the respective candidate FIBs.  

In addition, to evaluate the performance of C15, C17, and various biomarkers on dairy groups, a total 
dairy group was calculated from the combined intakes of all dairy products, a total fermented dairy group was 
calculated from the combined intakes of all fermented dairy products in the FFQ, and a total non-fermented 
dairy group was calculated from the combined intakes of all non-fermented dairy products in the FFQ. 
Ingredient lists of common grocery store items were consulted (where necessary) to ensure that specific dairy 
foods were truly fermented, and composite dishes containing a fermented dairy ingredient (e.g., pizza with 
cheese) were excluded, as previously described (31). Total dairy, fermented dairy, and non-fermented dairy 
groups were further stratified into high-fat groups, which included all full-fat dairy products, and low-fat 
groups, which included semi-skim and skim dairy products (Table S1). Fat content (g/100g) for all dairy 
products was determined based on the values reported in the Dutch Food Composition Table (27) and 
classifications of products as skim, semi-skim, and full-fat were based on the guidelines set by the Dutch Dairy 
Commodities Act (see Table S1). 

LC-MS sample preparation and analysis 

Plasma and urine samples were analyzed using LC-MS and GC-MS. All samples were thawed on ice 
and kept at 4°C during analysis. Prior to LC-MS analysis, phospholipids were removed from plasma samples 
to limit ion suppression using the Phree filter (Phenomenex Inc., Torrance, CA). Urine samples were 
normalized based on the specific gravity as determined by the refractive index (refractometer RE40, Mettler 
Toledo, Switzerland), as described in Pimentel et al. (20). Briefly, urine samples were centrifuged at 1800 g 
for 10 minutes at 4°C. The supernatant was then diluted using milliQ water to a specific gravity of 1.0008 to 
ensure that sample measurement occurred within the linear dynamic range of the machine. LC-MS 
metabolomics analysis was performed using the UltiMate 3000 RS UPLC system (Thermo Fisher Scientific, 
Waltham, MA) with a Waters Acquity UPLC HSS T3 column (length 150 mm, diameter 2.1 mm, particle size 
1.8 µm), coupled with the maXis 4G+ quadrupole time-of-flight mass spectrometer (Bruker Daltonik GmbH, 
Bremen, Germany). We ran a gradient from 5% to 95% of mobile phase A within 15 min at 0.4 ml/min. Mobile 
phase A consisted of Milli-Q water with 0.1% formic acid and mobile phase B consisted of acetonitrile with 
0.1% formic acid. The column was heated to 35°C with a post column cooler set to 25°C. The resulting system 
pressure was ~600 bar, dependent on the actual composition of the mobile phase at the specific time. The mass 
spectrometer electrospray interface was operated in positive ion mode and spectra were recorded from 75 to 
1500 m/z. Collision-induced dissociation was performed using energies from 20 to 70 eV. 5 uL of de-
phosphoralized plasma or normalized urine from each sample were injected. All samples were injected once. 
Quality control (QC) pools were prepared from plasma or urine samples by mixing all samples of each sample 
type at equal volume. QC samples were injected at five sample intervals for signal drift correction. Blanks 
(consisting of ultrafiltered LC-MS-grade water) were also injected at the beginning and end of each batch for 
detection of contaminants. Progenesis QI (v.2.3.6198.24128, NonLinear Dynamics Ltd., Newcastle upon 
Tyne, United Kingdom) was used for retention time correction, peak-picking, deconvolution, adducts 
annotation, and normalization (default automatic sensitivity and without minimum peak width). The intensity 
and the detection limit of the candidate FIBs was also performed by Progenesis QI with the setting “default”. 
The software does not limit the detection at a certain intensity, but respects the noise level and presence of an 
isotopic pattern. 

GC-MS sample preparation and analysis 

Plasma and urine samples were prepared for GC-MS analysis as previously described (19, 22). Urine 
samples were normalized prior to analysis using the refractive index methods described above for the LC-MS 
analysis. For each 100 µL plasma sample, 50 µL of an internal standard solution (labelled D-fructose, U-13C6, 
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In the current paper, we aimed to evaluate the robustness of previously-identified candidate FIBs for 
milk, cheese, and yogurt in a free-living population in the Netherlands, using both single- and multi-marker 
approaches, with investigation of known covariates and genetic targets. For comparison, we also evaluated the 
performance of C15 and/or C17 for predicting total dairy intake (as well as dairy intakes grouped by 
fermentation status and high/low fat content) in our population. 

Materials and Methods 

Study population 

The Nutrition Questionnaires plus (NQplus) study is a prospective cohort study that was conducted in 
Dutch adults (primarily Caucasian, 20 to 70 years), living in or around Wageningen (The Netherlands). NQplus 
was initiated as an ‘add-on’ study to the National Dietary Assessment Reference Database (NDARD) project, 
to gather extensive data on participant demographics, lifestyle, medical history, and cardiometabolic health 
outcomes. A complete description of NQplus and NDARD has been provided elsewhere (25, 26). Briefly, 
2048 men and women were recruited and included in the study between June 2011 and February 2013. Baseline 
measurements included an assessment of habitual dietary intake by FFQ and/or 24-h recall. Background 
demographics, health, anthropometric, and lifestyle data, along with fasting blood samples (total collected: 
EDTA plasma (6×0.5 mL+1×1.5 mL), citrate plasma (5×0.5 mL), serum (3×0.5 mL+2×1 mL) and one buffy 
coat sample) and 24-h urine samples (mean ± SD weight: 2282 ± 814 g), were also collected. All biosamples 
were stored in the biobank at -80 °C for future analysis. All measurements were performed according to a 
standardized protocol by trained research personnel. The study was approved by the ethical committee of 
Wageningen University and Research (protocol number NL34775.081.10) and conducted in agreement with 
the Declaration of Helsinki. Written informed consent was obtained from all participants prior to the start of 
the study. 

Metabolomics analyses were performed on a sub-cohort of NQplus participants (n = 531), including 
participants with ‘complete’ dietary data (completion of one FFQ and at least two 24-h recalls) as well as a 
biosample collected within 14 days of completing either a FFQ or a 24-h recall. For the present study, we 
report on n = 246 participants who had a biosample collected within ±14 days of completing a FFQ (228 
plasma and 216 urine samples). This criterion ensured that biosample collection occurred within the FFQ 
reference period of one month, providing an assessment of typical dietary intake that is not as sensitive to 
fluctuations in daily intake as repeated 24-h recall assessments.  

Food frequency questionnaire and levels of dairy food consumption 

A full description of the FFQ used to assess habitual dietary intake has been described in the study 
design papers for NQplus and NDARD (25, 26). The FFQ was self-administered and completed online using 
the open-source survey tool LimeSurvey (LimeSurvey Project Team/Carsten Schmitz, Hamburg, Germany), 
with ten frequency categories ranging from ‘never’ to ‘6–7 days per week’. Portion sizes were estimated using 
commonly used household measures. Total food intake (in g/d) was determined by multiplying consumption 
frequency by portion size as defined in the Dutch food composition tables (27). The majority of FFQ 
assessments were completed in the spring (n = 129) and summer (n = 94) months, with fewer assessments 
performed in the autumn (n = 9) or winter (n = 14) months. Although the intake levels of some dairy foods 
could be dependent on season, we did not observe a consistent trend for such differences. Out of 216 total food 
items in the FFQ, 39 were identified as dairy products, which were further classified into milk, cheese, yogurt, 
cream, butter, buttermilk, quark, and ice cream subgroups (Table S1). This FFQ has been previously validated 
for energy, fat, and various nutrients and food groups (28-30), including milk, yogurt, cheese, total fermented 

 

dairy, and total non-fermented dairy (against multiple 24-h recalls) (31), which were used in the current study 
for evaluation of the respective candidate FIBs.  

In addition, to evaluate the performance of C15, C17, and various biomarkers on dairy groups, a total 
dairy group was calculated from the combined intakes of all dairy products, a total fermented dairy group was 
calculated from the combined intakes of all fermented dairy products in the FFQ, and a total non-fermented 
dairy group was calculated from the combined intakes of all non-fermented dairy products in the FFQ. 
Ingredient lists of common grocery store items were consulted (where necessary) to ensure that specific dairy 
foods were truly fermented, and composite dishes containing a fermented dairy ingredient (e.g., pizza with 
cheese) were excluded, as previously described (31). Total dairy, fermented dairy, and non-fermented dairy 
groups were further stratified into high-fat groups, which included all full-fat dairy products, and low-fat 
groups, which included semi-skim and skim dairy products (Table S1). Fat content (g/100g) for all dairy 
products was determined based on the values reported in the Dutch Food Composition Table (27) and 
classifications of products as skim, semi-skim, and full-fat were based on the guidelines set by the Dutch Dairy 
Commodities Act (see Table S1). 

LC-MS sample preparation and analysis 

Plasma and urine samples were analyzed using LC-MS and GC-MS. All samples were thawed on ice 
and kept at 4°C during analysis. Prior to LC-MS analysis, phospholipids were removed from plasma samples 
to limit ion suppression using the Phree filter (Phenomenex Inc., Torrance, CA). Urine samples were 
normalized based on the specific gravity as determined by the refractive index (refractometer RE40, Mettler 
Toledo, Switzerland), as described in Pimentel et al. (20). Briefly, urine samples were centrifuged at 1800 g 
for 10 minutes at 4°C. The supernatant was then diluted using milliQ water to a specific gravity of 1.0008 to 
ensure that sample measurement occurred within the linear dynamic range of the machine. LC-MS 
metabolomics analysis was performed using the UltiMate 3000 RS UPLC system (Thermo Fisher Scientific, 
Waltham, MA) with a Waters Acquity UPLC HSS T3 column (length 150 mm, diameter 2.1 mm, particle size 
1.8 µm), coupled with the maXis 4G+ quadrupole time-of-flight mass spectrometer (Bruker Daltonik GmbH, 
Bremen, Germany). We ran a gradient from 5% to 95% of mobile phase A within 15 min at 0.4 ml/min. Mobile 
phase A consisted of Milli-Q water with 0.1% formic acid and mobile phase B consisted of acetonitrile with 
0.1% formic acid. The column was heated to 35°C with a post column cooler set to 25°C. The resulting system 
pressure was ~600 bar, dependent on the actual composition of the mobile phase at the specific time. The mass 
spectrometer electrospray interface was operated in positive ion mode and spectra were recorded from 75 to 
1500 m/z. Collision-induced dissociation was performed using energies from 20 to 70 eV. 5 uL of de-
phosphoralized plasma or normalized urine from each sample were injected. All samples were injected once. 
Quality control (QC) pools were prepared from plasma or urine samples by mixing all samples of each sample 
type at equal volume. QC samples were injected at five sample intervals for signal drift correction. Blanks 
(consisting of ultrafiltered LC-MS-grade water) were also injected at the beginning and end of each batch for 
detection of contaminants. Progenesis QI (v.2.3.6198.24128, NonLinear Dynamics Ltd., Newcastle upon 
Tyne, United Kingdom) was used for retention time correction, peak-picking, deconvolution, adducts 
annotation, and normalization (default automatic sensitivity and without minimum peak width). The intensity 
and the detection limit of the candidate FIBs was also performed by Progenesis QI with the setting “default”. 
The software does not limit the detection at a certain intensity, but respects the noise level and presence of an 
isotopic pattern. 

GC-MS sample preparation and analysis 

Plasma and urine samples were prepared for GC-MS analysis as previously described (19, 22). Urine 
samples were normalized prior to analysis using the refractive index methods described above for the LC-MS 
analysis. For each 100 µL plasma sample, 50 µL of an internal standard solution (labelled D-fructose, U-13C6, 
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99%, Cambridge Isotope Laboratories, Inc., Cambridge, UK, c ≈ 0.16 mg/mL in water) was added, followed 
by precipitation with 300 µL cold methanol, centrifugation, transfer of supernatant (370 µL), and drying using 
a vacuum centrifuge. For each 100 µL urine sample, 50 µL of an internal standard solution (labelled D-
fructose) was added and dried using a vacuum centrifuge. The samples further underwent a two-step 
derivatization (methoximation with O-Methylhydroxylamine hydrochloride followed by silylation with N-
Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)) and subjected to analysis on a GC-MS 
7890B/MS5977A (Agilent Technologies, Santa Clara, CA, U.S.) with a CombiPAL autosampler (CTC-
Analytics AG, Zwingen, Switzerland) and a DB-5 ms fused silica capillary column (60 m, 0.25 mm i.d., 0.25 
μm film thickness, Agilent Technologies, Basel, Switzerland). The samples were injected using a multimode 
injector according to the following temperature program: initially 90 °C, heating rate 900 °C/min until 280 °C, 
hold for 5 min and cooled at rate of -30 °C/min, and kept at 250 °C. The oven program was as follows: initial 
temperature 70 °C for 2 min, increase up to 160 °C at a rate of 5 °C/min, increase to 300 °C at a rate of 10 
°C/min, which was held for 36 min, equilibration time 1 min. MS detection mass ranged from 28.5 to 600 Da, 
MS source temperature was 230 °C, and MS Quad temperature was 150 °C. Electron ionisation was performed 
with 70 eV. QC samples were prepared beforehand by mixing all plasma samples at equal volumes. Each batch 
was initiated by five injections of QC samples for equilibration and after every 5th plasma sample a fresh QC 
was injected. At start and end of each batch, a blank sample (milliQ water) was included. QC samples and 
blank samples underwent the same sample preparation as plasma samples. 

Agilent data files acquired from GC-MS analysis were deconvoluted and converted into CEF files 
using Agilent MasshunterProfinder (Agilent Technologies, Santa Clara, U.S.). Data files were further 
processed in Agilent Mass Profiler Professional (Agilent Technologies, Santa Clara, U.S.) to perform, 
alignment and compound identification. In the resulting list containing the deconvoluted features, features with 
retention time before 10 min were removed (reagents region). All markers selected based on deconvoluted 
data were further evaluated using a targeted approach in order to optimize integration. Using RI, quantifier and 
qualifier ion retrieved from deconvoluted data, the suggested markers were analyzed in MassHunter 
Quantitative Analysis (Agilent Technologies, Santa Clara, U.S.). The peak integration was checked in each 
sample individually. Responses from the quantifier ion of marker compounds were normalized with the 
response of the quantifier ion of internal standard labelled d-Fructose Peak 1 (ion 279). 

Previously-identified candidate biomarkers, analytical standards and reagents 

Candidate FIBs for milk, cheese, and yoghurt were previously identified in serum and urine using non-
targeted metabolomics, where the most discriminant FIBs were selected using Projections to Latent Structures 
Discriminant Analysis (PLS-DA) (details and figures reported elsewhere) (19-22). A list of these FIBs is 
provided in Table S2. Where possible, we aimed to evaluate these previously-identified candidate FIBs for 
milk, cheese, and yogurt in the biosample and using the same analytical platform by which they were originally 
identified. FIBs that were previously identified in serum were targeted in plasma. FIBs that were previously 
identified using NMR could not be assessed by the same platform in the present study; thus we used GC-MS 
as a substitution platform for the identification of most of these FIBs. All solvents and reagents for 
metabolomics analysis were purchased from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland). 

For LC-MS, the Human Metabolome Database (32) and the National Institute of Standards and 
Technology database (NIST v14) were used to screen the identity of metabolites with a 10 ppm mass accuracy 
threshold. Compound identities were then confirmed with the injection of authentic standards with a RT 
window of 20%. A list of all standards suppliers is provided in Table S3. For GC-MS, an internal database 
was used for identification of targeted biomarkers. In the case that stereoisomeric forms of selected 
discriminating features were identified, the peak with higher response was further evaluated. Details of the 

 

identification features of compounds analyzed from LC-MS and GC-MS are presented in Tables S4 and S5, 
respectively.  

Determination of lactase, FUT2, and FUT3 expression 

Since the digestion of lactose and levels of lactose metabolites (galactose, galactonate, galactitol, 
galactono-1,5-lactone) are dependent on the presence of a functional lactase enzyme in adults (24), we 
evaluated the prevalence of the lactase persistent genotype in our population, and its influence on the utility of 
lactose metabolites as FIBs of milk intake. Similarly, the status of galactoside 2-alpha-L-fucosyltransferase 2 
(FUT2) and galactoside 2-alpha-L-fucosyltransferase 3 (FUT3) enzymes, which determines the secretion of 
blood group antigens Lewis A trisaccharide and Blood Group H disaccharide that were previously proposed 
as candidate FIBs for milk intake (20), were also evaluated. We utilized whole-genome sequencing data that 
was performed for 737 NQplus participants, of which n = 110 overlapped with our validation sub-cohort. DNA 
was extracted from the blood samples of these participants using a Puregene 5Prime kit (Qiagen, Germantown, 
MD) and sequenced using the Illumina OmniEspress chip (Illumina Inc., San Diego, CA). We screened the 
single nucleotide polymorphisms (SNPs) data that was obtained through sequencing against a comprehensive 
list of SNPs associated with lactase persistence in the literature (33-39), which encompassed the common 
known functional SNPs rs4988235, rs182549, and rs41380347, as well as a number of rare variants (accession 
numbers: rs41456145, rs145946881, rs41525747, rs869051967, ss820496565, rs4988233, rs527991977, 
rs4954492, rs56348046, rs4954490, rs759157971). In addition, known SNPs for the FUT2 (rs601338, 
rs1047781, rs281377, rs200157007) and FUT3 (rs28362459, rs3745635, rs3894326, rs812936, rs778986) 
genes were also screened. From the screening, rs4988235 (13910C>T) was identified among the SNPs of the 
LCT gene and rs182549 (22018G>A) was identified for the upstream MCM6 gene, both influencing lactase 
status, while rs601338 (G428A) was found for FUT2 and rs778986 (C314T) for FUT3. Phenotypes for lactase 
(persistent and non-persistent) and FUT2/FUT3 status (secretors, non-secretors, and Lewis negative) were 
determined based on the SNPs.  

Statistical analysis 

Participant characteristics are shown for the total population as well as stratified for sex as mean (SD), 
median (IQR) or n (%). Exploratory analyses were performed and metabolomics sample outliers, defined as 
observations clearly falling outside Hotelling’s T2 tolerance eclipse (95% confidence interval) in the principal 
component analysis (PCA) score plot, were identified and excluded (n = 23 LC-MS plasma, n = 2 LC-MS 
urine, and n = 24 GC-MS plasma).  

Differences in levels of FIBs by quintiles of intake for dairy groups and dairy foods (for the total 
population, and sex-specific) were assessed by a Kruskal-Wallis test followed by a post-hoc Conover-Iman 
pairwise comparison test (p ≤ 0.05 as significance threshold). Spearman’s correlation coefficients (rs) were 
generated to analyse metabolite levels by continuous energy-adjusted g/d intakes (for the total population and 
by sex). Correlation coefficients of ≥0.50 were considered to be good, 0.20 to 0.49 as acceptable, and <0.20 as 
poor (40). In addition, generalized linear models (GLM) with quasi-Poisson distribution were used to evaluate 
the performance of the candidate biomarkers in a ‘single-marker’ model in predicting the intake of different 
dairy foods. To avoid the use of negative values in the GLM, energy-adjusted intakes of dairy foods (g/d) were 
first offset by adding the minimum absolute intake value to all intake values of a food. Since the metabolite 
concentrations were compositional (i.e., they are expressed as relative abundance), we normalized metabolite 
concentrations prior to analysis using a centered log ratio (CLR) transformation (41-43). CLR transformation 
was performed for the metabolite data using compositions R package (v2.0-0) (44). 

To evaluate whether a ‘multi-marker’ panel consisting of a combination of FIBs performed better than 
single FIBs in predicting intakes, stepwise regression models (forwards and backwards) were generated for 
biomarkers per platform and per biosample for milk, cheese, and yogurt. For dairy groups (total dairy, 
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99%, Cambridge Isotope Laboratories, Inc., Cambridge, UK, c ≈ 0.16 mg/mL in water) was added, followed 
by precipitation with 300 µL cold methanol, centrifugation, transfer of supernatant (370 µL), and drying using 
a vacuum centrifuge. For each 100 µL urine sample, 50 µL of an internal standard solution (labelled D-
fructose) was added and dried using a vacuum centrifuge. The samples further underwent a two-step 
derivatization (methoximation with O-Methylhydroxylamine hydrochloride followed by silylation with N-
Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)) and subjected to analysis on a GC-MS 
7890B/MS5977A (Agilent Technologies, Santa Clara, CA, U.S.) with a CombiPAL autosampler (CTC-
Analytics AG, Zwingen, Switzerland) and a DB-5 ms fused silica capillary column (60 m, 0.25 mm i.d., 0.25 
μm film thickness, Agilent Technologies, Basel, Switzerland). The samples were injected using a multimode 
injector according to the following temperature program: initially 90 °C, heating rate 900 °C/min until 280 °C, 
hold for 5 min and cooled at rate of -30 °C/min, and kept at 250 °C. The oven program was as follows: initial 
temperature 70 °C for 2 min, increase up to 160 °C at a rate of 5 °C/min, increase to 300 °C at a rate of 10 
°C/min, which was held for 36 min, equilibration time 1 min. MS detection mass ranged from 28.5 to 600 Da, 
MS source temperature was 230 °C, and MS Quad temperature was 150 °C. Electron ionisation was performed 
with 70 eV. QC samples were prepared beforehand by mixing all plasma samples at equal volumes. Each batch 
was initiated by five injections of QC samples for equilibration and after every 5th plasma sample a fresh QC 
was injected. At start and end of each batch, a blank sample (milliQ water) was included. QC samples and 
blank samples underwent the same sample preparation as plasma samples. 

Agilent data files acquired from GC-MS analysis were deconvoluted and converted into CEF files 
using Agilent MasshunterProfinder (Agilent Technologies, Santa Clara, U.S.). Data files were further 
processed in Agilent Mass Profiler Professional (Agilent Technologies, Santa Clara, U.S.) to perform, 
alignment and compound identification. In the resulting list containing the deconvoluted features, features with 
retention time before 10 min were removed (reagents region). All markers selected based on deconvoluted 
data were further evaluated using a targeted approach in order to optimize integration. Using RI, quantifier and 
qualifier ion retrieved from deconvoluted data, the suggested markers were analyzed in MassHunter 
Quantitative Analysis (Agilent Technologies, Santa Clara, U.S.). The peak integration was checked in each 
sample individually. Responses from the quantifier ion of marker compounds were normalized with the 
response of the quantifier ion of internal standard labelled d-Fructose Peak 1 (ion 279). 

Previously-identified candidate biomarkers, analytical standards and reagents 

Candidate FIBs for milk, cheese, and yoghurt were previously identified in serum and urine using non-
targeted metabolomics, where the most discriminant FIBs were selected using Projections to Latent Structures 
Discriminant Analysis (PLS-DA) (details and figures reported elsewhere) (19-22). A list of these FIBs is 
provided in Table S2. Where possible, we aimed to evaluate these previously-identified candidate FIBs for 
milk, cheese, and yogurt in the biosample and using the same analytical platform by which they were originally 
identified. FIBs that were previously identified in serum were targeted in plasma. FIBs that were previously 
identified using NMR could not be assessed by the same platform in the present study; thus we used GC-MS 
as a substitution platform for the identification of most of these FIBs. All solvents and reagents for 
metabolomics analysis were purchased from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland). 

For LC-MS, the Human Metabolome Database (32) and the National Institute of Standards and 
Technology database (NIST v14) were used to screen the identity of metabolites with a 10 ppm mass accuracy 
threshold. Compound identities were then confirmed with the injection of authentic standards with a RT 
window of 20%. A list of all standards suppliers is provided in Table S3. For GC-MS, an internal database 
was used for identification of targeted biomarkers. In the case that stereoisomeric forms of selected 
discriminating features were identified, the peak with higher response was further evaluated. Details of the 

 

identification features of compounds analyzed from LC-MS and GC-MS are presented in Tables S4 and S5, 
respectively.  

Determination of lactase, FUT2, and FUT3 expression 

Since the digestion of lactose and levels of lactose metabolites (galactose, galactonate, galactitol, 
galactono-1,5-lactone) are dependent on the presence of a functional lactase enzyme in adults (24), we 
evaluated the prevalence of the lactase persistent genotype in our population, and its influence on the utility of 
lactose metabolites as FIBs of milk intake. Similarly, the status of galactoside 2-alpha-L-fucosyltransferase 2 
(FUT2) and galactoside 2-alpha-L-fucosyltransferase 3 (FUT3) enzymes, which determines the secretion of 
blood group antigens Lewis A trisaccharide and Blood Group H disaccharide that were previously proposed 
as candidate FIBs for milk intake (20), were also evaluated. We utilized whole-genome sequencing data that 
was performed for 737 NQplus participants, of which n = 110 overlapped with our validation sub-cohort. DNA 
was extracted from the blood samples of these participants using a Puregene 5Prime kit (Qiagen, Germantown, 
MD) and sequenced using the Illumina OmniEspress chip (Illumina Inc., San Diego, CA). We screened the 
single nucleotide polymorphisms (SNPs) data that was obtained through sequencing against a comprehensive 
list of SNPs associated with lactase persistence in the literature (33-39), which encompassed the common 
known functional SNPs rs4988235, rs182549, and rs41380347, as well as a number of rare variants (accession 
numbers: rs41456145, rs145946881, rs41525747, rs869051967, ss820496565, rs4988233, rs527991977, 
rs4954492, rs56348046, rs4954490, rs759157971). In addition, known SNPs for the FUT2 (rs601338, 
rs1047781, rs281377, rs200157007) and FUT3 (rs28362459, rs3745635, rs3894326, rs812936, rs778986) 
genes were also screened. From the screening, rs4988235 (13910C>T) was identified among the SNPs of the 
LCT gene and rs182549 (22018G>A) was identified for the upstream MCM6 gene, both influencing lactase 
status, while rs601338 (G428A) was found for FUT2 and rs778986 (C314T) for FUT3. Phenotypes for lactase 
(persistent and non-persistent) and FUT2/FUT3 status (secretors, non-secretors, and Lewis negative) were 
determined based on the SNPs.  

Statistical analysis 

Participant characteristics are shown for the total population as well as stratified for sex as mean (SD), 
median (IQR) or n (%). Exploratory analyses were performed and metabolomics sample outliers, defined as 
observations clearly falling outside Hotelling’s T2 tolerance eclipse (95% confidence interval) in the principal 
component analysis (PCA) score plot, were identified and excluded (n = 23 LC-MS plasma, n = 2 LC-MS 
urine, and n = 24 GC-MS plasma).  

Differences in levels of FIBs by quintiles of intake for dairy groups and dairy foods (for the total 
population, and sex-specific) were assessed by a Kruskal-Wallis test followed by a post-hoc Conover-Iman 
pairwise comparison test (p ≤ 0.05 as significance threshold). Spearman’s correlation coefficients (rs) were 
generated to analyse metabolite levels by continuous energy-adjusted g/d intakes (for the total population and 
by sex). Correlation coefficients of ≥0.50 were considered to be good, 0.20 to 0.49 as acceptable, and <0.20 as 
poor (40). In addition, generalized linear models (GLM) with quasi-Poisson distribution were used to evaluate 
the performance of the candidate biomarkers in a ‘single-marker’ model in predicting the intake of different 
dairy foods. To avoid the use of negative values in the GLM, energy-adjusted intakes of dairy foods (g/d) were 
first offset by adding the minimum absolute intake value to all intake values of a food. Since the metabolite 
concentrations were compositional (i.e., they are expressed as relative abundance), we normalized metabolite 
concentrations prior to analysis using a centered log ratio (CLR) transformation (41-43). CLR transformation 
was performed for the metabolite data using compositions R package (v2.0-0) (44). 

To evaluate whether a ‘multi-marker’ panel consisting of a combination of FIBs performed better than 
single FIBs in predicting intakes, stepwise regression models (forwards and backwards) were generated for 
biomarkers per platform and per biosample for milk, cheese, and yogurt. For dairy groups (total dairy, 
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fermented dairy, non-fermented dairy, and their high- and low-fat variations), a combination of plasma C15 
and C17 was investigated. Further, FIBs with significant spearman’s correlations rs > 0 for intake of fermented 
dairy products (total, high-fat, and low-fat fermented dairy, cheese, yoghurt) and rs < 0 for intake of non-
fermented dairy products (total, high-fat, and low-fat non-fermented dairy, milk) were further modelled using 
stepwise regression and a multi-marker approach to investigate which FIBs can help distinguish between 
fermented and non-fermented dairy intake. The best multi-marker models were selected based on the lowest 
quasi-Akaike Information Criterion (qAIC) value determined using the R package MuMIn (v1.43.17) (45) and 
presented in this paper. Multicollinearity of biomarkers were evaluated using the variance inflation factor 
(VIF), where VIF>5 indicates potentially severe correlation between predictor variables, as confirmed/verified 
by pairwise correlations between biomarkers. In multi-marker models where high multicollinearity between 
several variables were observed, colinear variable(s) with the highest VIF were removed. Several categorical 
covariates were also added to adjust the regression models (0, 1): sex (male, female), BMI (normal weight <25 
kg/m2, overweight/obese ≥25/m2), and age (<55 years, ≥55 years (median split)).  

For cross-validation of both the single-marker and multi-marker models, the dataset was randomly 
split into training (80%) and test datasets (20%). Spearman’s correlations between the actual and predicted 
values (rap) were calculated to assess the strength and direction of the associations between these data, and 
performance accuracy of the models was further assessed by a coefficient of determination (R2) and mean 
absolute error (MAE), which was determined using the R package MLmetrics (v1.1.1) (46). All statistics were 
performed in R (Version 3.6.3) (47). For all models, the level of significance was set at p ≤ 0.05. 

Results 

Characteristics of the validation sub-cohort 

The characteristics of the validation sub-cohort is provided in Table 1. The majority of the participants 
were men (67%). The mean age of the participants was 54 ± 13 years, with men (56 years) being significantly 
older than women (51 years). A majority of men (63%) and almost half (46%) of women had a body mass 
index (BMI) corresponding to overweight or obese (≥25 kg/m2), which were also significantly different 
between sexes. A higher number and proportion of women (n = 12, 15%) than men followed a diet within the 
month preceding the study. The vast majority (95%) of participants were categorized as lactase persistent. 
Further, based on FUT2/FUT3 enzyme functional status, a majority of participants (with similar proportions 
in men and women) were classified as ‘secretors’ (79%), while a smaller percentage were ‘non-secretors’ 
(17%) and Lewis negative (4%). 
 
Table 1. General characteristics of the participantsa 
 All (n = 246) Men (n = 165) Women (n = 81) p-value 
Age, years 54.4 ± 12.5 55.9 ± 11.6 51.2 ± 13.6 0.01** 
BMI, kg/m2 25.9 ± 3.9 26.1 ± 3.6 25.4 ± 4.4 0.18 
BMI-category, n (%)    0.010** 

<25 kg/m2 105 (42.7) 61 (37.0) 44 (54.3)  
≥25 kg/m2 141 (57.3) 104 (63.0) 37 (45.7)  

Waist circumference, cm 92.5 ± 11.6 95.8 ± 10.5 85.6 ± 10.7 <0.001*** 
Education, n (%)    0.38 

Low 19 (7.7) 12 (7.3) 7 (8.8)  
Intermediate 77 (31.3) 49 (29.7) 28 (35.0)  
High 149 (60.6) 104 (63.0) 45 (56.2)  

Smoking status, n (%)    0.09 
Never 119 (48.4) 71 (46.4) 48 (63.2)  
Former 85 (34.6) 65 (42.5) 20 (26.3)  
Current 25 (10.2) 17 (1.1) 8 (10.5)  

 

 

Disease history, n (%)     
Cancer 11 (4.5) 5 (3.0) 6 (7.4) 0.12 
Diabetes 6 (2.4) 5 (3.0) 1 (1.2) 0.39 
Heart attack 7 (2.8) 6 (3.6) 1 (1.2) 0.29 
Hypertension 60 (24.4) 44 (26.7) 16 (19.8) 0.47 
High cholesterol 52 (21.1) 38 (23.0) 14 (17.3) 0.58 
Stroke 2 (0.8) 1 (0.6) 1 (1.2) 0.61 

Diet during past month, n (%)    <0.001*** 
No 228 (92.7) 159 (96.4) 69 (85.2)  
Yes, always 9 (3.7) 1 (0.6) 8 (9.9)  
Yes, sometimes 9 (3.7) 5 (3.0) 4 (4.9)  

Lactase status, n (%)    1.00 
Persistent 104 (94.5) 81 (94.2) 23 (95.8)  
Non-persistent 6 (5.5) 5 (5.8) 1 (4.2)  

FUT2/FUT3 status, n (%)    0.41 
Secretor (Le a-b+) 87 (79.1) 69 (80.2) 18 (75.0)  
Non-secretor (Le a+b-) 19 (17.3) 13 (15.1) 6 (25.0)  
Lewis negative (Le a-b-) 4 (3.6) 4 (4.7) 0 (0)  

BMI, body mass index; FUT2, galactoside 2-alpha-L-fucosyltransferase 2; FUT3, galactoside 2-alpha-L-fucosyltransferase 3; SD, 
standard deviation. **p ≤ 0.01, ***p ≤ 0.001. 
a Values are presented as mean ± SD, unless otherwise specified. Missing values: lactase, FUT2, and FUT3 status (n = 136), 
education (n = 1), smoking status (n = 17). Differences in characteristics between sexes were assessed using the t-test (for continuous 
variables), or chi-squared test (for categorical variables). 
 
Intake levels of different dairy products 

Quintiles of median energy-adjusted intakes for different dairy groups and individual dairy foods are 
presented in Table 2. All participants consumed at least one type of dairy product, but some participants did 
not consume low-fat non-fermented dairy (n = 65), high-fat fermented dairy (n = 41), milk (n = 37), yogurt 
(n = 34), high-fat non-fermented dairy (n = 9), cheese (n = 4), high-fat dairy (n = 3), total non-fermented dairy 
(n = 2), low-fat fermented dairy (n = 2), low-fat dairy (n = 1), and/or any fermented dairy (n = 1). Median 
intakes in the highest quintile of consumption (Q5) ranged from 60 g/d for high-fat non-fermented dairy to 527 
g/d for total dairy. For individual dairy foods, median intakes were highest for milk (303 g/d), followed by 
yogurt (193 g/d) and cheese (67 g/d). Sex-specific intake quintiles for the different dairy groups and individual 
dairy foods are presented in Tables S6 and Table S7 for men and women, respectively. Overall, men tended 
to have higher median intakes of high-fat dairy, total fermented dairy, high-fat fermented dairy, high-fat non-
fermented dairy, low-fat fermented dairy, cheese, and yogurt compared to women (in the majority of quintiles). 
However, women had higher median intakes of low-fat dairy, total non-fermented dairy, low-fat non-
fermented dairy, and milk in all quintiles, as well as total dairy (in all except lowest quintile) compared to men. 
 
Table 2. Quintiles of intake for dairy groups and dairy foods (n = 246) 

Food Group 
Median Energy-Adjusted Intakes in g/d 

nc Q1 (n = 50) nc Q2 (n = 49) nc Q3 (n = 49) nc Q4 (n = 49) nc Q5 (n = 49) 
Total dairy 50 98 (71, 129) 49 214 (197, 235) 49 304 (279, 323) 49 372 (355, 394) 49 527 (469, 616) 
High-fat dairy 47 10 (6, 15) 49 24 (21, 28) 49 42 (35, 48) 49 73 (64, 81) 49 135 (109, 163) 
Low-fat dairy 49 43 (25, 59) 49 148 (119, 173) 49 242 (224, 257) 49 317 (304, 340) 49 480 (404, 590) 
Total fermented dairy 49 41 (24, 49) 49 90 (69, 109) 49 143 (134, 161) 49 224 (204, 237) 49 334 (291, 393) 
High-fat fermented dairy 9 3 (-1, 4) 49 9 (7, 10) 49 17 (14, 19) 49 37 (30, 45) 49 82 (65, 117) 
Low-fat fermented dairy 48 15 (7, 23) 49 50 (40, 62) 49 108 (99, 124) 49 195 (158, 210) 49 304 (269, 370) 
Total non-fermented dairy 48 12 (4, 22) 49 54 (44, 63) 49 103 (91 , 124) 49 179 (160 , 207) 49 322 (282 , 340) 
High-fat non-fermented dairy 41 3 (1, 5) 49 10 (9 , 12) 49 18 (16 , 20) 49 31 (25 , 35) 49 60 (48 , 89) 
Low-fat non-fermented dairy 0 -4 (-9, 5) 34 22 (14 , 32) 49 69 (55, 89) 49 146 (127, 173) 49 293 (263, 373) 
Cheese 46 8 (4, 12) 49 19 (17, 21) 49 27 (24, 29) 49 43 (39, 47) 49 67 (58, 90) 
Yogurt 16 0 (0, 5) 49 38 (22, 53) 49 83 (72, 96) 49 126 (105, 139) 49 193 (150, 212) 
Milk 13 4 (-8, 14) 49 40 (29, 48) 49 87 (72, 108) 49 162 (144, 191) 49 303 (272, 371) 

FFQ, food frequency questionnaire; nc, number of consumers. Values are reported as median (IQR), unless otherwise specified. 
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fermented dairy, non-fermented dairy, and their high- and low-fat variations), a combination of plasma C15 
and C17 was investigated. Further, FIBs with significant spearman’s correlations rs > 0 for intake of fermented 
dairy products (total, high-fat, and low-fat fermented dairy, cheese, yoghurt) and rs < 0 for intake of non-
fermented dairy products (total, high-fat, and low-fat non-fermented dairy, milk) were further modelled using 
stepwise regression and a multi-marker approach to investigate which FIBs can help distinguish between 
fermented and non-fermented dairy intake. The best multi-marker models were selected based on the lowest 
quasi-Akaike Information Criterion (qAIC) value determined using the R package MuMIn (v1.43.17) (45) and 
presented in this paper. Multicollinearity of biomarkers were evaluated using the variance inflation factor 
(VIF), where VIF>5 indicates potentially severe correlation between predictor variables, as confirmed/verified 
by pairwise correlations between biomarkers. In multi-marker models where high multicollinearity between 
several variables were observed, colinear variable(s) with the highest VIF were removed. Several categorical 
covariates were also added to adjust the regression models (0, 1): sex (male, female), BMI (normal weight <25 
kg/m2, overweight/obese ≥25/m2), and age (<55 years, ≥55 years (median split)).  

For cross-validation of both the single-marker and multi-marker models, the dataset was randomly 
split into training (80%) and test datasets (20%). Spearman’s correlations between the actual and predicted 
values (rap) were calculated to assess the strength and direction of the associations between these data, and 
performance accuracy of the models was further assessed by a coefficient of determination (R2) and mean 
absolute error (MAE), which was determined using the R package MLmetrics (v1.1.1) (46). All statistics were 
performed in R (Version 3.6.3) (47). For all models, the level of significance was set at p ≤ 0.05. 

Results 

Characteristics of the validation sub-cohort 

The characteristics of the validation sub-cohort is provided in Table 1. The majority of the participants 
were men (67%). The mean age of the participants was 54 ± 13 years, with men (56 years) being significantly 
older than women (51 years). A majority of men (63%) and almost half (46%) of women had a body mass 
index (BMI) corresponding to overweight or obese (≥25 kg/m2), which were also significantly different 
between sexes. A higher number and proportion of women (n = 12, 15%) than men followed a diet within the 
month preceding the study. The vast majority (95%) of participants were categorized as lactase persistent. 
Further, based on FUT2/FUT3 enzyme functional status, a majority of participants (with similar proportions 
in men and women) were classified as ‘secretors’ (79%), while a smaller percentage were ‘non-secretors’ 
(17%) and Lewis negative (4%). 
 
Table 1. General characteristics of the participantsa 
 All (n = 246) Men (n = 165) Women (n = 81) p-value 
Age, years 54.4 ± 12.5 55.9 ± 11.6 51.2 ± 13.6 0.01** 
BMI, kg/m2 25.9 ± 3.9 26.1 ± 3.6 25.4 ± 4.4 0.18 
BMI-category, n (%)    0.010** 

<25 kg/m2 105 (42.7) 61 (37.0) 44 (54.3)  
≥25 kg/m2 141 (57.3) 104 (63.0) 37 (45.7)  

Waist circumference, cm 92.5 ± 11.6 95.8 ± 10.5 85.6 ± 10.7 <0.001*** 
Education, n (%)    0.38 

Low 19 (7.7) 12 (7.3) 7 (8.8)  
Intermediate 77 (31.3) 49 (29.7) 28 (35.0)  
High 149 (60.6) 104 (63.0) 45 (56.2)  

Smoking status, n (%)    0.09 
Never 119 (48.4) 71 (46.4) 48 (63.2)  
Former 85 (34.6) 65 (42.5) 20 (26.3)  
Current 25 (10.2) 17 (1.1) 8 (10.5)  

 

 

Disease history, n (%)     
Cancer 11 (4.5) 5 (3.0) 6 (7.4) 0.12 
Diabetes 6 (2.4) 5 (3.0) 1 (1.2) 0.39 
Heart attack 7 (2.8) 6 (3.6) 1 (1.2) 0.29 
Hypertension 60 (24.4) 44 (26.7) 16 (19.8) 0.47 
High cholesterol 52 (21.1) 38 (23.0) 14 (17.3) 0.58 
Stroke 2 (0.8) 1 (0.6) 1 (1.2) 0.61 

Diet during past month, n (%)    <0.001*** 
No 228 (92.7) 159 (96.4) 69 (85.2)  
Yes, always 9 (3.7) 1 (0.6) 8 (9.9)  
Yes, sometimes 9 (3.7) 5 (3.0) 4 (4.9)  

Lactase status, n (%)    1.00 
Persistent 104 (94.5) 81 (94.2) 23 (95.8)  
Non-persistent 6 (5.5) 5 (5.8) 1 (4.2)  

FUT2/FUT3 status, n (%)    0.41 
Secretor (Le a-b+) 87 (79.1) 69 (80.2) 18 (75.0)  
Non-secretor (Le a+b-) 19 (17.3) 13 (15.1) 6 (25.0)  
Lewis negative (Le a-b-) 4 (3.6) 4 (4.7) 0 (0)  

BMI, body mass index; FUT2, galactoside 2-alpha-L-fucosyltransferase 2; FUT3, galactoside 2-alpha-L-fucosyltransferase 3; SD, 
standard deviation. **p ≤ 0.01, ***p ≤ 0.001. 
a Values are presented as mean ± SD, unless otherwise specified. Missing values: lactase, FUT2, and FUT3 status (n = 136), 
education (n = 1), smoking status (n = 17). Differences in characteristics between sexes were assessed using the t-test (for continuous 
variables), or chi-squared test (for categorical variables). 
 
Intake levels of different dairy products 

Quintiles of median energy-adjusted intakes for different dairy groups and individual dairy foods are 
presented in Table 2. All participants consumed at least one type of dairy product, but some participants did 
not consume low-fat non-fermented dairy (n = 65), high-fat fermented dairy (n = 41), milk (n = 37), yogurt 
(n = 34), high-fat non-fermented dairy (n = 9), cheese (n = 4), high-fat dairy (n = 3), total non-fermented dairy 
(n = 2), low-fat fermented dairy (n = 2), low-fat dairy (n = 1), and/or any fermented dairy (n = 1). Median 
intakes in the highest quintile of consumption (Q5) ranged from 60 g/d for high-fat non-fermented dairy to 527 
g/d for total dairy. For individual dairy foods, median intakes were highest for milk (303 g/d), followed by 
yogurt (193 g/d) and cheese (67 g/d). Sex-specific intake quintiles for the different dairy groups and individual 
dairy foods are presented in Tables S6 and Table S7 for men and women, respectively. Overall, men tended 
to have higher median intakes of high-fat dairy, total fermented dairy, high-fat fermented dairy, high-fat non-
fermented dairy, low-fat fermented dairy, cheese, and yogurt compared to women (in the majority of quintiles). 
However, women had higher median intakes of low-fat dairy, total non-fermented dairy, low-fat non-
fermented dairy, and milk in all quintiles, as well as total dairy (in all except lowest quintile) compared to men. 
 
Table 2. Quintiles of intake for dairy groups and dairy foods (n = 246) 

Food Group 
Median Energy-Adjusted Intakes in g/d 

nc Q1 (n = 50) nc Q2 (n = 49) nc Q3 (n = 49) nc Q4 (n = 49) nc Q5 (n = 49) 
Total dairy 50 98 (71, 129) 49 214 (197, 235) 49 304 (279, 323) 49 372 (355, 394) 49 527 (469, 616) 
High-fat dairy 47 10 (6, 15) 49 24 (21, 28) 49 42 (35, 48) 49 73 (64, 81) 49 135 (109, 163) 
Low-fat dairy 49 43 (25, 59) 49 148 (119, 173) 49 242 (224, 257) 49 317 (304, 340) 49 480 (404, 590) 
Total fermented dairy 49 41 (24, 49) 49 90 (69, 109) 49 143 (134, 161) 49 224 (204, 237) 49 334 (291, 393) 
High-fat fermented dairy 9 3 (-1, 4) 49 9 (7, 10) 49 17 (14, 19) 49 37 (30, 45) 49 82 (65, 117) 
Low-fat fermented dairy 48 15 (7, 23) 49 50 (40, 62) 49 108 (99, 124) 49 195 (158, 210) 49 304 (269, 370) 
Total non-fermented dairy 48 12 (4, 22) 49 54 (44, 63) 49 103 (91 , 124) 49 179 (160 , 207) 49 322 (282 , 340) 
High-fat non-fermented dairy 41 3 (1, 5) 49 10 (9 , 12) 49 18 (16 , 20) 49 31 (25 , 35) 49 60 (48 , 89) 
Low-fat non-fermented dairy 0 -4 (-9, 5) 34 22 (14 , 32) 49 69 (55, 89) 49 146 (127, 173) 49 293 (263, 373) 
Cheese 46 8 (4, 12) 49 19 (17, 21) 49 27 (24, 29) 49 43 (39, 47) 49 67 (58, 90) 
Yogurt 16 0 (0, 5) 49 38 (22, 53) 49 83 (72, 96) 49 126 (105, 139) 49 193 (150, 212) 
Milk 13 4 (-8, 14) 49 40 (29, 48) 49 87 (72, 108) 49 162 (144, 191) 49 303 (272, 371) 

FFQ, food frequency questionnaire; nc, number of consumers. Values are reported as median (IQR), unless otherwise specified. 
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Assessment of biomarkers for milk intake 
Twenty-one candidate FIBs in Table S2 that were previously found to be discriminant for milk intake 

were assessed, of which fifteen were detected in plasma and/or urine. When analyzed by quintiles of milk 
intake, a statistically significant increase in urinary galactitol was observed (Q3-5 vs. Q1-2, p ≤ 0.05) (Figure 
1a). Additional significant findings with an increasing trend were observed between FIBs and sex-specific 
quintiles of milk intake, including plasma phenylalanine and Lewis A trisaccharide in women, and urinary 
lactose and galactitol in men (Figure S1). 
 
Figure 1. Significantly increased urinary galactitol levels by (a) quintiles of milk intake (significance between quintiles denoted by 
different letters, p ≤ 0.05), and (b) continuous milk intake. 

(a) (b) 

 5  
 

Spearman’s correlations were weak and non-significant for the majority of milk FIBs, with the 
exception of urinary lactose (rs = 0.16, p ≤ 0.05) and galactitol (rs = 0.2, p ≤ 0.05) (Table 3, Figure 1b). Some 
sex-specific correlations were also observed between plasma phenylalanine, tyrosine, tryptophan, indole-3-
acetic acid, and Lewis A trisaccharide with milk intake in women, and urinary lactose and galactitol with milk 
intake in men (Table 3). These associations were paralleled in several single-marker generalized linear 
regression (GLM) models, with significant results observed for urinary lactose, galactose, and galactitol in 
covariate-adjusted models (coefficients = 0.07-0.20, rap = 0.17-0.2, R2 = 0.03-0.04, MAE ~ 93 g/d) (Table 3). 
Unadjusted and adjusted multi-marker models for milk derived from stepwise regression are presented in 
Tables S8 and S9. Adjusted multi-marker models consisting of urinary galactose + galactitol + sex + BMI + 
age (analyzed by GC-MS) (rap = 0.20, R2 = 0.04, mean absolute error (MAE) = 92 g/d), and plasma tryptophan 
+ indole-3-propionic acid + sex (analyzed by LC-MS) (rap = 0.25, R2 = 0.06, MAE = 102.8 g/d) had slightly 
improved performance accuracy for predicting milk intake compared to the single-marker models. 

The role of lactase persistence status on the relative abundance of lactose and its metabolites in plasma 
and urine was further explored (Figure S2). As expected, plasma levels of lactose were low across all samples, 
due to the analysis of fasting samples, while urinary lactose was significantly higher in lactase non-persistent 
(LNP) individuals. While a higher relative abundance of all lactose metabolites were generally observed in 
lactase persistent (LP) individuals compared to LNP (with the possible exception of galactose in urine), the 
differences were not significant. Due to the low numbers of LNP individuals in our sub-cohort, further analyses 
of levels of lactose metabolites by quintiles of milk intake stratified by LP/LNP status was not possible. 

Similarly, the role of FUT2 and FUT3 enzyme status on levels of Lewis A trisaccharide in plasma and 
Blood Group H disaccharide in plasma and urine was also explored (Figure S3). No significant differences 
were observed in plasma Lewis A trisaccharide between secretors and non-secretors. For Blood Group H 
disaccharide, while no significant between-group differences were detected in plasma (borderline p = 0.057), 
significantly higher levels were observed in urine for secretors compared to non-secretors (p = 2.5 x 10-9).   T
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Assessment of biomarkers for milk intake 
Twenty-one candidate FIBs in Table S2 that were previously found to be discriminant for milk intake 

were assessed, of which fifteen were detected in plasma and/or urine. When analyzed by quintiles of milk 
intake, a statistically significant increase in urinary galactitol was observed (Q3-5 vs. Q1-2, p ≤ 0.05) (Figure 
1a). Additional significant findings with an increasing trend were observed between FIBs and sex-specific 
quintiles of milk intake, including plasma phenylalanine and Lewis A trisaccharide in women, and urinary 
lactose and galactitol in men (Figure S1). 
 
Figure 1. Significantly increased urinary galactitol levels by (a) quintiles of milk intake (significance between quintiles denoted by 
different letters, p ≤ 0.05), and (b) continuous milk intake. 

(a) (b) 

 5  
 

Spearman’s correlations were weak and non-significant for the majority of milk FIBs, with the 
exception of urinary lactose (rs = 0.16, p ≤ 0.05) and galactitol (rs = 0.2, p ≤ 0.05) (Table 3, Figure 1b). Some 
sex-specific correlations were also observed between plasma phenylalanine, tyrosine, tryptophan, indole-3-
acetic acid, and Lewis A trisaccharide with milk intake in women, and urinary lactose and galactitol with milk 
intake in men (Table 3). These associations were paralleled in several single-marker generalized linear 
regression (GLM) models, with significant results observed for urinary lactose, galactose, and galactitol in 
covariate-adjusted models (coefficients = 0.07-0.20, rap = 0.17-0.2, R2 = 0.03-0.04, MAE ~ 93 g/d) (Table 3). 
Unadjusted and adjusted multi-marker models for milk derived from stepwise regression are presented in 
Tables S8 and S9. Adjusted multi-marker models consisting of urinary galactose + galactitol + sex + BMI + 
age (analyzed by GC-MS) (rap = 0.20, R2 = 0.04, mean absolute error (MAE) = 92 g/d), and plasma tryptophan 
+ indole-3-propionic acid + sex (analyzed by LC-MS) (rap = 0.25, R2 = 0.06, MAE = 102.8 g/d) had slightly 
improved performance accuracy for predicting milk intake compared to the single-marker models. 

The role of lactase persistence status on the relative abundance of lactose and its metabolites in plasma 
and urine was further explored (Figure S2). As expected, plasma levels of lactose were low across all samples, 
due to the analysis of fasting samples, while urinary lactose was significantly higher in lactase non-persistent 
(LNP) individuals. While a higher relative abundance of all lactose metabolites were generally observed in 
lactase persistent (LP) individuals compared to LNP (with the possible exception of galactose in urine), the 
differences were not significant. Due to the low numbers of LNP individuals in our sub-cohort, further analyses 
of levels of lactose metabolites by quintiles of milk intake stratified by LP/LNP status was not possible. 

Similarly, the role of FUT2 and FUT3 enzyme status on levels of Lewis A trisaccharide in plasma and 
Blood Group H disaccharide in plasma and urine was also explored (Figure S3). No significant differences 
were observed in plasma Lewis A trisaccharide between secretors and non-secretors. For Blood Group H 
disaccharide, while no significant between-group differences were detected in plasma (borderline p = 0.057), 
significantly higher levels were observed in urine for secretors compared to non-secretors (p = 2.5 x 10-9).   T
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Assessment of biomarkers for cheese intake 

Sixteen previously-identified candidate FIBs for cheese intake are presented in Table S2, of which 14 
were detected in plasma and/or urine samples of the current cohort (Table 4). For the total population, no 
significant differences in candidate FIB concentrations for cheese were observed across quintiles of cheese 
intake. However, when stratified into sex-specific intake quintiles, levels of urinary indole-3-lactic acid were 
significantly increased between quintiles of cheese intake in men, while plasma phenylalanyl-proline was 
increased between quintiles of cheese intake in women (Figure S4). For plasma proline in men, although also 
significant across quintiles, a decreasing trend was observed (Figure S4). 

No significant positive Spearman’s correlations were observed between FIBs and cheese intake on a 
continuous scale for any of the FIBs, but when stratified by sex, a significant correlation was revealed for 
urinary indole-3-lactic acid in men (Table 4). No significant single-marker models (adjusted or unadjusted) 
were generated for any of the FIBs for cheese intake. From the multi-marker models, a combination of plasma 
C15 + isoleucine + glutamic acid (analysed by gas chromatography-mass spectrometry (GC-MS)) yielded a 
significant model for predicting cheese intake, albeit with somewhat poor performance (rap = 0.16, R2 = 0.03, 
MAE = 17 g/d) (Table S8). Inclusion of covariates in an adjusted multi-marker model did not further reveal 
combinations of biomarkers or biomarker and covariates that better predicts cheese intake (plasma C15 + 
isoleucine + glutamic acid was still the best model) (Table S9). 
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Assessment of biomarkers for cheese intake 

Sixteen previously-identified candidate FIBs for cheese intake are presented in Table S2, of which 14 
were detected in plasma and/or urine samples of the current cohort (Table 4). For the total population, no 
significant differences in candidate FIB concentrations for cheese were observed across quintiles of cheese 
intake. However, when stratified into sex-specific intake quintiles, levels of urinary indole-3-lactic acid were 
significantly increased between quintiles of cheese intake in men, while plasma phenylalanyl-proline was 
increased between quintiles of cheese intake in women (Figure S4). For plasma proline in men, although also 
significant across quintiles, a decreasing trend was observed (Figure S4). 

No significant positive Spearman’s correlations were observed between FIBs and cheese intake on a 
continuous scale for any of the FIBs, but when stratified by sex, a significant correlation was revealed for 
urinary indole-3-lactic acid in men (Table 4). No significant single-marker models (adjusted or unadjusted) 
were generated for any of the FIBs for cheese intake. From the multi-marker models, a combination of plasma 
C15 + isoleucine + glutamic acid (analysed by gas chromatography-mass spectrometry (GC-MS)) yielded a 
significant model for predicting cheese intake, albeit with somewhat poor performance (rap = 0.16, R2 = 0.03, 
MAE = 17 g/d) (Table S8). Inclusion of covariates in an adjusted multi-marker model did not further reveal 
combinations of biomarkers or biomarker and covariates that better predicts cheese intake (plasma C15 + 
isoleucine + glutamic acid was still the best model) (Table S9). 
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Assessment of biomarkers for yoghurt intake 

Out of the ten candidate FIBs that were previously-identified for yogurt intake in plasma (Table S2), 
eight were detected in plasma in the current study (Table 5). No significant differences were found between 
plasma levels of these FIBs by increasing quintiles of yogurt intake in the total population. However, when 
stratified into sex-specific intake quintiles, a significant difference was found for plasma tyrosine in women 
(Q2-5 vs Q1, p ≤ 0.05), although it should be noted that Q1 comprised primarily non-consumers (Figure S5).  

Spearman’s correlations were weak and non-significant for all FIBs. Similarly, there were no 
significant single-marker models for yoghurt (unadjusted or adjusted) (Table 5). From the multi-marker 
models, a significant adjusted model consisting of threonine + tyrosine + sex was generated for yogurt intake 
(Table S9). However, the model performance was very poor (rap = 0.03, R2 = 0.0008, MAE = 68 g/d). 
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Assessment of biomarkers for yoghurt intake 

Out of the ten candidate FIBs that were previously-identified for yogurt intake in plasma (Table S2), 
eight were detected in plasma in the current study (Table 5). No significant differences were found between 
plasma levels of these FIBs by increasing quintiles of yogurt intake in the total population. However, when 
stratified into sex-specific intake quintiles, a significant difference was found for plasma tyrosine in women 
(Q2-5 vs Q1, p ≤ 0.05), although it should be noted that Q1 comprised primarily non-consumers (Figure S5).  

Spearman’s correlations were weak and non-significant for all FIBs. Similarly, there were no 
significant single-marker models for yoghurt (unadjusted or adjusted) (Table 5). From the multi-marker 
models, a significant adjusted model consisting of threonine + tyrosine + sex was generated for yogurt intake 
(Table S9). However, the model performance was very poor (rap = 0.03, R2 = 0.0008, MAE = 68 g/d). 
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Assessment of pentadecanoic acid (C15) and heptadecanoic acid (C17) as biomarkers for general dairy 
intake 

Differences in the relative abundance of C15 and C17 in fasting plasma were assessed by quintiles of 
intake for various dairy groups. Significantly higher C15 and C17 were observed with higher quintiles of total 
fermented dairy intake (Q2-Q5 vs. Q1, p ≤ 0.05) (Figure 2ab), but not for other dairy groups. For C17 and 
total non-fermented dairy intake, the effect was not clear (Q1, Q3, Q5 vs Q2, Q4 vs Q3, p ≤ 0.05) (Figure S6). 
In addition, no significant differences in levels of these fatty acids were observed between intake quintiles for 
other dairy groups (including total dairy), even when stratified into sex-specific intake quintiles. 
 
Figure 2. Significantly increased plasma pentadecanoic acid (C15) and/or heptadecanoic acid (C17) with increasing dairy intake. (a) 
C15 by quintiles of total fermented dairy intake, (b) C17 by quintiles of total fermented dairy intake (significance between quintiles 
denoted by different letters, p ≤ 0.05), (c) C15 by continuous total dairy intake, (d) C15 by continuous low-fat dairy intake, (e) C15 by 
continuous total fermented dairy intake, (f) C17 by continuous total fermented dairy intake, (g) C15 by continuous low-fat fermented 
dairy intake, (h) C17 by continuous low-fat fermented dairy intake. 
 

(a) (b) (c) 

   
(d) (e) (f) 
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Assessment of pentadecanoic acid (C15) and heptadecanoic acid (C17) as biomarkers for general dairy 
intake 

Differences in the relative abundance of C15 and C17 in fasting plasma were assessed by quintiles of 
intake for various dairy groups. Significantly higher C15 and C17 were observed with higher quintiles of total 
fermented dairy intake (Q2-Q5 vs. Q1, p ≤ 0.05) (Figure 2ab), but not for other dairy groups. For C17 and 
total non-fermented dairy intake, the effect was not clear (Q1, Q3, Q5 vs Q2, Q4 vs Q3, p ≤ 0.05) (Figure S6). 
In addition, no significant differences in levels of these fatty acids were observed between intake quintiles for 
other dairy groups (including total dairy), even when stratified into sex-specific intake quintiles. 
 
Figure 2. Significantly increased plasma pentadecanoic acid (C15) and/or heptadecanoic acid (C17) with increasing dairy intake. (a) 
C15 by quintiles of total fermented dairy intake, (b) C17 by quintiles of total fermented dairy intake (significance between quintiles 
denoted by different letters, p ≤ 0.05), (c) C15 by continuous total dairy intake, (d) C15 by continuous low-fat dairy intake, (e) C15 by 
continuous total fermented dairy intake, (f) C17 by continuous total fermented dairy intake, (g) C15 by continuous low-fat fermented 
dairy intake, (h) C17 by continuous low-fat fermented dairy intake. 
 

(a) (b) (c) 

   
(d) (e) (f) 
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(g) (h) 

  
 

The seemingly stronger links between these biomarkers and fermented dairy groups was further 
observed in analyses with continuous intakes. Although correlations between C15 or C17 with dairy groups 
were generally weak, they were positive and significant for total dairy (C15 rs = 0.17), low-fat dairy (C15 rs = 
0.16), total fermented dairy (C15 rs = 0.24; C17 rs = 0.19), and low-fat fermented dairy (C15 rs = 0.19; C17 rs 
= 0.16) (p ≤ 0.05) (Table 6 and Figure 2c-h). When stratified by sex, significant positive correlations were 
observed in men for C15 and C17 with low-fat dairy, total fermented dairy, and between C15 and low-fat 
fermented dairy. Similarly, in the single-marker regression models, positive and significant models were 
generated for C15 and total dairy, total fermented dairy, and low-fat fermented dairy intake, and similarly for 
C17 and total and low-fat fermented dairy intake (Table 6). Adjustment of the models by sex, BMI, and age 
also revealed a significant model for C15 and low-fat dairy. For C15 and total dairy intake, adjustment 
measurably improved the model performance (rs = 0.3, R2 = 0.1, MAE = 125 g/d). 

The best multi-marker models for C15 and C17 derived from stepwise regression for dairy foods and 
dairy groups are presented in Table S10. In the unadjusted models, C15 alone was revealed to be the best 
predictor of intakes for all dairy groups, and was significant for total dairy, total fermented dairy, and low-fat 
fermented dairy. In the adjusted models, the best (most parsimonious) models were generated from a 
combination of biomarker/covariates, and consisted of C15 + sex + BMI for total dairy, low-fat dairy, and total 
non-fermented dairy, C15 + sex for total fermented dairy, and C15 + age for low-fat fermented dairy. For low-
fat non-fermented dairy, the best model did not include a biomarker but was instead driven by two covariates 
(sex + BMI). C15 was positively associated with dairy intakes in all models, while covariates were negatively 
associated. In all cases, the adjusted model selected from stepwise regression had the best model outcomes (in 
terms of model significance and prediction performance); however, this did not involve a true multi-marker 
combination consisting of C15 + C17. It is noteworthy that a high degree of multicollinearity between C15 
and C17 was observed (variance inflation factor (VIF)>5, r = 0.93)).  
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(g) (h) 

  
 

The seemingly stronger links between these biomarkers and fermented dairy groups was further 
observed in analyses with continuous intakes. Although correlations between C15 or C17 with dairy groups 
were generally weak, they were positive and significant for total dairy (C15 rs = 0.17), low-fat dairy (C15 rs = 
0.16), total fermented dairy (C15 rs = 0.24; C17 rs = 0.19), and low-fat fermented dairy (C15 rs = 0.19; C17 rs 
= 0.16) (p ≤ 0.05) (Table 6 and Figure 2c-h). When stratified by sex, significant positive correlations were 
observed in men for C15 and C17 with low-fat dairy, total fermented dairy, and between C15 and low-fat 
fermented dairy. Similarly, in the single-marker regression models, positive and significant models were 
generated for C15 and total dairy, total fermented dairy, and low-fat fermented dairy intake, and similarly for 
C17 and total and low-fat fermented dairy intake (Table 6). Adjustment of the models by sex, BMI, and age 
also revealed a significant model for C15 and low-fat dairy. For C15 and total dairy intake, adjustment 
measurably improved the model performance (rs = 0.3, R2 = 0.1, MAE = 125 g/d). 

The best multi-marker models for C15 and C17 derived from stepwise regression for dairy foods and 
dairy groups are presented in Table S10. In the unadjusted models, C15 alone was revealed to be the best 
predictor of intakes for all dairy groups, and was significant for total dairy, total fermented dairy, and low-fat 
fermented dairy. In the adjusted models, the best (most parsimonious) models were generated from a 
combination of biomarker/covariates, and consisted of C15 + sex + BMI for total dairy, low-fat dairy, and total 
non-fermented dairy, C15 + sex for total fermented dairy, and C15 + age for low-fat fermented dairy. For low-
fat non-fermented dairy, the best model did not include a biomarker but was instead driven by two covariates 
(sex + BMI). C15 was positively associated with dairy intakes in all models, while covariates were negatively 
associated. In all cases, the adjusted model selected from stepwise regression had the best model outcomes (in 
terms of model significance and prediction performance); however, this did not involve a true multi-marker 
combination consisting of C15 + C17. It is noteworthy that a high degree of multicollinearity between C15 
and C17 was observed (variance inflation factor (VIF)>5, r = 0.93)).  
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Suitability of biomarkers for discriminating between fermented and non-fermented dairy intake 

Several of the FIBs had significant positive correlations with fermented dairy intake and/or negative 
correlations with non-fermented dairy intake (Table S11). In particular, consistent correlations were observed 
for plasma 3-hydroxybutyrate (rs = 0.2 for total fermented dairy, rs = 0.23 for low-fat fermented dairy intake, 
rs = -0.24 for high-fat non-fermented dairy intake; p ≤ 0.05) and were reflected in the different levels of 3-
hydroxybutyrate for the different quintiles of intake for these dairy groups (Figure 3). Other relevant markers 
included plasma C15, C17, galactonate, lactose, valine, galactitol, 3-phenyllactic acid, glutamic acid, 
isoleucine, leucine, methionine, and proline (detected with GC-MS) (Figure 3 and Figure S7). These FIBs 
were included in an exploratory multi-marker model to gauge whether their inclusion can help to better predict 
fermented and non-fermented dairy intake.  
 
Figure 3. Significant differences in plasma 3-hydroxyisobutyrate levels between fermented and non-fermented dairy groups. Analyzed 
by continuous intake or intake quintiles of (a,d) total fermented dairy, (b,e) low-fat fermented dairy intake, and (c,f) high-fat non-
fermented dairy intake. Significance between quintiles denoted by different letters (p ≤ 0.05). 

(a) (b) (c) 

   
(d) (e) (f) 

   
 

As seen in Table S12, when compared to Table S10, multi-marker models with these FIBs improved 
the model performance of the majority of dairy groups compared to models with C15 and/or C17. The best 
multi-marker models selected for total fermented dairy (C15 + galactonate + glutamic acid + lactose + 
methionine + 3-hydroxyisobutyrate; unadjusted, rap = 0.22, R2 = 0.05, MAE = 101 g/d), high-fat fermented 



Robustness of dairy food biomarkers

197

 

W
: 0

.0
2 

0.
04

 
0.

11
 

0.
74

 
0.

08
 

0.
11

 
0.

48
 

C1
7 

G
C-

M
S 

(P
) 

0.
02

 
M

: 0
.0

6 
(In

t: 
5.

14
) 

0.
03

 
(0

.0
5)

 
0.

13
 

(0
.0

0*
**

) 
0.

84
 

-0
.1

1 
0.

01
 

87
.2

 
(In

t: 
5.

33
) 

0.
07

 
(0

.1
1)

 
0.

13
 

(0
.0

0*
**

) 
0.

57
 

0.
09

 0
.0

1 
88

.0
 

W
: 0

.0
1 

H
ig

h-
fa

t N
on

-fe
rm

en
te

d 
D

ai
ry

 

C1
5 

G
C-

M
S 

(P
) 

-0
.0

9 
M

: -
0.

12
 

(In
t: 

3.
71

) 
0.

03
 

(0
.0

6)
 

0.
13

 
(0

.0
0*

**
) 

0.
83

 
-0

.1
3 

0.
02

 
29

.5
 

(In
t: 

3.
79

) 
0.

00
 

(0
.1

3)
 

0.
13

 
(0

.0
0*

**
) 

1.
00

 
-0

.2
0 

0.
04

 
29

.9
 

W
: -

0.
01

 

C1
7 

G
C-

M
S 

(P
) 

-0
.1

2 
M

: -
0.

19
* 

(In
t: 

3.
71

) 
0.

01
 

(0
.0

6)
 

0.
15

 
(0

.0
0*

**
) 

0.
96

 
-0

.0
9 

0.
01

 
29

.4
 

(In
t: 

3.
79

) 
-0

.0
2 

(0
.1

3)
 

0.
15

 
(0

.0
00

**
*)

 
0.

88
 

-0
.1

8 
0.

03
 

29
.7

 
W

: 0
.0

0 
Lo

w
-fa

t N
on

-fe
rm

en
te

d 
D

ai
ry

 

C1
5 

G
C-

M
S 

(P
) 

0.
03

 
M

: 0
.1

0 
(In

t: 
4.

99
) 

0.
03

 
(0

.0
6)

 
0.

13
 

(0
.0

0*
**

) 
0.

79
 

0.
15

 0
.0

2 
97

.1
 

(In
t: 

5.
19

) 
0.

09
 

(0
.1

2)
 

0.
13

 
(0

.0
0*

**
) 

0.
48

 
0.

19
 0

.0
4 

95
.0

 
W

: -
0.

05
 

C1
7 

G
C-

M
S 

(P
) 

0.
03

 
M

: 0
.1

2 
(In

t: 
4.

99
) 

0.
03

 
(0

.0
6)

 
0.

15
 

(0
.0

0*
**

) 
0.

85
 

-0
.1

4 
0.

02
 

97
.1

 
(In

t: 
5.

19
) 

0.
09

 
(0

.1
2)

 
0.

15
 

(0
.0

0*
**

) 
0.

55
 

0.
21

 0
.0

4 
95

.0
 

W
: -

0.
07

 
C1

5,
 p

en
ta

de
ca

no
ic

; C
17

, h
ep

ta
de

ca
no

ic
 a

ci
d;

 G
C-

M
S,

 g
as

 c
hr

om
at

og
ra

ph
y 

m
as

s s
pe

ct
ro

m
et

ry
; G

LM
, g

en
er

al
iz

ed
 li

ne
ar

 m
od

el
; M

, m
en

; M
A

E,
 m

ea
n 

ab
so

lu
te

 e
rro

r; 
P,

 p
la

sm
a;

 r a
p, 

co
rre

la
tio

n 
be

tw
ee

n 
ac

tu
al

 a
nd

 p
re

di
ct

ed
 in

ta
ke

; S
E,

 st
an

da
rd

 e
rro

r; 
W

, w
om

en
. S

ig
ni

fic
an

t r
es

ul
ts 

ar
e 

bo
ld

ed
: *

p 
≤ 

0.
05

, *
* 

p 
≤ 

0.
01

, *
**

 p
 ≤

 0
.0

01
. 

a 
In

te
rc

ep
t (

In
t) 

va
lu

es
 fo

r t
he

 m
od

el
s a

re
 p

ro
vi

de
d 

in
 b

ra
ck

et
s. 

b  A
dj

us
te

d 
fo

r a
ge

, s
ex

, a
nd

 B
M

I. 

 

Suitability of biomarkers for discriminating between fermented and non-fermented dairy intake 

Several of the FIBs had significant positive correlations with fermented dairy intake and/or negative 
correlations with non-fermented dairy intake (Table S11). In particular, consistent correlations were observed 
for plasma 3-hydroxybutyrate (rs = 0.2 for total fermented dairy, rs = 0.23 for low-fat fermented dairy intake, 
rs = -0.24 for high-fat non-fermented dairy intake; p ≤ 0.05) and were reflected in the different levels of 3-
hydroxybutyrate for the different quintiles of intake for these dairy groups (Figure 3). Other relevant markers 
included plasma C15, C17, galactonate, lactose, valine, galactitol, 3-phenyllactic acid, glutamic acid, 
isoleucine, leucine, methionine, and proline (detected with GC-MS) (Figure 3 and Figure S7). These FIBs 
were included in an exploratory multi-marker model to gauge whether their inclusion can help to better predict 
fermented and non-fermented dairy intake.  
 
Figure 3. Significant differences in plasma 3-hydroxyisobutyrate levels between fermented and non-fermented dairy groups. Analyzed 
by continuous intake or intake quintiles of (a,d) total fermented dairy, (b,e) low-fat fermented dairy intake, and (c,f) high-fat non-
fermented dairy intake. Significance between quintiles denoted by different letters (p ≤ 0.05). 

(a) (b) (c) 

   
(d) (e) (f) 

   
 

As seen in Table S12, when compared to Table S10, multi-marker models with these FIBs improved 
the model performance of the majority of dairy groups compared to models with C15 and/or C17. The best 
multi-marker models selected for total fermented dairy (C15 + galactonate + glutamic acid + lactose + 
methionine + 3-hydroxyisobutyrate; unadjusted, rap = 0.22, R2 = 0.05, MAE = 101 g/d), high-fat fermented 
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dairy (C15 + 3-hydroxyisobutyrate + BMI; adjusted, rap = 0.4, R2 = 0.16, MAE = 35 g/d), and low-fat fermented 
dairy (C15 + lactose + 3-hydroxyisobutyrate + galactonate + glutamic acid + methionine; unadjusted, rap = 
0.25, R2 = 0.06, MAE = 93 g/d) all included significant positive associations with C15. Furthermore, 3-
hydroxyisobutyrate was selected in the best model for all three fermented dairy groups: positively associated 
for total (non-significant) and low-fat fermented dairy (significant), and negatively associated with high-fat 
fermented dairy (significant). The best performing models for non-fermented dairy groups included valine + 
3-hydroxyisobutyrate + 3-phenyllactic acid + BMI + sex for total non-fermented dairy (adjusted, rap = 0.02, R2 
= 0.00, MAE = 93 g/d), C17 + isoleucine + leucine for high-fat non-fermented dairy (unadjusted and adjusted, 
rap = 0.4, R2 = 0.16, MAE = 27 g/d), and valine + 3-hydroxyisobutyrate + 3-phenyllactic acid + sex + BMI for 
low-fat non-fermented dairy (adjusted, rap = 0.11, R2 = 0.01, MAE = 96 g/d). For total and low-fat non-
fermented dairy, 3-hydroxyisobutyrate was significantly and negatively associated with intake in adjusted 
models. Furthermore, inclusion of these candidate FIBs also improved the prediction of high-fat and low-fat 
dairy groups (rap = 0.27-0.5, R2 = 0.07-0.25) (Table S12). 

Discussion 

In the current study, we aimed to evaluate the robustness of the previously-identified candidate FIBs 
for milk, cheese, and yogurt. Most of the selected biomarkers have already shown some of the essential 
qualities of a FIB including plausibility and time-response in a controlled intervention setting (18-22), but 
observational data in free-living populations is limited. The single-marker models examined in this 
observational study did not perform well in predicting the intake of dairy foods in our free-living population, 
which may be related to the fact that these FIBs are non-specific and can be influenced by consumption of 
other foods in the diet. However, we observed modest associations for multi-marker models that also account 
for known covariates, suggesting that they may help better capture the subtle differences between specific 
dairy foods. Moreover, our analyses illustrate several challenges and considerations critical to further 
validation of these FIBs.  

Biomarkers for general dairy intake, dairy food intake, and their specificity 

By far, the most common dietary biomarkers described in studies of dairy intake are C15 and C17. 
Despite their widespread use, several limitations have been acknowledged, including their non-specificity for 
dairy in populations with high fish intake due to their endogenous presence in fish (13). Furthermore, although 
C15 has been suggested to be an effective concentration biomarker of dairy intake in controlled animal studies, 
only moderate correlations have been reported in human observational studies (48). Due to these limitations, 
as well as the inability of these biomarkers to discriminate between specific dairy foods, the identification of 
further FIBs for dairy products is a valuable endeavour. A previous systematic review on biomarkers of dairy 
products identified several plausible FIBs of total dairy intake, including serum C15, C17, C17:1, myristoyl-
sphingomyelin SM(d18:1/14:0), and galactonate, as well as urinary isovalerylglutamic acid, isovalerylglycine, 
tiglylglycine, and isobutyrylglycine for cheese intake (49). No specific biomarkers were identified for yogurt 
consumption.  

In the present study, we evaluated the association of C15 and C17 in fasting plasma with dairy intake, 
the results of which helped contextualize the associations and validation performances of the other FIBs. 
Although associations were generally low (rs = 0.16-0.24), they were comparable to observational studies with 
similar study designs (r = 0.1-0.36) (50-52). Other FIBs we aimed to evaluate for milk, cheese, and yogurt (19-
22) were mainly non-significant, or if significant, yielded weak positive associations. This may be partly due 
to the presence of the FIBs or their parent compounds in different foods. For instance, while lactose is the 
predominant carbohydrate in milk, its presence in commonly-consumed processed foods containing milk 
ingredients may obscure the specificity of lactose and its metabolites for assessing milk intake (53). 

 

Additionally, the majority of FIBs for cheese and yogurt (peptides, amino acids, and their intermediates) can 
also be influenced by the consumption of a large variety of protein-rich foods in the diet. The single-marker 
validation of these non-specific FIBs in a free-living population presents a tremendous challenge, but their 
inclusion in a multi-marker panel appears to be more promising. 

Single- versus multi-marker models for evaluating the robustness of FIBs 

Since milk is a complex mixture of macronutrients, micronutrients, minerals, and bioactive 
compounds, it is intuitive to seek out multiple biomarkers to capture and discriminate the intake of milk and 
dairy products. By using regression models, we could assess and compare the ability of single- vs. multi-
marker approaches in predicting intake of specific dairy foods and dairy groups. Selected physiological 
covariates that can affect and/or be affected by the choice of dairy food consumed as well as absolute intake 
levels and patterns of consumption (sex, age, and BMI) (54) were also included in the biomarker models. 

In our models, C15 performed better than C17 for predicting general dairy intake in both single- and 
multi-marker models, confirming what has been previously observed in the literature. From the single-marker 
models, urinary lactose, galactose, and galactitol were the most effective FIBs in predicting milk intake (better 
than C15 or C17), while two adjusted multi-marker models (galactose + galactitol + age + sex + BMI; indole-
3-propionic acid + tryptophan + sex) offered slightly improved prediction performance. Galactose, galactitol, 
and tryptophan were positively associated with milk intake in these models, but indole-3-propionic acid (a 
deaminated metabolite of tryptophan) was negatively associated with milk intake. While milk consumption 
previously generated a significant postprandial increase in indole-3-propionic acid (21), it was not detected in 
milk, suggesting that indole-3-propionic acid may have been synthesized from tryptophan in milk by the gut 
microbiota (55). 

A significant multi-marker model consisting of plasma C15, isoleucine and glutamic acid captured 
cheese intake, whereas no significant single-marker models were generated. As cheese products tend to be 
higher in dairy fat (compared to milk and yogurt), it is not surprising that C15 was selected in the multi-marker 
model for cheese. Similarly, glutamic acid has been previously reported as the primary compound responsible 
for the ‘umami’ taste quality of cheese products (56). Conversely, isoleucine is ubiquitous in the diet, and 
cheese consumption may not have been sufficient to impact isoleucine levels significantly. This is reflected in 
the non-significant but negative correlation between plasma isoleucine and cheese intake, and the negative 
association in the regression model. For yogurt intake, no significant single-marker models were generated. A 
significant adjusted multi-marker model comprising threonine and tyrosine was generated for yogurt intake, 
however, the model performance was low, perhaps due to the non-specific nature of the panel of FIBs for 
yogurt (primarily amino acids). 

Evaluation of other facets of validity 

In the case of non-specific biomarkers, a major factor affecting intake-biomarker associations is the 
quantity of food consumed. The Netherlands has one of the highest per capita dairy consumption, which makes 
our population highly suitable for evaluating dairy biomarkers. However, within dairy foods, consumption of 
cheese was comparatively lower than consumption of milk in our population (median ~ 27 vs. 87 g/d), with a 
narrower range of intakes (8 to 67 g/d vs. 4 to 303 g/d in Q1 to Q5). This can affect the ability of FIBs to 
discriminate between individuals with high or low intakes, and blurs the dose-response relationship. Although 
true dose-response could not be evaluated in our study, we observed significant increases in multiple FIBs 
across quintiles of dairy food intake, in particular, urinary galactitol for milk intake. Several FIBs also showed 
apparent sex-related responses in the stratified quintile analysis and correlations. These findings could be 
affected by the differences in numbers of participants between sexes, which may have afforded higher 
statistical power in men (n ~ 33 per quintile) rather than women (n ~ 16 per quintile). 
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dairy (C15 + 3-hydroxyisobutyrate + BMI; adjusted, rap = 0.4, R2 = 0.16, MAE = 35 g/d), and low-fat fermented 
dairy (C15 + lactose + 3-hydroxyisobutyrate + galactonate + glutamic acid + methionine; unadjusted, rap = 
0.25, R2 = 0.06, MAE = 93 g/d) all included significant positive associations with C15. Furthermore, 3-
hydroxyisobutyrate was selected in the best model for all three fermented dairy groups: positively associated 
for total (non-significant) and low-fat fermented dairy (significant), and negatively associated with high-fat 
fermented dairy (significant). The best performing models for non-fermented dairy groups included valine + 
3-hydroxyisobutyrate + 3-phenyllactic acid + BMI + sex for total non-fermented dairy (adjusted, rap = 0.02, R2 
= 0.00, MAE = 93 g/d), C17 + isoleucine + leucine for high-fat non-fermented dairy (unadjusted and adjusted, 
rap = 0.4, R2 = 0.16, MAE = 27 g/d), and valine + 3-hydroxyisobutyrate + 3-phenyllactic acid + sex + BMI for 
low-fat non-fermented dairy (adjusted, rap = 0.11, R2 = 0.01, MAE = 96 g/d). For total and low-fat non-
fermented dairy, 3-hydroxyisobutyrate was significantly and negatively associated with intake in adjusted 
models. Furthermore, inclusion of these candidate FIBs also improved the prediction of high-fat and low-fat 
dairy groups (rap = 0.27-0.5, R2 = 0.07-0.25) (Table S12). 

Discussion 

In the current study, we aimed to evaluate the robustness of the previously-identified candidate FIBs 
for milk, cheese, and yogurt. Most of the selected biomarkers have already shown some of the essential 
qualities of a FIB including plausibility and time-response in a controlled intervention setting (18-22), but 
observational data in free-living populations is limited. The single-marker models examined in this 
observational study did not perform well in predicting the intake of dairy foods in our free-living population, 
which may be related to the fact that these FIBs are non-specific and can be influenced by consumption of 
other foods in the diet. However, we observed modest associations for multi-marker models that also account 
for known covariates, suggesting that they may help better capture the subtle differences between specific 
dairy foods. Moreover, our analyses illustrate several challenges and considerations critical to further 
validation of these FIBs.  

Biomarkers for general dairy intake, dairy food intake, and their specificity 

By far, the most common dietary biomarkers described in studies of dairy intake are C15 and C17. 
Despite their widespread use, several limitations have been acknowledged, including their non-specificity for 
dairy in populations with high fish intake due to their endogenous presence in fish (13). Furthermore, although 
C15 has been suggested to be an effective concentration biomarker of dairy intake in controlled animal studies, 
only moderate correlations have been reported in human observational studies (48). Due to these limitations, 
as well as the inability of these biomarkers to discriminate between specific dairy foods, the identification of 
further FIBs for dairy products is a valuable endeavour. A previous systematic review on biomarkers of dairy 
products identified several plausible FIBs of total dairy intake, including serum C15, C17, C17:1, myristoyl-
sphingomyelin SM(d18:1/14:0), and galactonate, as well as urinary isovalerylglutamic acid, isovalerylglycine, 
tiglylglycine, and isobutyrylglycine for cheese intake (49). No specific biomarkers were identified for yogurt 
consumption.  

In the present study, we evaluated the association of C15 and C17 in fasting plasma with dairy intake, 
the results of which helped contextualize the associations and validation performances of the other FIBs. 
Although associations were generally low (rs = 0.16-0.24), they were comparable to observational studies with 
similar study designs (r = 0.1-0.36) (50-52). Other FIBs we aimed to evaluate for milk, cheese, and yogurt (19-
22) were mainly non-significant, or if significant, yielded weak positive associations. This may be partly due 
to the presence of the FIBs or their parent compounds in different foods. For instance, while lactose is the 
predominant carbohydrate in milk, its presence in commonly-consumed processed foods containing milk 
ingredients may obscure the specificity of lactose and its metabolites for assessing milk intake (53). 

 

Additionally, the majority of FIBs for cheese and yogurt (peptides, amino acids, and their intermediates) can 
also be influenced by the consumption of a large variety of protein-rich foods in the diet. The single-marker 
validation of these non-specific FIBs in a free-living population presents a tremendous challenge, but their 
inclusion in a multi-marker panel appears to be more promising. 

Single- versus multi-marker models for evaluating the robustness of FIBs 

Since milk is a complex mixture of macronutrients, micronutrients, minerals, and bioactive 
compounds, it is intuitive to seek out multiple biomarkers to capture and discriminate the intake of milk and 
dairy products. By using regression models, we could assess and compare the ability of single- vs. multi-
marker approaches in predicting intake of specific dairy foods and dairy groups. Selected physiological 
covariates that can affect and/or be affected by the choice of dairy food consumed as well as absolute intake 
levels and patterns of consumption (sex, age, and BMI) (54) were also included in the biomarker models. 

In our models, C15 performed better than C17 for predicting general dairy intake in both single- and 
multi-marker models, confirming what has been previously observed in the literature. From the single-marker 
models, urinary lactose, galactose, and galactitol were the most effective FIBs in predicting milk intake (better 
than C15 or C17), while two adjusted multi-marker models (galactose + galactitol + age + sex + BMI; indole-
3-propionic acid + tryptophan + sex) offered slightly improved prediction performance. Galactose, galactitol, 
and tryptophan were positively associated with milk intake in these models, but indole-3-propionic acid (a 
deaminated metabolite of tryptophan) was negatively associated with milk intake. While milk consumption 
previously generated a significant postprandial increase in indole-3-propionic acid (21), it was not detected in 
milk, suggesting that indole-3-propionic acid may have been synthesized from tryptophan in milk by the gut 
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We also acknowledge that the composition of (bovine) milk can be affected by animal grazing 
conditions, which could lead to seasonal variations in levels of biomarkers in the blood or urine. A study 
conducted in the Netherlands reported that the most pronounced differences in milk composition were in fatty 
acid concentrations (decrease in saturated fatty acids and increase in trans fatty acids during the grazing season, 
~April-September), while lactose and protein composition remained relatively stable (57). Similar effects on 
other metabolites/biomarkers are unknown. 

Other validation criteria of reliability, stability, analytical performance, and reproducibility could not 
be sufficiently addressed here, but a few related considerations are worth noting. For biomarker discovery, the 
combined use of multiple metabolomics analytical platforms (e.g., LC-MS, GC-MS, and NMR) permits 
complementary coverage of the metabolome and is particularly valuable for identifying unique sets of FIBs 
based on individual platform strengths (23). For validation, targeted platforms are often favoured, to quantify 
a limited panel of compounds but often with improved methodology for a specific compound class. In the case 
of dairy fatty acids (including C15 and C17), the most widely used methodology for their separation and 
analysis is a targeted, quantitative method using chromatography-flame ionization detector (GC-FID) (58). 
Thus, further method development and quantitative analyses of these fatty acids as well as other FIBs for milk, 
cheese, and yoghurt may improve their performance for estimating dairy (food) intake in a multi-marker model, 
along with their reliability and analytical performance.  

Another important consideration consequential for successful FIB validation is that the choice of 
biosample may reflect a different time-course associated with intake. Long-term fat intake is best measured 
using adipose tissue (1-2 years), whereas short-term intake is best assessed using serum phospholipids or 
cholesteryl esters (past several days) and triglyceride fractions (past several hours) (59-61). In the present 
study, we used fasting plasma and 24-h urine samples that were banked and readily available for analysis. FIBs 
with short half-lives in plasma were unsurprisingly not significant. For example, in the metabolomics study of 
yogurt intake, significant increases in several compounds were observed in postprandial plasma, but almost all 
were not significant in fasting serum after daily yogurt intake for two weeks (21). For metabolites measured 
in both plasma and urine (e.g., lactose, Blood Group H disaccharide), higher relative abundance was observed 
in urine samples that were collected over 24 hours whereas levels were almost undetectable in plasma samples 
collected under fasting conditions. While these FIBs may not be suitable as markers of habitual intake of dairy 
foods, they may still be valid as markers of short-term or recent intake. Therefore, further exploration of the 
FIBs outlined in this study in several other independent observational and intervention studies using samples 
with different time courses would help assess their robustness as short-term biomarkers. 

Influence of fat content and fermentation on dairy biomarkers 

One objective in the current study was to explore the potential influence of food-related factors on the 
efficacy of dairy biomarkers, in particular fat content and fermentation status. Our analyses revealed significant 
positive associations between plasma C15 with total and low-fat dairy intake, and between C15 and C17 with 
total and low-fat fermented dairy intake, but similar anticipated results were not observed for high-fat dairy 
groups. One explanation could be the generally lower consumption of high-fat dairy products (Q1: 10 g/d to 
Q5: 135 g/d) compared to low-fat dairy products (Q1: 43 g/d to Q5: 480 g/d) in our population. While lower 
intakes inherently translates to lower concentrations of candidate FIBs in biofluids, the group of high-fat dairy 
foods also tended to include more sporadically consumed products (e.g., cream with hot meal, whipped cream, 
milk-based ice cream). A combination of these factors can introduce variability and error. Further, there is a 
small possibility that these fatty acids are enriched in fermented dairy products, as fermentation of milk has 
been shown to impact the fatty acid profiles of cheese and yogurt products (62). 

From our exploratory analyses assessing the suitability of FIBs for discriminating between fermented 
and non-fermented dairy intake, a significant positive association was found between 3-hydroxyisobutyrate 

 

and total fermented dairy and low-fat fermented dairy intake, and simultaneously inversely associated with 
high-fat non-fermented dairy as well as high-fat non-fermented intake, suggesting an overall positive 
association between this FIB and fermented dairy. This association was also partly reflected in the multi-
marker models for fermented and non-fermented dairy groups, although not fully confirmed as the direction 
of association of 3-hydroxyisobutyrate with the various dairy groups presented a complex pattern. 3-
Hydroxyisobutyrate is synthesized in the rumen of dairy cattle via the action of butyrate-producing bacteria, 
and also in ketogenesis as a catabolic product of valine (63). Further studies are needed to strengthen the 
biological plausibility of this finding, and drive efforts to identify FIBs related to fermentation that will help 
elucidate the underlying mechanisms for fermented dairy consumption and cardiometabolic health. 

Influence of genetic variants on biomarkers of milk intake 

Genetic polymorphisms in key enzymes leads to inter-individual variability in the metabolism of a 
compound, thereby impacting its efficacy and limiting its capacity as a quantitative biomarker. For dairy foods, 
a dominant mutation in the lactase enzyme (especially LCT-13910 C>T) is critical for lactose metabolism in 
adulthood (64). The global prevalence of lactase persistence is highly geographically dependent (e.g., <1% in 
Asia, >90% in Northern Europe) (64), and in our study population comprising primarily Caucasian Dutch 
adults, the level of lactase persistence was very high (~95%). This resulted in an uneven distribution between 
LP and LNP individuals (104 vs. 6), and the effects of lactase persistence on the efficacy of lactose metabolites 
as FIBs of milk intake could not be evaluated in this study with sufficient statistical power. However, in studies 
involving larger populations or comprising different ethnic populations, the presence of these genetic variants 
may be magnified, which could affect the predictions/accuracy of these FIBs and warrants careful 
consideration. 

We also previously observed high inter-individual variation in two Lewis system-related 
oligosaccharides, Lewis A trisaccharide and Blood Group H disaccharide, identified as potential FIBs of 
(bovine) milk intake (20). In humans, the production of these fucosylated oligosaccharides is determined by 
expression of the FUT2 and FUT3 genes (20). The majority of individuals with functional FUT2 are deemed 
‘secretors’, while those who inherit a homozygous loss-of-function mutation are deemed ‘non-secretors’ (65). 
The non-secretor phenotype (~20% of Caucasians) has been associated with higher susceptibility to various 
gastrointestinal diseases and infections (65-68). Non-secretors with a functional FUT3 enzyme can still express 
Lewis A antigens, but in rare cases, mutations of both FUT3 alleles results in the Lewis negative phenotype 
(6%) (20, 65). In the present study, a comparable prevalence of secretors, non-secretors, and Lewis negative 
was observed (79, 17, and 4%, respectively). As expected, significantly higher urinary Blood Group H 
disaccharide was found in FUT2 secretors; an increase was also observed in plasma but was only of borderline 
significance, presumably due to low overall concentrations. These metabolites were not found to be 
discriminant for milk intake in our study, which could be attributed to their largely endogenous origin; 
nonetheless, attention in larger studies will help clarify their classification and impact as FIBs for milk. 

Study limitations 

There are several limitations worth noting. Firstly, based on the data available, we relied on a window 
of ±14 days between biosample collection and the completion of an FFQ, which assesses habitual intake of the 
previous month. This assumes that dietary consumption patterns the day prior to biosample collection were 
comparable to the reported intakes, but otherwise, would be a source of measurement error. Secondly, since 
the FIBs were identified as part of a larger non-targeted study, we relied on metabolite relative abundances 
instead of absolute quantitative data for the validation, which limits the ability for data integration between 
analytical platforms. Thirdly, like other studies in metabolomics epidemiology, we used pre-existing 
biosamples from large observational studies that were not originally designed for the purpose of metabolomics 
analyses, and sample incubation time could influence levels of certain metabolites. Fourthly, the dairy products 
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administered in the intervention studies where the FIBs were derived from may have a different compositional 
profile than those consumed in the free-living cohort. In the particular case of cheese, all FIBs were identified 
following consumption of Swiss Gruyère cheese, whereas consumption of Dutch cheeses (Edam, Gouda) are 
predominant in the current study population. Finally, we relied on generalized linear and stepwise regression 
models for comparing single- and multi-marker validation results, and in particular, for determining the 
predictive ability of the FIBs. Aside from limitations inherent to regression models (e.g., multicollinearity), 
we acknowledge that these FIBs may perform better in predicting ranked intakes or binary outcomes (i.e., 
extreme quintiles). Since we wanted to evaluate the robustness of these biomarkers using the full population, 
we used a continuous approach, which also permitted comparison to previous studies conducted for C15/C17. 
Further use of quantitative data for the strongest biomarker models will further assess agreement between 
biomarker-based and subjective reporting methods. 

Conclusions 

Multi-marker models factoring in several common physiological covariates was better able to capture 
the intakes of dairy products, including milk and cheese, over single-marker models. For yogurt, prediction of 
intakes from both single- and multi-marker models were poor due to lack of specificity of the FIBs, or 
endogenous origin. Further evaluation of these FIBs as short-term biomarkers, quantification of these FIBs, 
and discovery of new fermentation biomarkers for dairy foods may help to improve estimates of dairy food 
intake and disentangle the health effects of dairy foods with different properties. 
 
***** 
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Supplementary Materials 

Table S1. Classification of dairy foods in the NQplus food frequency questionnaire 
Dairy Food Item Fermentation Status Subgroup Fat Contenta (g/100g food) Fat Classificationb 
Buttermilk Fermented Buttermilk 0.2 Skim 
Low-fat cheese (20+/30+) Fermented Cheese 14.1 Semi-skim 
Regular cheese (40+) Fermented Cheese 23.9 Semi-skim 
Regular cheese (48+) Fermented Cheese 30.3 Full fat 
Cheese as snack Fermented Cheese 28.9 Semi-skim 
Cheese with hot meal Fermented Cheese 28.9 Semi-skim 
Fat luxury cheese Fermented Cheese 35.1 Full fat 
Less-fat luxury cheese Fermented Cheese 22.0 Semi-skim 
Unknown cheese Fermented Cheese 28.5 Semi-skim 
(Fruit) quark with breakfast Fermented Quark 2.5 Skim 
Full (fruit) yogurt Fermented Yogurt 2.8 Full fat 
Full yogurt Fermented Yogurt 2.8 Full fat 
Semi-skim (fruit) yogurt Fermented Yogurt 1.5 Semi-skim 
Semi-skim yogurt Fermented Yogurt 1.8 Semi-skim 
Skim (fruit) yogurt Fermented Yogurt 0.2 Skim 
Skim yogurt Fermented Yogurt 0.2 Skim 
Unknown yogurt Fermented Yogurt 1.8 Semi-skim 
Butter Non-fermented Butter 81.1 Full fat 
Skim Butter Non-fermented Butter 37.0 Semi-skim 
Coffee cream Non-fermented Cream 9.4 Full fat 
Cream with hot meal Non-fermented Cream 34.2 Full fat 
Whipped cream Non-fermented Cream 14.8 Full fat 
Milk-based ice cream Non-fermented Ice cream 12.0 Full fat 
Diet coffee milk Non-fermented Milk 4.2 Full fat 
Full chocolate milk Non-fermented Milk 2.8 Full fat 
Full milk Non-fermented Milk 3.5 Full fat 
Full-fat milk with breakfast Non-fermented Milk 3.5 Full fat 
Regular full milk Non-fermented Milk 3.5 Full fat 
Regular semi-skim milk Non-fermented Milk 1.5 Semi-skim 
Semi-skim chocolate milk Non-fermented Milk 1.4 Semi-skim 
Semi-skim coffee milk Non-fermented Milk 4.1 Full fat 
Semi-skim milk Non-fermented Milk 1.5 Semi-skim 
Semi-skim milk with breakfast Non-fermented Milk 1.5 Semi-skim 
Skim chocolate milk Non-fermented Milk 0.5 Skim 
Skim milk Non-fermented Milk 0.1 Skim 
Unknown chocolate milk Non-fermented Milk 1.0 Semi-skim 
Unknown coffee milk Non-fermented Milk 7.3 Full fat 
Unknown milk Non-fermented Milk 1.4 Semi-skim 
Milk powder for coffee Non-fermented Milk, powder 32.3 Full fat 

a The fat content (g/100g) for all dairy products was determined based on values reported in the Dutch Food Composition Table 2011 
(Available from: https://nevo-online.rivm.nl/). 
b Fat classification was based on the guidelines set by the Dutch Dairy Commodities Act (Overheid.nl. Warenwetbesluit Zuivel), 
where full-fat dairy included milk and milk products with a fat content >1.80%, cheeses with a fat content ≥50%, and curd 
cheese/quark and cream cheese with a fat content ≥35%, semi-skim dairy included milk and milk products with a fat content ≥1.50% 
to ≤1.80%, cheeses with a fat content >10% to <50%, and curd cheese/quark and cream cheese with a fat content ≥10% to ≤34%, and 
skim dairy included milk and milk products with a fat content ≤0.5%, cheeses with a fat content ≤10%, and curd cheese/quark and 
cream cheese with a fat content <10%. Additional qualifiers for determining the fat content of Dutch cheeses (based on fat content 
dry matter) included: full-fat cheese (45+ to 60+), semi-skim cheese (10+ to 40+), and skim cheese (≤10).  

 

Table S2. Previously-identified candidate FIBs for milk, cheese and yoghurt with their platforms and biosamples of 
detection 

Biomarker Analytical Platform Biosamplea Reference 
Milk 
Pentadecanoic acid (C15) GC-MS Serum (1) 

Heptadecanoic acid (C17) GC-MS Serum (1) 

Phenylalanine LC-MS Serum (2) 

Asparagine LC-MS Serum (2) 

Tyrosine LC-MS Serum (2) 

Tryptophan LC-MS Serum (2) 

Taurine LC-MS Serum (2) 

Indole-3-propionic acid LC-MS Serum (2) 

Indole-3-acetic acid LC-MS Serum (2) 

Lactose 

GC-MS Urine (3) 

GC-MS Serum (1) 

NMR Urine (3) 

Galactose 

GC-MS Urine  (3) 

GC-MS Serum  (1) 

NMR Urine  (3) 

Galactono-1,5-lactone 
GC-MS Urine (3) 

GC-MS Serum (1) 

Galacitol 
GC-MS Urine (3) 

GC-MS Serum (1) 

Galactonate 

LC-MS Serum (4) 

LC-MS Urine  (4) 

NMR Urine  (3) 

GC-MS Serum  (1) 

Gluconic acid LC-MS Serum  (2) 

Delta-Gluconolactone LC-MS Serum  (2) 

Blood group H disaccharide 
LC-MS Serum  (4) 

LC-MS Urine  (4) 

Lewis A trisaccharide LC-MS Serum  (4) 

Allantoin NMR Urine  (3) 

Hippurate NMR Urine  (3) 

Methionine NMR Serum (1) 

Cheese 
Pentadecanoic acid (C15) GC-MS Serum  (1) 

Heptadecanoic acid (C17) GC-MS Serum  (1) 

3-Phenyllactic acid 
GC-MS Urine  (3) 

GC-MS Serum  (1) 

3-Hydroxyisobutyrate NMR Serum (1) 

Aminoadipic acid 
LC-MS Serum  (4) 

LC-MS Urine (4) 

Citrulline LC-MS Serum  (4) 

Valyl-threonine LC-MS Serum  (4) 

Phenylalanyl-proline 
LC-MS Serum  (4) 

LC-MS Urine  (4) 

Indole-3-lactic acid LC-MS Serum  (4) 
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Supplementary Materials 

Table S1. Classification of dairy foods in the NQplus food frequency questionnaire 
Dairy Food Item Fermentation Status Subgroup Fat Contenta (g/100g food) Fat Classificationb 
Buttermilk Fermented Buttermilk 0.2 Skim 
Low-fat cheese (20+/30+) Fermented Cheese 14.1 Semi-skim 
Regular cheese (40+) Fermented Cheese 23.9 Semi-skim 
Regular cheese (48+) Fermented Cheese 30.3 Full fat 
Cheese as snack Fermented Cheese 28.9 Semi-skim 
Cheese with hot meal Fermented Cheese 28.9 Semi-skim 
Fat luxury cheese Fermented Cheese 35.1 Full fat 
Less-fat luxury cheese Fermented Cheese 22.0 Semi-skim 
Unknown cheese Fermented Cheese 28.5 Semi-skim 
(Fruit) quark with breakfast Fermented Quark 2.5 Skim 
Full (fruit) yogurt Fermented Yogurt 2.8 Full fat 
Full yogurt Fermented Yogurt 2.8 Full fat 
Semi-skim (fruit) yogurt Fermented Yogurt 1.5 Semi-skim 
Semi-skim yogurt Fermented Yogurt 1.8 Semi-skim 
Skim (fruit) yogurt Fermented Yogurt 0.2 Skim 
Skim yogurt Fermented Yogurt 0.2 Skim 
Unknown yogurt Fermented Yogurt 1.8 Semi-skim 
Butter Non-fermented Butter 81.1 Full fat 
Skim Butter Non-fermented Butter 37.0 Semi-skim 
Coffee cream Non-fermented Cream 9.4 Full fat 
Cream with hot meal Non-fermented Cream 34.2 Full fat 
Whipped cream Non-fermented Cream 14.8 Full fat 
Milk-based ice cream Non-fermented Ice cream 12.0 Full fat 
Diet coffee milk Non-fermented Milk 4.2 Full fat 
Full chocolate milk Non-fermented Milk 2.8 Full fat 
Full milk Non-fermented Milk 3.5 Full fat 
Full-fat milk with breakfast Non-fermented Milk 3.5 Full fat 
Regular full milk Non-fermented Milk 3.5 Full fat 
Regular semi-skim milk Non-fermented Milk 1.5 Semi-skim 
Semi-skim chocolate milk Non-fermented Milk 1.4 Semi-skim 
Semi-skim coffee milk Non-fermented Milk 4.1 Full fat 
Semi-skim milk Non-fermented Milk 1.5 Semi-skim 
Semi-skim milk with breakfast Non-fermented Milk 1.5 Semi-skim 
Skim chocolate milk Non-fermented Milk 0.5 Skim 
Skim milk Non-fermented Milk 0.1 Skim 
Unknown chocolate milk Non-fermented Milk 1.0 Semi-skim 
Unknown coffee milk Non-fermented Milk 7.3 Full fat 
Unknown milk Non-fermented Milk 1.4 Semi-skim 
Milk powder for coffee Non-fermented Milk, powder 32.3 Full fat 

a The fat content (g/100g) for all dairy products was determined based on values reported in the Dutch Food Composition Table 2011 
(Available from: https://nevo-online.rivm.nl/). 
b Fat classification was based on the guidelines set by the Dutch Dairy Commodities Act (Overheid.nl. Warenwetbesluit Zuivel), 
where full-fat dairy included milk and milk products with a fat content >1.80%, cheeses with a fat content ≥50%, and curd 
cheese/quark and cream cheese with a fat content ≥35%, semi-skim dairy included milk and milk products with a fat content ≥1.50% 
to ≤1.80%, cheeses with a fat content >10% to <50%, and curd cheese/quark and cream cheese with a fat content ≥10% to ≤34%, and 
skim dairy included milk and milk products with a fat content ≤0.5%, cheeses with a fat content ≤10%, and curd cheese/quark and 
cream cheese with a fat content <10%. Additional qualifiers for determining the fat content of Dutch cheeses (based on fat content 
dry matter) included: full-fat cheese (45+ to 60+), semi-skim cheese (10+ to 40+), and skim cheese (≤10).  

 

Table S2. Previously-identified candidate FIBs for milk, cheese and yoghurt with their platforms and biosamples of 
detection 

Biomarker Analytical Platform Biosamplea Reference 
Milk 
Pentadecanoic acid (C15) GC-MS Serum (1) 

Heptadecanoic acid (C17) GC-MS Serum (1) 

Phenylalanine LC-MS Serum (2) 

Asparagine LC-MS Serum (2) 

Tyrosine LC-MS Serum (2) 

Tryptophan LC-MS Serum (2) 

Taurine LC-MS Serum (2) 

Indole-3-propionic acid LC-MS Serum (2) 

Indole-3-acetic acid LC-MS Serum (2) 

Lactose 

GC-MS Urine (3) 

GC-MS Serum (1) 

NMR Urine (3) 

Galactose 

GC-MS Urine  (3) 

GC-MS Serum  (1) 

NMR Urine  (3) 

Galactono-1,5-lactone 
GC-MS Urine (3) 

GC-MS Serum (1) 

Galacitol 
GC-MS Urine (3) 

GC-MS Serum (1) 

Galactonate 

LC-MS Serum (4) 

LC-MS Urine  (4) 

NMR Urine  (3) 

GC-MS Serum  (1) 

Gluconic acid LC-MS Serum  (2) 

Delta-Gluconolactone LC-MS Serum  (2) 

Blood group H disaccharide 
LC-MS Serum  (4) 

LC-MS Urine  (4) 

Lewis A trisaccharide LC-MS Serum  (4) 

Allantoin NMR Urine  (3) 

Hippurate NMR Urine  (3) 

Methionine NMR Serum (1) 

Cheese 
Pentadecanoic acid (C15) GC-MS Serum  (1) 

Heptadecanoic acid (C17) GC-MS Serum  (1) 

3-Phenyllactic acid 
GC-MS Urine  (3) 

GC-MS Serum  (1) 

3-Hydroxyisobutyrate NMR Serum (1) 

Aminoadipic acid 
LC-MS Serum  (4) 

LC-MS Urine (4) 

Citrulline LC-MS Serum  (4) 

Valyl-threonine LC-MS Serum  (4) 

Phenylalanyl-proline 
LC-MS Serum  (4) 

LC-MS Urine  (4) 

Indole-3-lactic acid LC-MS Serum  (4) 
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LC-MS Urine  (4) 

Proline 
LC-MS Serum  (4) 

NMR Urine  (3) 

GC-MS Serum  (1) 

Alanine 
GC-MS Urine  (3) 

NMR Urine  (3) 

Pyroglutamate NMR Urine  (3) 

Methionine 
GC-MS Serum  (1) 

NMR Serum  (1) 

Leucine GC-MS Serum  (1) 

Glutamic acid GC-MS Serum  (1) 

Valine+isoleucine NMR Serum  (1) 

Yoghurt 
Proline LC-MS Serum  (2) 

Indole-3-lactic acid LC-MS Serum  (2) 

Citrulline LC-MS Serum  (2) 

Lysine LC-MS Serum  (2) 

Threonine LC-MS Serum  (2) 

Phenylalanine LC-MS Serum  (2) 

Asparagine LC-MS Serum  (2) 

Tyrosine LC-MS Serum  (2) 

Tryptophan LC-MS Serum  (2) 

Indole-3-acetaldehyde LC-MS Serum  (2) 
FIB, food intake biomarker; GC-MS, gas chromatography mass spectrometry; LC-MS, liquid chromatography mass spectrometry; 
NMR, nuclear magnetic resonance. 
 

Table S2 References 
 
1. Trimigno A, Munger L, Picone G, Freiburghaus C, Pimentel G, Vionnet N, et al. GC-MS Based Metabolomics and NMR 

Spectroscopy Investigation of Food Intake Biomarkers for Milk and Cheese in Serum of Healthy Humans. Metabolites. 
2018;8(2). 

2. Pimentel G, Burton KJ, von Ah U, Butikofer U, Pralong FP, Vionnet N, et al. Metabolic Footprinting of Fermented Milk 
Consumption in Serum of Healthy Men. J Nutr. 2018;148(6):851-60. 

3. Munger LH, Trimigno A, Picone G, Freiburghaus C, Pimentel G, Burton KJ, et al. Identification of Urinary Food Intake 
Biomarkers for Milk, Cheese, and Soy-Based Drink by Untargeted GC-MS and NMR in Healthy Humans. J Proteome Res. 
2017;16(9):3321-35. 

4. Pimentel G, Burnand D, Munger LH, Pralong FP, Vionnet N, Portmann R, et al. Identification of Milk and Cheese Intake 
Biomarkers in Healthy Adults Reveals High Interindividual Variability of Lewis System-Related Oligosaccharides. J Nutr. 
2020;150(5):1058-67. 

  

 

Table S3. List of suppliers of analytical standards 
Compound Supplier 
3-Hydroxyisobutyrate Sigma-Aldrich, Switzerland, ≥96.0% (sodium salt) 
L-(−)-3-Phenyllactic acid Sigma-Aldrich, Switzerland, ≥99.0% 
L-Alanine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Allantoin MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Alpha-aminoadipate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
L-Asparagine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Blood group H disaccharide Carbosynth, Compton, Newbury, UK 
Citrulline MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Delta-Gluconolactone MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Galactitol MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Galactonate Sigma-Aldrich, Switzerland, ≥98.0% 
Galactono-1,5-lactone Sigma-Aldrich, Switzerland, ≥99.0% (forms 3 derivatives in solution) 
D-Galactose MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Gluconic acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
L-Glutamic acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Heptadecanoic acid (C17) MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Hippurate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Indole-3-acetaldehyde MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Indole-3-acetic acid Sigma-Aldrich, Switzerland, ≥98.0% 
Indole-3-lactic acid Sigma-Aldrich Chemie GmbH (Buchs, Switzerland) 
Indole-3-propionic acid Sigma-Aldrich Chemie GmbH (Buchs, Switzerland) 
D-Lactose MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Leucine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Lewis A trisaccharide Carbosynth, Compton, Newbury, UK 
L-Lysine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
L-Methionine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Pentadecanoic acid (C15) Sigma-Aldrich, Switzerland, ≥99.0% 
L-Phenylalanine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Phenylalanyl-proline Synpeptide Co Ltd, Shanghai, China 
L-Proline MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Pyroglutamate Synpeptide Co Ltd, Shanghai, China 
Taurine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
L-Threonine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
L-Tryptophan MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
L-Tyrosine KitMSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Valine+isoleucine Synpeptide Co Ltd, Shanghai, China 
Valyl-threonine Synpeptide Co Ltd, Shanghai, China 
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LC-MS Urine  (4) 

Proline 
LC-MS Serum  (4) 

NMR Urine  (3) 

GC-MS Serum  (1) 

Alanine 
GC-MS Urine  (3) 

NMR Urine  (3) 

Pyroglutamate NMR Urine  (3) 

Methionine 
GC-MS Serum  (1) 

NMR Serum  (1) 

Leucine GC-MS Serum  (1) 

Glutamic acid GC-MS Serum  (1) 

Valine+isoleucine NMR Serum  (1) 

Yoghurt 
Proline LC-MS Serum  (2) 

Indole-3-lactic acid LC-MS Serum  (2) 

Citrulline LC-MS Serum  (2) 

Lysine LC-MS Serum  (2) 

Threonine LC-MS Serum  (2) 

Phenylalanine LC-MS Serum  (2) 

Asparagine LC-MS Serum  (2) 

Tyrosine LC-MS Serum  (2) 

Tryptophan LC-MS Serum  (2) 

Indole-3-acetaldehyde LC-MS Serum  (2) 
FIB, food intake biomarker; GC-MS, gas chromatography mass spectrometry; LC-MS, liquid chromatography mass spectrometry; 
NMR, nuclear magnetic resonance. 
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1. Trimigno A, Munger L, Picone G, Freiburghaus C, Pimentel G, Vionnet N, et al. GC-MS Based Metabolomics and NMR 

Spectroscopy Investigation of Food Intake Biomarkers for Milk and Cheese in Serum of Healthy Humans. Metabolites. 
2018;8(2). 

2. Pimentel G, Burton KJ, von Ah U, Butikofer U, Pralong FP, Vionnet N, et al. Metabolic Footprinting of Fermented Milk 
Consumption in Serum of Healthy Men. J Nutr. 2018;148(6):851-60. 

3. Munger LH, Trimigno A, Picone G, Freiburghaus C, Pimentel G, Burton KJ, et al. Identification of Urinary Food Intake 
Biomarkers for Milk, Cheese, and Soy-Based Drink by Untargeted GC-MS and NMR in Healthy Humans. J Proteome Res. 
2017;16(9):3321-35. 

4. Pimentel G, Burnand D, Munger LH, Pralong FP, Vionnet N, Portmann R, et al. Identification of Milk and Cheese Intake 
Biomarkers in Healthy Adults Reveals High Interindividual Variability of Lewis System-Related Oligosaccharides. J Nutr. 
2020;150(5):1058-67. 
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L-(−)-3-Phenyllactic acid Sigma-Aldrich, Switzerland, ≥99.0% 
L-Alanine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Allantoin MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Alpha-aminoadipate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
L-Asparagine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Blood group H disaccharide Carbosynth, Compton, Newbury, UK 
Citrulline MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Delta-Gluconolactone MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Galactitol MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
Galactonate Sigma-Aldrich, Switzerland, ≥98.0% 
Galactono-1,5-lactone Sigma-Aldrich, Switzerland, ≥99.0% (forms 3 derivatives in solution) 
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L-Threonine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 
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Valine+isoleucine Synpeptide Co Ltd, Shanghai, China 
Valyl-threonine Synpeptide Co Ltd, Shanghai, China 
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Table S4. Identification features of compounds analyzed by LC-MS 

Identification Biosample 
RT 
(min) m/z Adducts 

Measured neutral 
mass (Da) 

Theoretical neutral 
mass (Da) 

Phenylalanine Plasma 3.23 166.0858 M+H, 2M+H 165.0788 165.07898 
Tyrosine Plasma 2.08 182.0804 M+H 181.0734 181.07389 

Tryptophan Plasma 4.07 205.0968 
M+H, M+Na, 
2M+Na, 2M+H 204.0898 204.08988 

Indole-3-propionic 
acid Plasma 8.03 190.0865 

M+H, M+Na, 
M+H-H2O  -  189.07898 

Indole-3-acetic acid Plasma 7.1 176.0698 M+H 175.0628 175.06333 
Blood group H 
disaccharide Plasma 0.92 349.1113 M+Na  -  326.1213 
Lewis A 
trisaccharide Plasma 7.3 512.2018 M+H-H2O  -  529.20067 
Phenylalanyl-proline Plasma 4.94 263.1386 M+H  -  262.13174 
Indole-3-lactic acid Plasma 6.37 206.0811 M+H, M+Na 205.0741 205.07389 
Proline Plasma 1.04 116.0704 M+H 115.0634 115.06333 
Lysine Plasma 0.81 147.1125 M+H 146.1055 146.10553 
Threonine Plasma 0.93 164.029 M+2Na-H  -  119.05824 
Indole-3-
acetaldehyde Plasma 4.07 160.0754 M+H  -  159.06841 
Galactonate Urine 0.97 219.048069 M+Na 196.0583 196.0583 
Blood group H 
disaccharide Urine 1.19 349.1101 M+Na, M+H  -  326.1213 
Phenylalanyl-proline Urine 4.98 263.1383 M+H  -  262.13174 
Indole-3-lactic acid Urine 6.4 206.081 M+H 205.074 205.07389 
Proline Urine 1.54 116.0704 M+H  -  115.06333 

RT, retention time.  

 

 

Table S5. Identification features of compounds analyzed by GC-MS 

Compound Biosample 
RT 
(min) 

Quantifier 
Ion 

Qualifier 
Ion 

Ratio 
(Quant/Qual) 

RSD 
QC 

RI 
sample 

RI 
reference 

3-Hydroxyisobutyrate 2TMS Plasma 16.71 177 218 50 40.8 1150 1151 
3-Phenyllactic acid 2TMS Plasma 26.48 193 267 14 35.9 1579 1580 
Galactitol 6TMS Plasma 30.83 307 319 120 40.5 1921 1929 
Galactonate 6TMS Plasma 31.4 292 319/333 65/35 69.0 1976 1981 
Galactose 5TMS 1MEOXb Plasma 30.58 319 160 40 23.0 1898 1898 
Glutamic acid 3TMS Plasma 26.9 246 348 8 62.8 1606 1604 
Heptadecanoic acid 1TMS Plasma 32.95 327 342 13 33.3 2136 2138 
Isoleucine 2TMS Plasma 20.5 158 218 22 44.6 1285 1285 
Lactose 8TMS 1MEOXa Plasma 38.01 361 319 50 435.3 2660 2671 
Leucine 2TMS Plasma 19.89 158 232 4.5 28.1 1263 1264 
Methionine 2TMS Plasma 25.4 176 293 10 51.5 1513 1514 
Pentadecanoic acid 1TMS Plasma 31.02 299 314 8 34.7 1939 1942 
Proline 2TMS Plasma 20.72 142 216 5 79.7 1293 1289 
Valine 2TMS Plasma 18.33 144 218 20 44.4 1207 1209 
3-Phenyllactic acid 2TMS Urine 26.44 193 267 14 29.9 1580 1580 
Alanine 3TMS Urine 22.19 188 262 17 53.2 1356 1356 
Galactitol 6TMS Urine 30.79 307 319 175 20.9 1922 1929 
Galactonate 6TMS Urine 31.36 292 319/333 65/35 57.5 1977 1981 
Galactose 5TMS 1MEOXb Urine 30.53 319 160 30 17.5 1898 1898 
Hippurate 1TMS Urine 29.99 105 236 20 18.6 1850 1845 
Lactose 8TMS 1MEOXa Urine 37.95 361 319 50 25.4 2662 2671 
Pyroglutamate 2TMS Urine 25.43 156 258 12 26.5 1518 1518 

MEOX, Methoxyamine; QC, quality control; RI, Kovats retention index; RT, retention time; RSD, relative standard deviation; TMS, 
trimethylsilyl. 
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Table S4. Identification features of compounds analyzed by LC-MS 

Identification Biosample 
RT 
(min) m/z Adducts 
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mass (Da) 

Phenylalanine Plasma 3.23 166.0858 M+H, 2M+H 165.0788 165.07898 
Tyrosine Plasma 2.08 182.0804 M+H 181.0734 181.07389 

Tryptophan Plasma 4.07 205.0968 
M+H, M+Na, 
2M+Na, 2M+H 204.0898 204.08988 

Indole-3-propionic 
acid Plasma 8.03 190.0865 

M+H, M+Na, 
M+H-H2O  -  189.07898 

Indole-3-acetic acid Plasma 7.1 176.0698 M+H 175.0628 175.06333 
Blood group H 
disaccharide Plasma 0.92 349.1113 M+Na  -  326.1213 
Lewis A 
trisaccharide Plasma 7.3 512.2018 M+H-H2O  -  529.20067 
Phenylalanyl-proline Plasma 4.94 263.1386 M+H  -  262.13174 
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Indole-3-
acetaldehyde Plasma 4.07 160.0754 M+H  -  159.06841 
Galactonate Urine 0.97 219.048069 M+Na 196.0583 196.0583 
Blood group H 
disaccharide Urine 1.19 349.1101 M+Na, M+H  -  326.1213 
Phenylalanyl-proline Urine 4.98 263.1383 M+H  -  262.13174 
Indole-3-lactic acid Urine 6.4 206.081 M+H 205.074 205.07389 
Proline Urine 1.54 116.0704 M+H  -  115.06333 

RT, retention time.  
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Proline 2TMS Plasma 20.72 142 216 5 79.7 1293 1289 
Valine 2TMS Plasma 18.33 144 218 20 44.4 1207 1209 
3-Phenyllactic acid 2TMS Urine 26.44 193 267 14 29.9 1580 1580 
Alanine 3TMS Urine 22.19 188 262 17 53.2 1356 1356 
Galactitol 6TMS Urine 30.79 307 319 175 20.9 1922 1929 
Galactonate 6TMS Urine 31.36 292 319/333 65/35 57.5 1977 1981 
Galactose 5TMS 1MEOXb Urine 30.53 319 160 30 17.5 1898 1898 
Hippurate 1TMS Urine 29.99 105 236 20 18.6 1850 1845 
Lactose 8TMS 1MEOXa Urine 37.95 361 319 50 25.4 2662 2671 
Pyroglutamate 2TMS Urine 25.43 156 258 12 26.5 1518 1518 

MEOX, Methoxyamine; QC, quality control; RI, Kovats retention index; RT, retention time; RSD, relative standard deviation; TMS, 
trimethylsilyl. 
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Figure S1. Differences in metabolite levels by sex-specific quintiles of milk intake: (a) plasma phenylalanine, (b) urinary lactose, (c) 
plasma Lewis A trisaccharide, and (d) urinary galactitol. Significance denoted by different letters (p ≤ 0.05). 
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Figure S1. Differences in metabolite levels by sex-specific quintiles of milk intake: (a) plasma phenylalanine, (b) urinary lactose, (c) 
plasma Lewis A trisaccharide, and (d) urinary galactitol. Significance denoted by different letters (p ≤ 0.05). 

 
(a) (b) 

  
  

(c) (d) 

  
 

  



Chapter 4

226
 

Figure S2. Levels of lactose metabolites. (a) plasma lactose (b) urinary lactose, (c) plasma galactose, (d) urinary galactose, (e) 
plasma galactonate, (f) urinary galactonate, (g) plasma galactitol, (h) urinary galactitol. Galactono-1,5-lactone was not detected 
in plasma or urine. LNP, lactase non-persistent; LP, lactase persistent; NA, genotype data not available. 
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Figure S3. Levels of Lewis system-related oligosaccharides by secretion status. (a) plasma Lewis A trisaccharide, (b) plasma 
Blood Group H disaccharide, (c) urinary Blood Group H disaccharide. NA, genotype data not available. 
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Figure S4. Differences in metabolite levels by sex-specific quintiles of cheese intake: (a) urinary indole-3-lactic acid, (b) plasma 
phenylalanyl-proline, (c) plasma proline. Significance denoted by different letters (p ≤ 0.05). 
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Figure S4. Differences in metabolite levels by sex-specific quintiles of cheese intake: (a) urinary indole-3-lactic acid, (b) plasma 
phenylalanyl-proline, (c) plasma proline. Significance denoted by different letters (p ≤ 0.05). 
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Figure S5. Differences in plasma levels of tyrosine by sex-specific quintiles of yogurt intake. Significance denoted by different 
letters (p ≤ 0.05). 

 

 

Figure S6. Differences in plasma levels of heptadecanoic acid by quintiles of total non-fermented dairy intake. Significance 
denoted by different letters (p ≤ 0.05). 

 

 
  

 

Figure S7. Plasma FIBs positively correlated with fermented dairy intake and negatively correlated with non-fermented dairy 
intake. Plasma galactonate significantly increasing with (a) total fermented dairy, (b) low-fat fermented dairy, and (c) yoghurt 
intake, and decreasing with (d) high-fat non-fermented dairy intake. Plasma lactose significantly increasing with (e) total 
fermented dairy and (f) low-fat fermented dairy intake, and decreasing with (g) high-fat non-fermented dairy intake. Plasma 
valine significantly increasing with (h) low-fat fermented dairy intake, and decreasing with (i) high-fat non-fermented dairy 
intake. 
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Abstract 

 
Purpose: Milk-derived free fatty acids (FFAs) may act as both biomarkers of intake and metabolic effect. In 
this study we explored associations between different types of dairy consumption, a selection of milk-derived 
free fatty acids, and cardiometabolic disease (CMD) risk factors.  
 
Methods: Sixty-seven FFAs were quantified in the plasma of 131 free-living Dutch adults (median 60 years) 
using gas chromatography-flame ionization detector. Intakes of different dairy foods and groups were assessed 
using a food frequency questionnaire. Twelve different CMD risk factors were analyzed. Multiple linear 
regressions were used to evaluate the associations under study.  
 
Results: Among the fully-adjusted models, 5 long-chain unsaturated FFAs (C18.1 t13+c6+c7+u, C18:2 
c9t11+u, C20:1 c11, C20:3 c8c11c14, and C20:4 c5c8c11c14), 2 medium-chain saturated FFAs (C15, C15 
iso), and a trans FFA (C16:1 t9) were positively associated with at least one variable of dairy intake, as well 
as plasma total and LDL cholesterol, blood pressure, and SCORE. A long-chain PUFA associated with high-
fat fermented dairy intake (C18:2 t9t12), was negatively associated with serum triglyceride levels, and a long-
chain saturated FFA associated with cheese intake (C18:1 u1) was negatively associated with plasma LDL 
cholesterol and serum triglyceride levels. No clear associations were observed between dairy intake and CMD 
risk factors.  
 
Conclusion: Milk-derived FFAs could act as sensitive biomarkers for dairy intake and metabolism, allowing 
the association between dairy and CMD risk to be more precisely evaluated. 
 
 
  

 

Introduction 

Cardiometabolic diseases (CMDs), encompassing cardiovascular disease and type II diabetes, 
represent one of the largest health and socioeconomic burdens to modern society. In Europe, cardiovascular 
disease morbidity affects more than 85 million people, leading to ~4 million annual deaths (1). Proper nutrition 
is considered the primary lifestyle approach for preventing and managing CMD risk. Diets abundant in fruits, 
vegetables, whole grains, nuts, and legumes contribute to lowering CMD risk, while consumption of processed 
meats, refined grains, and sugar-sweetened beverages are considered detrimental (2). Particular nutrients in 
foods have also been adversely associated with CMD risk, including sugar, sodium, trans (unsaturated) fat, 
and saturated fat (2).  

Dairy products have had a contested role in the dietary management of CMDs due to suggested 
beneficial as well as adverse health effects. While dairy foods are rich in macro- and micronutrients considered 
important for growth and development, they can also have a high saturated fat content (contributing 25-30% 
of all saturated fat intake in the European diet) (3). Earlier studies conducted in the 1960-70s have reported 
that saturated fat adversely affects low-density lipoprotein cholesterol (LDL-C) levels in blood, which in turn 
increases CMD pathogenesis and progression (3, 4). In view of this, many subsequent observational studies 
have compared high- and low-fat dairy intake on CMD risk, but the findings have been equivocal. A meta-
analysis of prospective cohort studies revealed that total and low-fat dairy intake (but not high-fat dairy intake) 
was associated with a lower risk of hypertension (5), while several studies have revealed the merits of 
consuming full-fat dairy products on reducing central adiposity risk (6, 7) and increasing serum high-density 
lipoprotein cholesterol (HDL-C)  (8). In a recent systematic review of randomized controlled trials, Duarte et 
al. (9) reported that the consumption of dairy products (as a source of saturated fat) may improve some CMD 
risk factors compared with consumption of other animal sources of saturated fat. This finding lends support to 
the importance of considering the whole dairy matrix on disease outcomes. An increasing body of evidence 
also supports the differential role of distinct dairy foods with unique nutritional and/or microbial profiles on 
CMD risk (10). For instance, consumption of yoghurt, a fermented dairy food, has been consistently associated 
with a reduced risk of type II diabetes (11) and combined cardiovascular disease (12). 

A limitation of the above studies (which could partly explain the equivocal findings) is the reliance on 
subjective, self-reported dietary assessment methods. Here, food intake biomarkers (FIBs) could act as a more 
objective and accurate strategy for estimating dairy intake, and can lead to more consistent findings for 
associations between dairy intake and CMD risk factors (13). Several fatty acids have been proposed as FIBs 
for dairy fat intake, including pentadecanoic acid (C15), heptadecanoic acid (C17), and trans-palmitoleic acid 
(C16:1 t9) (14-20), but these FIBs have not been thoroughly validated, and/or cannot discriminate the intake 
of specific dairy foods. Additionally, milk fat is a highly complex mixture of several thousand species of lipids, 
including ~400 fatty acids, which have distinct physiological importance and nutritive potential (21, 22). 
Longer chain saturated fatty acids such as (e.g., C14, C16) as well as certain trans fatty acids are known to 
positively associate with total and LDL-C (23) and type II diabetes risk (24), while saturated fatty acids with 
shorter chain length (C6-C10), monounsaturated, and polyunsaturated fatty acids (MUFA and PUFA) are 
generally regarded as cardio-protective (25-27). Surprisingly little is known about the relationships between 
milk-derived fatty acids with dairy intake, or how they associate with CMD risk. Recently, Drouin-Cartier et 
al. (25) evaluated plasma metabolite profiles associated with total dairy intake and risk of type II diabetes, and 
found 38 metabolites associated with dairy intake and lower type II diabetes risk. However, such 
comprehensive studies are fairly scarce and there remains a need to consider the interplay between different 
dairy foods, lipids and metabolites, and CMD risk factors.  

The objective of the current study is therefore to evaluate associations between dairy intake, milk-
derived free fatty acids (FFAs), and CMD risk parameters in a free-living adult population. To achieve a 
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comprehensive analysis, we targeted 67 FFAs with high abundance in milk and looked at their associations 
with different dairy intake groups (dairy fat, fermented and non-fermented dairy, and specific dairy foods), 
and a wide range of CMD risk factors and composite risk scores.  

Methods 

Study design and population 

The Nutrition Questionnaires plus (NQplus) study is a prospective cohort study comprising 2048 
Dutch adults (20 to 70 years) living in or around Wageningen, The Netherlands. NQplus was initiated as an 
‘add-on’ study to the National Dietary Assessment Reference Database (NDARD) project, and full details of 
NQplus and NDARD have been published previously (28, 29). Participants were recruited and enrolled in the 
study between June 2011 and February 2013. Extensive data were collected at baseline, including an 
assessment of habitual dietary intake by food frequency questionnaire (FFQ) and/or 24-h recall, background 
demographics, health, anthropometric, and lifestyle data. Fasting blood samples and 24-h urine samples were 
also collected. The study was approved by the ethical committee of Wageningen University & Research and 
conducted in agreement with the Declaration of Helsinki. Written informed consent was obtained from all 
participants prior to the start of the study.  

For the present study, we selected n = 131 NQplus participants for targeted FFA analysis from n = 
228 who had a plasma sample collected within ±14 days of completing an FFQ (30). The selection of this 
smaller group was necessary to attain a number of samples that could be reasonably measured within time and 
economic restraints. To ensure a balance of participants across all dairy groups/foods assessed, ~20 participants 
were randomly selected from the low (Q1), mid (Q3), and high (Q5) quintiles of intake of each dairy 
group/food assessed.  

Food frequency questionnaire and levels of dairy consumption 

A full description of the semi-quantitative FFQ used to assess habitual dietary intake has been 
described in the study design papers for NQplus and NDARD (28, 29). The semi-quantitative FFQ was self-
administered and completed online, with ten frequency categories ranging from ‘never’ to ‘6–7 days per week’. 
Portion sizes were estimated using commonly used household measures. Total food or nutrient intakes (in 
g/day) were determined by multiplying consumption frequency by portion size and nutrient content as defined 
in the Dutch food composition tables (31). Out of 216 total food items in the FFQ, 39 were identified as dairy 
products, which were further classified into dairy subgroups (Table S1). This FFQ has been previously 
validated for various dairy foods and food groups, including milk, yogurt, cheese, total fermented dairy, and 
total non-fermented dairy (against multiple 24-h recalls) (32), which are used in the current study for evaluation 
of the respective candidate FIBs. Total dairy, fermented dairy, and non-fermented dairy groups were further 
stratified into high-fat groups, which included all full-fat dairy products, and low-fat groups, which included 
semi-skim and skim dairy products. Fat content (g/100g) for all dairy products was determined based on the 
values reported in the Dutch Food Composition Table (31) and classifications of products as skim, semi-skim, 
and full-fat were based on the guidelines set by the Dutch Dairy Commodities Act (see Table S1). 

Cardiometabolic disease risk parameters 

A full description of the CMD risk parameters collected for NQplus has been described previously 
(29). Height and weight were determined using a stadiometer (SECA, Germany, nearest 0.1 cm) and a digital 
weighing scale (SECA, nearest 0.1 kg), respectively. BMI was calculated by dividing weight (in kg) by height 
(in m2). Waist circumference was determined using a non-flexible measuring tape (SECA 201, nearest 0.5 cm); 
measurements were taken twice and averaged. Systolic and diastolic blood pressure (SBP and DBP) was 
measured using a digital blood pressure monitor (IntelliSense HEM-907, Omron Healthcare, USA); the first 

 

measurement was omitted and the second to up to the sixth measurement were averaged. Fasting plasma 
glucose, total, HDL-C, and serum triglycerides were analysed using Dimension Vista 1500 automated analyser 
(Siemens, Erlangen, Germany) or Roche Modular P800 chemistry analyser (Roche Diagnostics, Indianapolis, 
USA). Plasma LDL-C was calculated with the Friedewald equation (33). Blood haemoglobin A1c (HbA1c) 
was determined with HPLC (ADAMS A1c HA-8160 analyser, A. Menarini Diagnostics). Participants were 
characterized as having hypertension, suboptimal cholesterol, or type II diabetes based on the cut-offs and 
definitions described in relevant guidelines of the European Society of Cardiology/European Atherosclerosis 
Society (ESC/EAS) (34-36), and having metabolic syndrome based on the harmonized guidelines of the 
International Diabetes Federation (IDF) et al. (37). 

Two further composite risk scores were included in our analyses. Firstly, a continuous metabolic 
syndrome (MetS) score was constructed based on summed age- and sex-adjusted standardized residuals (z-
scores) of all individual MetS parameters that incorporates plasma glucose, SBP, DBP, HDL-C, serum 
triglycerides, waist circumference as risk factors (38-40). Since HDL-C is inversely associated with CMD risk, 
residuals for this parameter were multiplied by -1 prior to summing. Secondly, the 10-year risk of fatal 
cardiovascular disease was evaluated using the European Systematic COronary Risk Evaluation (SCORE) 
low-risk country chart (41, 42), which incorporates sex, age, smoking status, SBP, and total cholesterol as risk 
factors. For the calculation of SCORE, a ‘smoker’ was considered to encompass current smokers and former 
smokers who quit >35 years old, and ‘non-smoker’ as never smokers and former smokers who quit <35 years 
old, as this age cut-off has been previously documented as a critical smoking cessation age to prolong life 
expectancy (43). 

Covariates 

Data on education level, smoking status, physical activity, and alcohol consumption were collected via 
standardized questionnaires (29). Participants were classified as having ‘low’, ‘intermediate’, or ‘high’ 
education based on their highest levels of completed education (no education or primary/lower vocational 
education, lower secondary or intermediate vocational education, or higher secondary/vocational education or 
university). The criteria used to define ‘smoker’ and ‘non-smoker’ are outlined above. Information on the 
participants’ usual physical activity (min/week spent on sedentary, light, moderate and vigorous intensity 
activities) over the past four weeks was obtained using the validated Activity Questionnaire for Adults and 
Adolescents (AQuAA) (44). Intake levels of alcohol and different foods were assessed by FFQ. Covariate 
selection was based on the current scientific literature and statistical testing (as described in the statistical 
analysis). 

Measurement of free fatty acid concentrations in plasma 

Ethylenediaminetetraacetic acid (EDTA) plasma collected for NQplus was stored in the biobank at -
80°C. The targeted panel comprised 67 FFAs previously detected with the highest abundance in the milk fat 
of Swiss cows (45). In addition, several FFA groups were determined based on the sums of individual FFAs 
(Table S2). Immediately prior to analysis, plasma samples were thawed on ice and were prepared for analysis 
by adding 15 µL of the internal standard (C13, 7 µg/15 µL) to 100 µL of plasma, followed by methylation of 
FFAs with MeOH/HCl at 25°C for 45 min using methods described previously (46, 47). A post-reaction 
treatment for neutralization was performed with 350 µL Na2CO3, and extraction was performed with 300 µL 
hexane. The FFA concentrations in plasma were determined using 0.5 µL injection of the hexane solution and 
analyzed using an Agilent 6890 high-resolution gas chromatograph equipped with a capillary column (100-m 
CP-Sil 88, Varian BV, Middleburg, Netherlands) and a flame ionization detector. 
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education, lower secondary or intermediate vocational education, or higher secondary/vocational education or 
university). The criteria used to define ‘smoker’ and ‘non-smoker’ are outlined above. Information on the 
participants’ usual physical activity (min/week spent on sedentary, light, moderate and vigorous intensity 
activities) over the past four weeks was obtained using the validated Activity Questionnaire for Adults and 
Adolescents (AQuAA) (44). Intake levels of alcohol and different foods were assessed by FFQ. Covariate 
selection was based on the current scientific literature and statistical testing (as described in the statistical 
analysis). 

Measurement of free fatty acid concentrations in plasma 

Ethylenediaminetetraacetic acid (EDTA) plasma collected for NQplus was stored in the biobank at -
80°C. The targeted panel comprised 67 FFAs previously detected with the highest abundance in the milk fat 
of Swiss cows (45). In addition, several FFA groups were determined based on the sums of individual FFAs 
(Table S2). Immediately prior to analysis, plasma samples were thawed on ice and were prepared for analysis 
by adding 15 µL of the internal standard (C13, 7 µg/15 µL) to 100 µL of plasma, followed by methylation of 
FFAs with MeOH/HCl at 25°C for 45 min using methods described previously (46, 47). A post-reaction 
treatment for neutralization was performed with 350 µL Na2CO3, and extraction was performed with 300 µL 
hexane. The FFA concentrations in plasma were determined using 0.5 µL injection of the hexane solution and 
analyzed using an Agilent 6890 high-resolution gas chromatograph equipped with a capillary column (100-m 
CP-Sil 88, Varian BV, Middleburg, Netherlands) and a flame ionization detector. 
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Statistical analysis 

Participant characteristics are reported as mean (standard deviation) for normally distributed variables, 
or medians (interquartile range) for skewed variables. To permit comparability with a previous study where 
we assessed correlations between plasma C15 and C17 with various dairy groups (30), Spearman’s correlation 
coefficients (rs) were calculated as an initial step to assess the strength of the associations between dairy intakes 
(energy-adjusted g/day) and FFA concentrations (mg/L plasma); p-values are presented as raw and false 
discovery rate (FDR)-adjusted using the method of Benjamini and Hochberg (48). Correlation coefficients of 
≥0.50 were considered good, 0.20-0.49 as moderate, and <0.20 as poor (39). 

Multivariable adjusted linear regression and restricted cubic spline regression were used to evaluate 
the associations between self-reported dairy intakes, FFAs, and CMD risk factors. The assumption of linear 
relationships between exposure and outcome variables were tested using likelihood ratio tests of model 
deviance and Wald tests of spline coefficients. If tests were statistically significant, associations were visually 
inspected to confirm the presence of a true non-linear relationship and not due to artificial curves driven by 
outliers. All tests for non-linearity revealed that the dose-response association of dairy intake with FFAs and 
CMD risk parameters, and between FFAs and CMD risk parameters, could be considered linear. Thus, only 
linear regressions are presented in the results. Prior to association analyses, intakes of dairy foods were energy-
adjusted using the commonly used residual method (49). FFAs that were not detected in at least a third of 
participants were removed to select the most suitable candidate FIBs of dairy intake. CMD risk parameters 
acting as dependent variables that were not normally distributed (BMI, HbA1c, plasma glucose, serum 
triglycerides, and SCORE) were log transformed. Additionally, all variables were normalized by z-scores prior 
to analysis to allow comparability across associations. Analyses were performed unadjusted (Model 0), 
adjusted for age and sex (Model 1) + physical activity, smoking, and education level (Model 2) + dietary 
factors (Model 3). For associations with continuous MetS as a dependent variable, which already takes into 
account age and sex, analyses were performed unadjusted (Model 0) and fully-adjusted for smoking, physical 
activity, education, and dietary factors (Model 3). For associations with SCORE as a dependent variable, which 
already takes into account age, sex, and smoking status, analyses were performed unadjusted (Model 0) and 
fully-adjusted for physical activity, education, and dietary factors (Model 3). Dietary factors included in the 
fully-adjusted models were dependent on the association studied, and included fish (dairy intake and FFAs), 
or alcohol, vegetables, fruits, and meat (dairy intake and CMD risk factors, FFAs and CMD risk factors). No 
other foods or food groups (listed in Table 1) were found to be strongly correlated with dairy intake, FFAs, or 
with CMD risk factors, and were thus not included in the models. 

Further, we intended to examine potential mediation of the association between dairy intake and CMD 
risk factors by milk-derived FFAs by independently adding the FFAs to fully adjusted regression models. 
However, since there were no clear associations between dairy intake and CMD risk factors, we did not further 
examine the role of the FFAs as potential mediators.  

All analyses were performed in R (Version 3.6.3) (50). Visualizations of the intercorrelations between 
FFAs was performed using the corrplot R package (51), and visualizations of the associations were performed 
using the ggplot2 R package (52). The script for the circular plots were adapted from Ladroue (53). For all 
models, the level of significance was set at p ≤ 0.05. However, due to the large number of associations 
examined in this work, the models were also adjusted for multiple comparisons (48). Both significant raw and 
FDR-adjusted p-values are relevant and presented; significant FDR-adjusted results are highlighted where 
appropriate to help focus the findings. 

  

 

Results 

Population characteristics  

The characteristics of the study population are presented in Table 1. The median age of the participants 
was 60 years, and a majority were highly educated (55%) and non-smokers (69%). About half (54%) of the 
participants were overweight or obese, 33% had hypertension, 76% had suboptimal cholesterol levels, and 2% 
had diabetes. The distribution of the continuous MetS score and SCORE is presented in Figure S1. Significant 
differences observed between men and women for several CMD risk parameters (waist circumference, blood 
pressure, HDL-C, plasma glucose) reflected the patterns observed in the total NQplus population (29).  

The median total dairy intake of the study participants was 306 g/day, with dairy fat accounting for 
approximately 15 g/day (5%) of average daily energy intake. Low-fat dairy products (comprising mostly low-
fat fermented dairy) were consumed at a higher level than high-fat dairy products (median: 237 vs. 40 g/day), 
and fermented dairy products had a higher level of intake compared to non-fermented dairy products (median: 
151 vs. 88 g/day). No significant differences in dairy intakes were observed between men and women. Among 
other dietary factors, men had significantly higher intake of total energy and several nutrients (fat, 
carbohydrates, fibre, protein, sodium) and foods (alcohol, potatoes, meat, sauces, and snack foods) compared 
to women. Significant differences were also observed for coffee intake between sexes (due to the ranking of 
the data by the Wilcoxon test), but medians were comparable. 

Mean plasma FFA concentrations are presented in Table S3. Seventeen of the original 67 FFAs were 
not detected in at least a third of participants and thus removed from the analyses (primarily short-chain FFAs 
that are likely to be metabolized rapidly). Out of the remaining 50 FFAs, the majority were detected in plasma 
at concentrations of less than 1 mg/L, while five FFAs (C16, C18:1 c9, C18:2 c9c12, C18, and C20:4 
c5c8c11c14) were detected at much higher concentrations compared to all other FFAs (12.6 to 75.3 mg/L). An 
inter-correlation analysis revealed that a large number of FFAs were significantly positively correlated with 
each other (Figure S2). 

 
Table 1.  Characteristics of the study population (n = 131) a 
Characteristic All (n = 131) Men (n = 86) Women (n = 45) p-value 
Demographics 
Age, years 60 (48 - 65) 61 (49 - 66) 58 (45 - 63) 0.11 
Education, n (%)    0.38 

Low 11 (8) 8 (9) 3 (7)  
Intermediate 48 (37) 29 (34) 19 (43)  
High 71 (55) 49 (57) 22 (50)  

Smoking status, n (%)    0.33 
Smoker 37 (30.8) 27 (33.8) 10 (25.0)  
Non-smoker 83 (69.2) 53 (66.3) 30 (75.0)  

Physical activity, min/week 1922 (1070 - 2748) 1911 (934 - 2725) 1930 (1215 - 2760) 0.44 
Supplement use, n (%) 59 (45) 38 (44) 21 (47) 0.48 
Dietary Factors 
Total energy intake, kcal/day 2207 ± 507 2355 ± 477 1924 ± 443 <0.001*** 
Macronutrients, g/day (% energy)     

Carbohydrates 233 ± 60 (42) 246 ± 59 (42) 208 ± 54 (43) <0.001*** 
Protein 79 ± 17 (14) 83 ± 17 (14) 71 ± 14 (15) <0.001*** 
Fat  89 ± 27 (36) 95 ± 26 (36) 79 ± 25 (37) <0.001*** 

Fibre, g/day 25 ± 8 26 ± 8 23 ± 6 0.01** 
Sodium, mg/day 2357 ± 676 2524 ± 704 2040 ± 486 <0.001*** 
Dairy fat, g/day 15 (9 - 24) 15 (9 - 24) 17 (10 - 23) 0.75 
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Statistical analysis 

Participant characteristics are reported as mean (standard deviation) for normally distributed variables, 
or medians (interquartile range) for skewed variables. To permit comparability with a previous study where 
we assessed correlations between plasma C15 and C17 with various dairy groups (30), Spearman’s correlation 
coefficients (rs) were calculated as an initial step to assess the strength of the associations between dairy intakes 
(energy-adjusted g/day) and FFA concentrations (mg/L plasma); p-values are presented as raw and false 
discovery rate (FDR)-adjusted using the method of Benjamini and Hochberg (48). Correlation coefficients of 
≥0.50 were considered good, 0.20-0.49 as moderate, and <0.20 as poor (39). 

Multivariable adjusted linear regression and restricted cubic spline regression were used to evaluate 
the associations between self-reported dairy intakes, FFAs, and CMD risk factors. The assumption of linear 
relationships between exposure and outcome variables were tested using likelihood ratio tests of model 
deviance and Wald tests of spline coefficients. If tests were statistically significant, associations were visually 
inspected to confirm the presence of a true non-linear relationship and not due to artificial curves driven by 
outliers. All tests for non-linearity revealed that the dose-response association of dairy intake with FFAs and 
CMD risk parameters, and between FFAs and CMD risk parameters, could be considered linear. Thus, only 
linear regressions are presented in the results. Prior to association analyses, intakes of dairy foods were energy-
adjusted using the commonly used residual method (49). FFAs that were not detected in at least a third of 
participants were removed to select the most suitable candidate FIBs of dairy intake. CMD risk parameters 
acting as dependent variables that were not normally distributed (BMI, HbA1c, plasma glucose, serum 
triglycerides, and SCORE) were log transformed. Additionally, all variables were normalized by z-scores prior 
to analysis to allow comparability across associations. Analyses were performed unadjusted (Model 0), 
adjusted for age and sex (Model 1) + physical activity, smoking, and education level (Model 2) + dietary 
factors (Model 3). For associations with continuous MetS as a dependent variable, which already takes into 
account age and sex, analyses were performed unadjusted (Model 0) and fully-adjusted for smoking, physical 
activity, education, and dietary factors (Model 3). For associations with SCORE as a dependent variable, which 
already takes into account age, sex, and smoking status, analyses were performed unadjusted (Model 0) and 
fully-adjusted for physical activity, education, and dietary factors (Model 3). Dietary factors included in the 
fully-adjusted models were dependent on the association studied, and included fish (dairy intake and FFAs), 
or alcohol, vegetables, fruits, and meat (dairy intake and CMD risk factors, FFAs and CMD risk factors). No 
other foods or food groups (listed in Table 1) were found to be strongly correlated with dairy intake, FFAs, or 
with CMD risk factors, and were thus not included in the models. 

Further, we intended to examine potential mediation of the association between dairy intake and CMD 
risk factors by milk-derived FFAs by independently adding the FFAs to fully adjusted regression models. 
However, since there were no clear associations between dairy intake and CMD risk factors, we did not further 
examine the role of the FFAs as potential mediators.  

All analyses were performed in R (Version 3.6.3) (50). Visualizations of the intercorrelations between 
FFAs was performed using the corrplot R package (51), and visualizations of the associations were performed 
using the ggplot2 R package (52). The script for the circular plots were adapted from Ladroue (53). For all 
models, the level of significance was set at p ≤ 0.05. However, due to the large number of associations 
examined in this work, the models were also adjusted for multiple comparisons (48). Both significant raw and 
FDR-adjusted p-values are relevant and presented; significant FDR-adjusted results are highlighted where 
appropriate to help focus the findings. 

  

 

Results 

Population characteristics  

The characteristics of the study population are presented in Table 1. The median age of the participants 
was 60 years, and a majority were highly educated (55%) and non-smokers (69%). About half (54%) of the 
participants were overweight or obese, 33% had hypertension, 76% had suboptimal cholesterol levels, and 2% 
had diabetes. The distribution of the continuous MetS score and SCORE is presented in Figure S1. Significant 
differences observed between men and women for several CMD risk parameters (waist circumference, blood 
pressure, HDL-C, plasma glucose) reflected the patterns observed in the total NQplus population (29).  

The median total dairy intake of the study participants was 306 g/day, with dairy fat accounting for 
approximately 15 g/day (5%) of average daily energy intake. Low-fat dairy products (comprising mostly low-
fat fermented dairy) were consumed at a higher level than high-fat dairy products (median: 237 vs. 40 g/day), 
and fermented dairy products had a higher level of intake compared to non-fermented dairy products (median: 
151 vs. 88 g/day). No significant differences in dairy intakes were observed between men and women. Among 
other dietary factors, men had significantly higher intake of total energy and several nutrients (fat, 
carbohydrates, fibre, protein, sodium) and foods (alcohol, potatoes, meat, sauces, and snack foods) compared 
to women. Significant differences were also observed for coffee intake between sexes (due to the ranking of 
the data by the Wilcoxon test), but medians were comparable. 

Mean plasma FFA concentrations are presented in Table S3. Seventeen of the original 67 FFAs were 
not detected in at least a third of participants and thus removed from the analyses (primarily short-chain FFAs 
that are likely to be metabolized rapidly). Out of the remaining 50 FFAs, the majority were detected in plasma 
at concentrations of less than 1 mg/L, while five FFAs (C16, C18:1 c9, C18:2 c9c12, C18, and C20:4 
c5c8c11c14) were detected at much higher concentrations compared to all other FFAs (12.6 to 75.3 mg/L). An 
inter-correlation analysis revealed that a large number of FFAs were significantly positively correlated with 
each other (Figure S2). 

 
Table 1.  Characteristics of the study population (n = 131) a 
Characteristic All (n = 131) Men (n = 86) Women (n = 45) p-value 
Demographics 
Age, years 60 (48 - 65) 61 (49 - 66) 58 (45 - 63) 0.11 
Education, n (%)    0.38 

Low 11 (8) 8 (9) 3 (7)  
Intermediate 48 (37) 29 (34) 19 (43)  
High 71 (55) 49 (57) 22 (50)  

Smoking status, n (%)    0.33 
Smoker 37 (30.8) 27 (33.8) 10 (25.0)  
Non-smoker 83 (69.2) 53 (66.3) 30 (75.0)  

Physical activity, min/week 1922 (1070 - 2748) 1911 (934 - 2725) 1930 (1215 - 2760) 0.44 
Supplement use, n (%) 59 (45) 38 (44) 21 (47) 0.48 
Dietary Factors 
Total energy intake, kcal/day 2207 ± 507 2355 ± 477 1924 ± 443 <0.001*** 
Macronutrients, g/day (% energy)     

Carbohydrates 233 ± 60 (42) 246 ± 59 (42) 208 ± 54 (43) <0.001*** 
Protein 79 ± 17 (14) 83 ± 17 (14) 71 ± 14 (15) <0.001*** 
Fat  89 ± 27 (36) 95 ± 26 (36) 79 ± 25 (37) <0.001*** 

Fibre, g/day 25 ± 8 26 ± 8 23 ± 6 0.01** 
Sodium, mg/day 2357 ± 676 2524 ± 704 2040 ± 486 <0.001*** 
Dairy fat, g/day 15 (9 - 24) 15 (9 - 24) 17 (10 - 23) 0.75 
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Dairy foods and groups, g/day     
Total dairy 306 (162 - 400) 289 (162 - 382) 329 (164 - 470) 0.18 
High-fat dairy 40 (14 - 85) 38 (16 - 89) 46 (14 - 82) 0.85 
Low-fat dairy 237 (90 - 354) 228 (73 - 316) 255 (125 - 381) 0.75 
Total FD 151 (60 - 255) 152 (73 - 250) 151 (48 - 260) 0.61 
High-fat FD 18 (3 - 49) 17 (2 - 49) 25 (3 - 49) 0.38 
Low-fat FD 106 (25 - 226) 112 (29 - 220) 85 (21 - 230) 0.17 
Total NFD 88 (30 - 201) 86 (26 - 178) 88 (37 - 262) 0.17 
High-fat NFD 14 (6 - 31) 17 (6 - 34) 11 (5 - 24) 0.86 
Low-fat NFD 56 (0 - 152) 46 (0 - 139) 64 (12 - 211) 0.09 
Milk 76 (13 - 189) 71 (13 - 153) 84 (16 - 236) 0.36 
Cheese 30 (12 - 50) 28 (13 - 52) 31 (11 - 46) 0.93 
Yoghurt 84 (11 - 139) 95 (13 - 139) 73 (7 - 139) 0.84 

Other foods and groups, g/day     
Coffee 406 (261 - 638) 406 (406 - 638) 406 (174 - 609) 0.002** 
Tea 174 (65 - 406) 174 (27 - 406) 174 (67 - 406) 0.25 
Alcoholic drinks 112 (13 - 289) 180 (60 - 386) 17 (0 - 112) <0.001*** 
Soft drinks 13 (0 - 53) 18 (0 - 54) 4 (0 - 27) 0.08 
Fruits 161 (79 - 235) 159 (76 - 234) 210 (81 - 237) 0.60 
Vegetables 139 (94 - 193) 129 (91 - 169) 160 (98 - 208) 0.02* 
Bread 130 (96 - 166) 133 (101 - 169) 108 (76 - 139) 0.01* 
Other cereals and grains 47 (32 - 88) 49 (33 - 100) 45 (30 - 84) 0.38 
Potatoes 67 (37 - 87) 67 (37 - 87) 37 (22 - 67) 0.005** 
Legumes 38 (19 - 75) 38 (22 - 78) 34 (17 - 73) 0.55 
Meat products 74 (49 - 96) 84 (58 - 121) 66 (42 - 82) 0.002** 
Eggs and egg products 14 (7 - 18) 14 (7 - 18) 18 (7 - 18) 0.62 
Fish 11 (6 - 16) 11 (7 - 16) 11 (4 - 16) 0.88 
Nuts and seeds 15 (6 - 26) 14 (6 - 26) 15 (4 - 27) 0.91 
Sauces, spreads and cooking fats 43 (29 - 57) 46 (33 - 59) 35 (17 - 47) 0.001*** 
Salty and processed snack foods 38 (19 - 65) 43 (25 - 74) 29 (13 - 50) 0.01** 
Sugary confectionary and desserts 78 (50 - 112) 79 (50 - 115) 68 (51 - 107) 0.54 

Cardiometabolic factors 
BMI, kg/m2 25.5 (23.2 – 27.1) 25.8 (23.4 – 28.2) 24.5 (22.7 – 26.5) 0.06 
BMI category, n (%)    0.10 

Underweight (<18.5 kg/m2) 2 (2) 1 (1) 1 (2)  
Normal weight (18.5-24.9 kg/m2) 58 (44) 32 (37) 26 (58)  
Overweight or obese (≥25-29.9 kg/m2) 71 (54) 53 (62) 18 (40)  

Waist circumference, cm 91.7 ± 11.6 95.0 ± 10.3 85.4 ± 11.5 <0.001*** 
Diastolic blood pressure, mm Hg 74.0 ± 10.4 76.1 ± 9.7 70.0 ± 10.7 0.002** 
Systolic blood pressure, mm Hg 127.9 ± 16.8 131.7 ± 15.8 120.7 ± 16.4 <0.001*** 
Hypertension, n (%)    0.03* 

Hypertensionb 33 (25) 26 (30) 7 (16)  
Normal or optimal 98 (75) 60 (70) 38 (84)  

Hypertension treatment, n (%)    0.23 
Being treated (with medication and/or 
diet) 

20 (15) 16 (19) 4 (9)  

Not being treated 111 (85) 70 (81) 41 (91)  
Plasma total cholesterol, mmol/L 5.3 ± 1.0 5.3 ± 1.0 5.4 ± 1.1 0.054 
Plasma LDL cholesterol, mmol/L 3.3 ± 0.9 3.4 ± 0.9 3.2 ± 0.9 0.19 
Plasma HDL cholesterol, mmol/L 1.5 ± 0.4 1.4 ± 0.3 1.8 ± 0.5 <0.001*** 
Serum triglycerides, mmol/L 1.0 (0.8 - 1.4) 1.1 (0.8 - 1.4) 1.0 (0.8 - 1.2) 0.15 
Suboptimal cholesterol, n (%) 100 (76) 71 (83) 29 (64) 0.04* 

 
 

 

High cholesterol treatment, n (%)    0.14 
Being treated (with medication and/or 
diet) 

10 (8) 9 (11) 1 (2)  

Not being treated 121 (92) 77 (89) 44 (98)  
HbA1c, mmol/mol 36.0 (34.0 – 37.8) 35.5 (34.0 – 37.0) 36.0 (34.0 – 38.9) 0.47 
Fasting plasma glucose, mmol/L 5.3 (5.0 – 5.6) 5.4 (5.1 – 5.7) 5.0 (4.8 – 5.5) <0.001*** 
Diabetes, n (%) 2 (2) 1 (1) 1 (2) 0.38 
Diabetes treatment, n (%)    0.40 

Being treated (with medication and/or 
diet) 

2 (1) 1 (1) 1 (2)  

Not being treated 129 (99) 85 (99) 44 (98)  
Metabolic syndrome, n (%) 14 (10.7) 10 (11.6) 4 (8.9) 0.74 
SCORE, n (%) 120 80 40 0.46 

≥15 % 3 (2) 3 (4) 0 (0)  
10-14 % 8 (7) 8 (10) 0 (0)  
5-9 % 25 (21) 21 (26) 4 (10)  
1-4% 52 (43) 33 (41) 19 (47)  
<1 % 32 (27) 15 (19) 17 (43)  

BMI, body mass index; FD, fermented dairy; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NFD, non-fermented 
dairy; SCORE, Systematic COronary Risk Evaluation. Significant results are bolded: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
a Values are presented as mean ± SD, or median (IQR). Missing values: education (n = 1), smoking status (n = 11), physical activity 
(minutes/week) (n = 20), LDL (n = 1), HDL (n = 1), Hb1Ac (n = 1), glucose (n = 1), SCORE (n = 11). Differences in 
characteristics between sexes were assessed using the t-test (for normally-distributed continuous variables), Wilcoxon test (for 
skewed continuous variables), or chi-squared test (for categorical variables). 
b Inclusive of Grade 1 hypertension, Grade 2 hypertension, and isolated systolic hypertension. 

Free fatty acids associated with dairy intake 

Among the 50 FFAs listed in Table S3, 21 were positively correlated with one of the variables of dairy 
intake (raw p ≤ 0.05) (Table S4). After adjusting for multiple comparisons, moderate correlations for dairy 
intake and 5 FFAs remained significant, specifically for the intake of dairy fat (C15, C16:1 t9, C16 iso, C17 
iso, and C18:2 c9t11+u; rs = 0.26, 0.32, 0.30, 0.35, and 0.29, respectively) and cheese (C18:2 c9t11+u; rs = 
0.30) (all FDR p ≤ 0.05). Out of the summed groups, summed conjugated linoleic acids (CLA) were also 
significantly positively correlated with dairy fat (rs = 0.29) and cheese intake (rs = 0.31), and summed C15 and 
C17, with and without C16:1 t9, was positively associated with total fermented dairy intake (rs = 0.26) (FDR 
p ≤ 0.05).  

The correlations between FFAs and dairy intake were largely confirmed in the multiple linear 
regression models (Table S5). In the fully-adjusted model (Figure 1), positive associations were observed 
between 14 individual FFAs and multiple dairy groups/foods (raw p ≤ 0.05; non-significant after FDR 
adjustment). The strongest associations were observed between the medium-chain unsaturated FFA C16:1 t9 
with dairy fat (standardized β (Std. β) = 4.9, R2 = 0.2), high-fat dairy (Std. β = 4.8, R2 = 0.2), high-fat fermented 
dairy (Std. β = 4.9, R2 = 0.2), and cheese (Std. β = 3.5, R2 = 0.1) (raw p ≤ 0.05). Significant associations 
between C15 with dairy fat (Std. β = 1.0, R2 = 0.1) and high-fat dairy (Std. β = 1.0, R2 = 0.2) intake were also 
observed albeit with lower effect size (no significant associations were observed for C17). 

Additionally, the long-chain FFAs C17 iso, C22, and C20:3 c8c11c14 were found to be positively 
associated with the intake of multiple dairy groups/foods; the latter two FFAs were primarily associated with 
low-fat dairy foods/groups (raw p ≤ 0.05). Among the summed FFA groups, sum of CLA was positively 
associated with dairy fat intake, while sum of C18:2t with CLA was positively associated with cheese intake. 
A small number of negative associations were observed between FFAs and primarily low-fat and non-
fermented dairy groups (including milk), namely the long-chain unsaturated FFAs C20:1 c11, C17:1 c10, 
C18:2 t9t12, C18:3 c6c9c12, C18:1 c9, the medium-chain unsaturated FFA C16:1 u1, in addition to sum of 
C18:2t without CLA and sum of MUFA.  
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High-fat dairy 40 (14 - 85) 38 (16 - 89) 46 (14 - 82) 0.85 
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BMI, kg/m2 25.5 (23.2 – 27.1) 25.8 (23.4 – 28.2) 24.5 (22.7 – 26.5) 0.06 
BMI category, n (%)    0.10 

Underweight (<18.5 kg/m2) 2 (2) 1 (1) 1 (2)  
Normal weight (18.5-24.9 kg/m2) 58 (44) 32 (37) 26 (58)  
Overweight or obese (≥25-29.9 kg/m2) 71 (54) 53 (62) 18 (40)  

Waist circumference, cm 91.7 ± 11.6 95.0 ± 10.3 85.4 ± 11.5 <0.001*** 
Diastolic blood pressure, mm Hg 74.0 ± 10.4 76.1 ± 9.7 70.0 ± 10.7 0.002** 
Systolic blood pressure, mm Hg 127.9 ± 16.8 131.7 ± 15.8 120.7 ± 16.4 <0.001*** 
Hypertension, n (%)    0.03* 

Hypertensionb 33 (25) 26 (30) 7 (16)  
Normal or optimal 98 (75) 60 (70) 38 (84)  

Hypertension treatment, n (%)    0.23 
Being treated (with medication and/or 
diet) 

20 (15) 16 (19) 4 (9)  

Not being treated 111 (85) 70 (81) 41 (91)  
Plasma total cholesterol, mmol/L 5.3 ± 1.0 5.3 ± 1.0 5.4 ± 1.1 0.054 
Plasma LDL cholesterol, mmol/L 3.3 ± 0.9 3.4 ± 0.9 3.2 ± 0.9 0.19 
Plasma HDL cholesterol, mmol/L 1.5 ± 0.4 1.4 ± 0.3 1.8 ± 0.5 <0.001*** 
Serum triglycerides, mmol/L 1.0 (0.8 - 1.4) 1.1 (0.8 - 1.4) 1.0 (0.8 - 1.2) 0.15 
Suboptimal cholesterol, n (%) 100 (76) 71 (83) 29 (64) 0.04* 

 
 

 

High cholesterol treatment, n (%)    0.14 
Being treated (with medication and/or 
diet) 

10 (8) 9 (11) 1 (2)  

Not being treated 121 (92) 77 (89) 44 (98)  
HbA1c, mmol/mol 36.0 (34.0 – 37.8) 35.5 (34.0 – 37.0) 36.0 (34.0 – 38.9) 0.47 
Fasting plasma glucose, mmol/L 5.3 (5.0 – 5.6) 5.4 (5.1 – 5.7) 5.0 (4.8 – 5.5) <0.001*** 
Diabetes, n (%) 2 (2) 1 (1) 1 (2) 0.38 
Diabetes treatment, n (%)    0.40 

Being treated (with medication and/or 
diet) 

2 (1) 1 (1) 1 (2)  

Not being treated 129 (99) 85 (99) 44 (98)  
Metabolic syndrome, n (%) 14 (10.7) 10 (11.6) 4 (8.9) 0.74 
SCORE, n (%) 120 80 40 0.46 

≥15 % 3 (2) 3 (4) 0 (0)  
10-14 % 8 (7) 8 (10) 0 (0)  
5-9 % 25 (21) 21 (26) 4 (10)  
1-4% 52 (43) 33 (41) 19 (47)  
<1 % 32 (27) 15 (19) 17 (43)  

BMI, body mass index; FD, fermented dairy; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NFD, non-fermented 
dairy; SCORE, Systematic COronary Risk Evaluation. Significant results are bolded: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
a Values are presented as mean ± SD, or median (IQR). Missing values: education (n = 1), smoking status (n = 11), physical activity 
(minutes/week) (n = 20), LDL (n = 1), HDL (n = 1), Hb1Ac (n = 1), glucose (n = 1), SCORE (n = 11). Differences in 
characteristics between sexes were assessed using the t-test (for normally-distributed continuous variables), Wilcoxon test (for 
skewed continuous variables), or chi-squared test (for categorical variables). 
b Inclusive of Grade 1 hypertension, Grade 2 hypertension, and isolated systolic hypertension. 

Free fatty acids associated with dairy intake 

Among the 50 FFAs listed in Table S3, 21 were positively correlated with one of the variables of dairy 
intake (raw p ≤ 0.05) (Table S4). After adjusting for multiple comparisons, moderate correlations for dairy 
intake and 5 FFAs remained significant, specifically for the intake of dairy fat (C15, C16:1 t9, C16 iso, C17 
iso, and C18:2 c9t11+u; rs = 0.26, 0.32, 0.30, 0.35, and 0.29, respectively) and cheese (C18:2 c9t11+u; rs = 
0.30) (all FDR p ≤ 0.05). Out of the summed groups, summed conjugated linoleic acids (CLA) were also 
significantly positively correlated with dairy fat (rs = 0.29) and cheese intake (rs = 0.31), and summed C15 and 
C17, with and without C16:1 t9, was positively associated with total fermented dairy intake (rs = 0.26) (FDR 
p ≤ 0.05).  

The correlations between FFAs and dairy intake were largely confirmed in the multiple linear 
regression models (Table S5). In the fully-adjusted model (Figure 1), positive associations were observed 
between 14 individual FFAs and multiple dairy groups/foods (raw p ≤ 0.05; non-significant after FDR 
adjustment). The strongest associations were observed between the medium-chain unsaturated FFA C16:1 t9 
with dairy fat (standardized β (Std. β) = 4.9, R2 = 0.2), high-fat dairy (Std. β = 4.8, R2 = 0.2), high-fat fermented 
dairy (Std. β = 4.9, R2 = 0.2), and cheese (Std. β = 3.5, R2 = 0.1) (raw p ≤ 0.05). Significant associations 
between C15 with dairy fat (Std. β = 1.0, R2 = 0.1) and high-fat dairy (Std. β = 1.0, R2 = 0.2) intake were also 
observed albeit with lower effect size (no significant associations were observed for C17). 

Additionally, the long-chain FFAs C17 iso, C22, and C20:3 c8c11c14 were found to be positively 
associated with the intake of multiple dairy groups/foods; the latter two FFAs were primarily associated with 
low-fat dairy foods/groups (raw p ≤ 0.05). Among the summed FFA groups, sum of CLA was positively 
associated with dairy fat intake, while sum of C18:2t with CLA was positively associated with cheese intake. 
A small number of negative associations were observed between FFAs and primarily low-fat and non-
fermented dairy groups (including milk), namely the long-chain unsaturated FFAs C20:1 c11, C17:1 c10, 
C18:2 t9t12, C18:3 c6c9c12, C18:1 c9, the medium-chain unsaturated FFA C16:1 u1, in addition to sum of 
C18:2t without CLA and sum of MUFA.  
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Free fatty acids associated with cardiometabolic disease risk parameters 

The results of the associations between FFAs and CMD risk parameters are presented in Table S6. In 
the fully-adjusted model, 33 FFAs were associated with CMD risk parameters, with the majority (30 FFAs) 
positively associated with increased CMD risk (raw p ≤ 0.05). After adjusting for multiple comparisons, 
associations for 10 FFAs remained significant, which involved primarily long-chain saturated (C16, C17, C18, 
and C19) and unsaturated FFAs (C17:1 c10, C18:1 c15, C18:2 c9c12, C20:3 c8c11c14, C20:4 c5c8c11c14, 
and C22:6 c4c7c10c13c16c19) (FDR p ≤ 0.05) (Figure 2). These FFAs were positively associated with plasma 
total and LDL-C, serum triglycerides, and SCORE; the strongest associations were observed for C18:1 c15 
with plasma total (Std. β = 6.3, R2 = 0.3) and LDL-C (Std. β = 5.6, R2 = 0.2) (FDR p ≤ 0.05). Several summed 
FFAs (total, medium-chain, long-chain, omega-3, omega-6, PUFA, saturated, unsaturated, as well as sum of 
C18:2 and sum of n-C12, n-C14, and n-C16), were also positively associated with plasma total and LDL-C, or 
SCORE, albeit with a low magnitude of association (Std. β < 0.1, FDR p ≤ 0.05). Sum of C15 and C17, and 
C15, C17, and C16:1 t9 were also positively associated with total cholesterol (Std. β = 0.8, FDR p ≤ 0.05). 
FFAs negatively associated with CMD risk parameters included C12:1 u with waist circumference, C20, 
C18.2.t9t12, C18:4 c6c9c12c15, and C18:1 u1 with serum triglycerides, and C18:1 u1 with plasma LDL-C 
(raw p ≤ 0.05; non-significant after FDR adjustment) (Figure S3). 

Figure 3 presents a summary of the individual and summed FFAs that were significantly associated 
with both dairy intake and CMD risk parameters in the fully-adjuted model. Of these, 5 long-chain unsaturated 
FFAs (C18.1 t13+c6+c7+u, C18:2 c9t11+u, C20:1 c11, C20:3 c8c11c14, and C20:4 c5c8c11c14), 2 medium-
chain saturated FFAs (C15, C15 iso), and one medium-chain trans FFA (C16:1 t9) were positively associated 
with at least one variable of dairy intake, as well as plasma total and LDL-C, blood pressure, and SCORE. 
Interestingly, one long-chain PUFA, C18:2 t9t12, was positively associated with high-fat fermented dairy 
intake but negatively associated with serum triglyceride levels, while one long-chain saturated FFA, C18:1 u1, 
was positively associated with cheese intake but negatively associated with plasma LDL-C and serum 
triglyceride levels. 

Associations between dairy intake and cardiometabolic health 

The results of the associations between dairy intake and CMD risk factors are presented in Table S7. 
Only a small handful of associations were significant, but these associations attenuated in the final adjusted 
model (model 3), where only an association between total fermented dairy intake and low-fat fermented dairy 
intake and SCORE was observed (both: Std. β = 0.2, R2 = 0.2, raw p = 0.04). No associations remained 
significant after FDR-adjustment. 
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Free fatty acids associated with cardiometabolic disease risk parameters 

The results of the associations between FFAs and CMD risk parameters are presented in Table S6. In 
the fully-adjusted model, 33 FFAs were associated with CMD risk parameters, with the majority (30 FFAs) 
positively associated with increased CMD risk (raw p ≤ 0.05). After adjusting for multiple comparisons, 
associations for 10 FFAs remained significant, which involved primarily long-chain saturated (C16, C17, C18, 
and C19) and unsaturated FFAs (C17:1 c10, C18:1 c15, C18:2 c9c12, C20:3 c8c11c14, C20:4 c5c8c11c14, 
and C22:6 c4c7c10c13c16c19) (FDR p ≤ 0.05) (Figure 2). These FFAs were positively associated with plasma 
total and LDL-C, serum triglycerides, and SCORE; the strongest associations were observed for C18:1 c15 
with plasma total (Std. β = 6.3, R2 = 0.3) and LDL-C (Std. β = 5.6, R2 = 0.2) (FDR p ≤ 0.05). Several summed 
FFAs (total, medium-chain, long-chain, omega-3, omega-6, PUFA, saturated, unsaturated, as well as sum of 
C18:2 and sum of n-C12, n-C14, and n-C16), were also positively associated with plasma total and LDL-C, or 
SCORE, albeit with a low magnitude of association (Std. β < 0.1, FDR p ≤ 0.05). Sum of C15 and C17, and 
C15, C17, and C16:1 t9 were also positively associated with total cholesterol (Std. β = 0.8, FDR p ≤ 0.05). 
FFAs negatively associated with CMD risk parameters included C12:1 u with waist circumference, C20, 
C18.2.t9t12, C18:4 c6c9c12c15, and C18:1 u1 with serum triglycerides, and C18:1 u1 with plasma LDL-C 
(raw p ≤ 0.05; non-significant after FDR adjustment) (Figure S3). 

Figure 3 presents a summary of the individual and summed FFAs that were significantly associated 
with both dairy intake and CMD risk parameters in the fully-adjuted model. Of these, 5 long-chain unsaturated 
FFAs (C18.1 t13+c6+c7+u, C18:2 c9t11+u, C20:1 c11, C20:3 c8c11c14, and C20:4 c5c8c11c14), 2 medium-
chain saturated FFAs (C15, C15 iso), and one medium-chain trans FFA (C16:1 t9) were positively associated 
with at least one variable of dairy intake, as well as plasma total and LDL-C, blood pressure, and SCORE. 
Interestingly, one long-chain PUFA, C18:2 t9t12, was positively associated with high-fat fermented dairy 
intake but negatively associated with serum triglyceride levels, while one long-chain saturated FFA, C18:1 u1, 
was positively associated with cheese intake but negatively associated with plasma LDL-C and serum 
triglyceride levels. 

Associations between dairy intake and cardiometabolic health 

The results of the associations between dairy intake and CMD risk factors are presented in Table S7. 
Only a small handful of associations were significant, but these associations attenuated in the final adjusted 
model (model 3), where only an association between total fermented dairy intake and low-fat fermented dairy 
intake and SCORE was observed (both: Std. β = 0.2, R2 = 0.2, raw p = 0.04). No associations remained 
significant after FDR-adjustment. 
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Discussion 

In the current study, we performed a thorough examination of the associations between dairy intake, 
milk-derived FFAs, and CMD risk parameters. We found that 14 medium- and long-chain FFAs were 
significantly positively associated with self-reported dairy intake, particularly high-fat dairy intake and dairy 
fat intake. While some of these FFAs are known to be promising FIBs for dairy fat intake (e.g., C15, C16:1 
t9), some of the long-chain unsaturated FFAs found to be associated with dairy intake have not been previously 
reported in the literature. Concurrently, significant associations were observed between 10 of these FFAs and 
several CMD risk parameters, particularly plasma total cholesterol and serum triglycerides. The magnitude 
and robustness of these relationships were maintained and were independent of adjustment for a number of 
demographic, lifestyle, and dietary factors. These observations suggest that these FFAs could serve a dual role 
as FIBs of dairy intake and in helping to inform the risk for CMD. 

Several fatty acids have been previously proposed as FIBs of dairy intake, including C14, C14:1, C15, 
C17, C17:1, and C16:1 t9 (54, 55). In particular, the odd-chain fatty acids C15 and C17, which are synthesized 
by intestinal bacteria in ruminants, have been widely used as indirect measures of dairy fat intake in association 
studies linking dairy intake to cardiovascular disease, stroke, and type II diabetes (14-17). In our study, we 
found consistent positive associations between C15 with high-fat dairy and dairy fat intake, and C16:1 t9 with 
high-fat dairy, dairy fat, high-fat fermented dairy, and cheese intake (no significant associations were observed 
for C14, C14:1, C17, or C17:1). Significant associations observed for C18:2 c9t11+u (a CLA found in animal 
fats) with dairy fat and cheese intake confirmed previous associations between this fatty acid with dairy fat 
intake (56). Conversely, we also observed associations for a number of FFAs that have not previously been 
considered as FIBs for dairy intake, specifically the branched chain fatty acid C17 iso and the trans fatty acid 
C18:1 t13+c6+c7+u for high-fat dairy and dairy fat intakes. A few FFAs were also found to be positively 
associated with low-fat dairy groups (C22) and specific dairy foods (C15 iso, C18:1 u1, C18:2 u3 for cheese, 
and C20:4 c8c11c14c17 for yoghurt). In addition, although all of the evaluated FFAs have been shown to be 
present in milk and should theoretically align with (self-reported) dairy intake, we found inverse associations 
between several FFAs and dairy fat intake, including C16:1 u1, C17:1 c10, C18:3 c6c9c12, and C20:1 c11. 
This finding illustrates a key conundrum in the identification and validation of FIBs, whereby metabolites 
found ubiquitously in multiple food sources could challenge their specificity as FIBs for dairy (57). To address 
this, we have recently shown that a multi-marker comprising multiple metabolites (i.e., a combination of a 
dairy fatty acid, a non-fatty acid dairy metabolite, and a metabolite reflecting physiological characteristics) 
may produce a more robust assessment of dairy food intake (30). Nonetheless, identifying which fatty acids 
are strongly associated with the intake of specific dairy foods is useful for considering their inclusion in multi-
marker panels that could help improve the dietary assessment of distinct dairy foods and dairy sub-groups. 

An important piece of insight gained in the current analysis is the combined effect of analytical method 
and classification of ‘high-fat’ dairy on the strength of the associations observed. Compared to our previous 
study where we evaluated the robustness of plasma C15 and C17 as FIBs of dairy intake study in a larger 
subset of the same population (30), stronger correlations were observed for the same evaluations in the current 
study. The improved correlations may be partly attributed to the quantitative rather than semi-quantitative 
approach used for the measurement of plasma free fatty acids. In particular, while we previously observed 
non-significant correlations between C15 with high-fat dairy and high-fat non-fermented dairy groups, these 
correlations were significant and positive in the current study. Additionally, we observed stronger associations 
between several FFAs and absolute dairy fat intake, rather than high-fat dairy intake. This could be attributed 
to the method of classification of dairy foods as ‘high-fat’: based on what is considered a high fat content for 
each dairy food (as commonly used for dairy food classification) versus based on the total fat content in the 
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Discussion 

In the current study, we performed a thorough examination of the associations between dairy intake, 
milk-derived FFAs, and CMD risk parameters. We found that 14 medium- and long-chain FFAs were 
significantly positively associated with self-reported dairy intake, particularly high-fat dairy intake and dairy 
fat intake. While some of these FFAs are known to be promising FIBs for dairy fat intake (e.g., C15, C16:1 
t9), some of the long-chain unsaturated FFAs found to be associated with dairy intake have not been previously 
reported in the literature. Concurrently, significant associations were observed between 10 of these FFAs and 
several CMD risk parameters, particularly plasma total cholesterol and serum triglycerides. The magnitude 
and robustness of these relationships were maintained and were independent of adjustment for a number of 
demographic, lifestyle, and dietary factors. These observations suggest that these FFAs could serve a dual role 
as FIBs of dairy intake and in helping to inform the risk for CMD. 

Several fatty acids have been previously proposed as FIBs of dairy intake, including C14, C14:1, C15, 
C17, C17:1, and C16:1 t9 (54, 55). In particular, the odd-chain fatty acids C15 and C17, which are synthesized 
by intestinal bacteria in ruminants, have been widely used as indirect measures of dairy fat intake in association 
studies linking dairy intake to cardiovascular disease, stroke, and type II diabetes (14-17). In our study, we 
found consistent positive associations between C15 with high-fat dairy and dairy fat intake, and C16:1 t9 with 
high-fat dairy, dairy fat, high-fat fermented dairy, and cheese intake (no significant associations were observed 
for C14, C14:1, C17, or C17:1). Significant associations observed for C18:2 c9t11+u (a CLA found in animal 
fats) with dairy fat and cheese intake confirmed previous associations between this fatty acid with dairy fat 
intake (56). Conversely, we also observed associations for a number of FFAs that have not previously been 
considered as FIBs for dairy intake, specifically the branched chain fatty acid C17 iso and the trans fatty acid 
C18:1 t13+c6+c7+u for high-fat dairy and dairy fat intakes. A few FFAs were also found to be positively 
associated with low-fat dairy groups (C22) and specific dairy foods (C15 iso, C18:1 u1, C18:2 u3 for cheese, 
and C20:4 c8c11c14c17 for yoghurt). In addition, although all of the evaluated FFAs have been shown to be 
present in milk and should theoretically align with (self-reported) dairy intake, we found inverse associations 
between several FFAs and dairy fat intake, including C16:1 u1, C17:1 c10, C18:3 c6c9c12, and C20:1 c11. 
This finding illustrates a key conundrum in the identification and validation of FIBs, whereby metabolites 
found ubiquitously in multiple food sources could challenge their specificity as FIBs for dairy (57). To address 
this, we have recently shown that a multi-marker comprising multiple metabolites (i.e., a combination of a 
dairy fatty acid, a non-fatty acid dairy metabolite, and a metabolite reflecting physiological characteristics) 
may produce a more robust assessment of dairy food intake (30). Nonetheless, identifying which fatty acids 
are strongly associated with the intake of specific dairy foods is useful for considering their inclusion in multi-
marker panels that could help improve the dietary assessment of distinct dairy foods and dairy sub-groups. 

An important piece of insight gained in the current analysis is the combined effect of analytical method 
and classification of ‘high-fat’ dairy on the strength of the associations observed. Compared to our previous 
study where we evaluated the robustness of plasma C15 and C17 as FIBs of dairy intake study in a larger 
subset of the same population (30), stronger correlations were observed for the same evaluations in the current 
study. The improved correlations may be partly attributed to the quantitative rather than semi-quantitative 
approach used for the measurement of plasma free fatty acids. In particular, while we previously observed 
non-significant correlations between C15 with high-fat dairy and high-fat non-fermented dairy groups, these 
correlations were significant and positive in the current study. Additionally, we observed stronger associations 
between several FFAs and absolute dairy fat intake, rather than high-fat dairy intake. This could be attributed 
to the method of classification of dairy foods as ‘high-fat’: based on what is considered a high fat content for 
each dairy food (as commonly used for dairy food classification) versus based on the total fat content in the 



Chapter 5

248
 

dairy food. Thus, careful consideration is needed for the classification of ‘high-fat’ dairy intake in studies 
where dairy biomarkers are evaluated. 

Our study additionally contributes to the current state of the knowledge of using plasma FFAs as 
reliable biomarkers of habitual dairy fat intake. To date, there have only been a handful of reports investigating 
FFAs as potential FIBs of dietary fat compared with total fatty acids or fatty acids from other blood fractions, 
such as cholesteryl esters or serum phospholipids (58, 59). However, these blood fractions best capture short-
term dietary fat intake (past several days or hours), as opposed to long-term intake, which is best captured in 
erythrocyte membrane or adipose tissue (60, 61). These biosamples can be difficult to process and store (e.g., 
hemolysis of erythrocytes from whole blood) or are invasive (in the case of adipose tissue) (62). As such, they 
are typically not readily available in biobanks for large population-based studies. In the current report, we 
demonstrate that plasma FFA can be reliable FIBs of habitual dairy fat intake with associations comparable to 
studies measuring total FA or FA in various blood fractions.  

Aside from their role as FIBs for dairy, milk-derived FFAs could play a dual role in understanding 
CMD risk. Of all the nutrient groups in dairy, saturated fats have arguably received the most public health 
attention, due to their adverse effects on circulating blood lipid profile (3, 4). However, saturated fat is not a 
homogenous nutrient group, but rather consists of diverse individual fatty acids with distinct functional roles. 
Subgroups of medium-chain, odd-chain, and very long-chain saturated fatty acids found in dairy have been 
associated with lower risk of type II diabetes and improved overall metabolic health (63). Levels of the odd-
chain fatty acid C15 in plasma or serum have been linked with a higher risk of ischemic heart disease (in 
women) (64), but lower risk of developing type II diabetes, myocardial infarction, cardiovascular disease, and 
coronary heart disease (17, 65-67). Plasma C16:1 t9 has been associated with higher LDL-C, but also with an 
improved metabolic profile, lower triglycerides, fasting insulin, blood pressure, and incident type II diabetes 
(18-20). In our study, we observed the same heterogenous effects between individual FFAs with different 
indicators of CMD risk. Our analyses revealed positive associations for ~30 FFAs and negative associations 
for 5 FFAs with different CMD risk parameters. Notably, 8 FFAs that were also significantly associated with 
dairy intake (including C15, C16:1 t9) were positively associated with plasma total, LDL-C, serum 
triglycerides, plasma glucose, blood pressure, continuous MetS, and/or SCORE, while two (C18:2 t9t12, C18:1 
u1) were negatively associated with plasma LDL-C and serum triglycerides. These exploratory results suggest 
that distinct milk-derived FFAs could help inform different aspects of CMD risk and progression. However, 
causal inferences could not be established (based on the cross-sectional nature of the analyses), and thus further 
verification of these associations is required.  

Further, we did not obtain clear associations between self-reported dairy intake and the CMD risk 
parameters evaluated. All of the associations were neutral and non-significant, aside from a weak positive 
association between total and low-fat fermented dairy intake and SCORE. The lack of significant associations 
could reflect the current state of the literature where, collectively, studies examining associations between 
dairy intake and CMD risk have produced neutral outcomes (68). Here, the use of FIBs for dairy may better 
relate to the CMD outcomes by accounting for an aspect of individual variability. Evidently, examining the 
health impacts of a single (dairy) food or food group on CMD also has its limitations, whereas examining their 
intake in the context of a healthy dietary pattern could offers a stronger explanation of diet-health relations. 
The lack of associations may also be explained by several study limitations. Our study population was small 
and relatively healthy, and a larger population with greater variation in CMD risk may have afforded more 
power to associate the dietary intake of dairy foods to CMD risk parameters. Additionally, based on the data 
available, we relied on a window of ±14 days between biosample collection and the completion of an FFQ. 
This assumes that dietary intakes the day prior to biosample collection were comparable to the reported intakes 
within the reference range of the FFQ, but otherwise, would be a source of measurement error. The use of 
cross-sectional data also assumes that the current diet reflects past dietary exposures that are responsible for 

 

the current disease risk and furthermore that no major dietary changes have initiated following the appearance 
of early disease risk markers (e.g., weight gain). For these reasons, CMD causality could not be assessed. 
Notwithstanding, a strength of the current study is our comprehensive evaluation of dairy intake related 
biomarkers with multiple individual and composite CMD risk outcomes, which allows us to see how different 
FFAs associate with and impact these outcomes separately. 

In conclusion, our study examining associations between dairy intake, milk-derived FFAs, and CMD 
risk parameters resulted in the identification of a panel of 10 medium- and long-chain FFAs that were dually 
associated with both dairy intake and CMD risk. The inclusion of these FFAs in future multi-marker panels 
could help improve the dietary assessment of different dairy foods. Further exploration in additional, larger 
prospective cohorts would allow the potential mediating role of these FFAs between dairy intake and CMD to 
be assessed, and could help confirm their role in CMD risk pathways. 
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dairy food. Thus, careful consideration is needed for the classification of ‘high-fat’ dairy intake in studies 
where dairy biomarkers are evaluated. 

Our study additionally contributes to the current state of the knowledge of using plasma FFAs as 
reliable biomarkers of habitual dairy fat intake. To date, there have only been a handful of reports investigating 
FFAs as potential FIBs of dietary fat compared with total fatty acids or fatty acids from other blood fractions, 
such as cholesteryl esters or serum phospholipids (58, 59). However, these blood fractions best capture short-
term dietary fat intake (past several days or hours), as opposed to long-term intake, which is best captured in 
erythrocyte membrane or adipose tissue (60, 61). These biosamples can be difficult to process and store (e.g., 
hemolysis of erythrocytes from whole blood) or are invasive (in the case of adipose tissue) (62). As such, they 
are typically not readily available in biobanks for large population-based studies. In the current report, we 
demonstrate that plasma FFA can be reliable FIBs of habitual dairy fat intake with associations comparable to 
studies measuring total FA or FA in various blood fractions.  

Aside from their role as FIBs for dairy, milk-derived FFAs could play a dual role in understanding 
CMD risk. Of all the nutrient groups in dairy, saturated fats have arguably received the most public health 
attention, due to their adverse effects on circulating blood lipid profile (3, 4). However, saturated fat is not a 
homogenous nutrient group, but rather consists of diverse individual fatty acids with distinct functional roles. 
Subgroups of medium-chain, odd-chain, and very long-chain saturated fatty acids found in dairy have been 
associated with lower risk of type II diabetes and improved overall metabolic health (63). Levels of the odd-
chain fatty acid C15 in plasma or serum have been linked with a higher risk of ischemic heart disease (in 
women) (64), but lower risk of developing type II diabetes, myocardial infarction, cardiovascular disease, and 
coronary heart disease (17, 65-67). Plasma C16:1 t9 has been associated with higher LDL-C, but also with an 
improved metabolic profile, lower triglycerides, fasting insulin, blood pressure, and incident type II diabetes 
(18-20). In our study, we observed the same heterogenous effects between individual FFAs with different 
indicators of CMD risk. Our analyses revealed positive associations for ~30 FFAs and negative associations 
for 5 FFAs with different CMD risk parameters. Notably, 8 FFAs that were also significantly associated with 
dairy intake (including C15, C16:1 t9) were positively associated with plasma total, LDL-C, serum 
triglycerides, plasma glucose, blood pressure, continuous MetS, and/or SCORE, while two (C18:2 t9t12, C18:1 
u1) were negatively associated with plasma LDL-C and serum triglycerides. These exploratory results suggest 
that distinct milk-derived FFAs could help inform different aspects of CMD risk and progression. However, 
causal inferences could not be established (based on the cross-sectional nature of the analyses), and thus further 
verification of these associations is required.  

Further, we did not obtain clear associations between self-reported dairy intake and the CMD risk 
parameters evaluated. All of the associations were neutral and non-significant, aside from a weak positive 
association between total and low-fat fermented dairy intake and SCORE. The lack of significant associations 
could reflect the current state of the literature where, collectively, studies examining associations between 
dairy intake and CMD risk have produced neutral outcomes (68). Here, the use of FIBs for dairy may better 
relate to the CMD outcomes by accounting for an aspect of individual variability. Evidently, examining the 
health impacts of a single (dairy) food or food group on CMD also has its limitations, whereas examining their 
intake in the context of a healthy dietary pattern could offers a stronger explanation of diet-health relations. 
The lack of associations may also be explained by several study limitations. Our study population was small 
and relatively healthy, and a larger population with greater variation in CMD risk may have afforded more 
power to associate the dietary intake of dairy foods to CMD risk parameters. Additionally, based on the data 
available, we relied on a window of ±14 days between biosample collection and the completion of an FFQ. 
This assumes that dietary intakes the day prior to biosample collection were comparable to the reported intakes 
within the reference range of the FFQ, but otherwise, would be a source of measurement error. The use of 
cross-sectional data also assumes that the current diet reflects past dietary exposures that are responsible for 

 

the current disease risk and furthermore that no major dietary changes have initiated following the appearance 
of early disease risk markers (e.g., weight gain). For these reasons, CMD causality could not be assessed. 
Notwithstanding, a strength of the current study is our comprehensive evaluation of dairy intake related 
biomarkers with multiple individual and composite CMD risk outcomes, which allows us to see how different 
FFAs associate with and impact these outcomes separately. 

In conclusion, our study examining associations between dairy intake, milk-derived FFAs, and CMD 
risk parameters resulted in the identification of a panel of 10 medium- and long-chain FFAs that were dually 
associated with both dairy intake and CMD risk. The inclusion of these FFAs in future multi-marker panels 
could help improve the dietary assessment of different dairy foods. Further exploration in additional, larger 
prospective cohorts would allow the potential mediating role of these FFAs between dairy intake and CMD to 
be assessed, and could help confirm their role in CMD risk pathways. 
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Supplementary Materials 

Table S1. Classification of dairy foods from the NQplus food frequency questionnaire 
Dairy Food Item Fermentation Status Subgroup Fat Contenta (g/100g food) Fat Classificationb 
Buttermilk Fermented Buttermilk 0.2 Skim 
Low-fat cheese (20+/30+) Fermented Cheese 14.1 Semi-skim 
Regular cheese (40+) Fermented Cheese 23.9 Semi-skim 
Regular cheese (48+) Fermented Cheese 30.3 Full fat 
Cheese as snack Fermented Cheese 28.9 Semi-skim 
Cheese with hot meal Fermented Cheese 28.9 Semi-skim 
Fat luxury cheese Fermented Cheese 35.1 Full fat 
Less-fat luxury cheese Fermented Cheese 22.0 Semi-skim 
Unknown cheese Fermented Cheese 28.5 Semi-skim 
(Fruit) quark with breakfast Fermented Quark 2.5 Skim 
Full (fruit) yogurt Fermented Yogurt 2.8 Full fat 
Full yogurt Fermented Yogurt 2.8 Full fat 
Semi-skim (fruit) yogurt Fermented Yogurt 1.5 Semi-skim 
Semi-skim yogurt Fermented Yogurt 1.8 Semi-skim 
Skim (fruit) yogurt Fermented Yogurt 0.2 Skim 
Skim yogurt Fermented Yogurt 0.2 Skim 
Unknown yogurt Fermented Yogurt 1.8 Semi-skim 
Butter Non-fermented Butter 81.1 Full fat 
Skim Butter Non-fermented Butter 37.0 Semi-skim 
Coffee cream Non-fermented Cream 9.4 Full fat 
Cream with hot meal Non-fermented Cream 34.2 Full fat 
Whipped cream Non-fermented Cream 14.8 Full fat 
Milk-based ice cream Non-fermented Ice cream 12.0 Full fat 
Diet coffee milk Non-fermented Milk 4.2 Full fat 
Full chocolate milk Non-fermented Milk 2.8 Full fat 
Full milk Non-fermented Milk 3.5 Full fat 
Full-fat milk with breakfast Non-fermented Milk 3.5 Full fat 
Regular full milk Non-fermented Milk 3.5 Full fat 
Regular semi-skim milk Non-fermented Milk 1.5 Semi-skim 
Semi-skim chocolate milk Non-fermented Milk 1.4 Semi-skim 
Semi-skim coffee milk Non-fermented Milk 4.1 Full fat 
Semi-skim milk Non-fermented Milk 1.5 Semi-skim 
Semi-skim milk with breakfast Non-fermented Milk 1.5 Semi-skim 
Skim chocolate milk Non-fermented Milk 0.5 Skim 
Skim milk Non-fermented Milk 0.1 Skim 
Unknown chocolate milk Non-fermented Milk 1.0 Semi-skim 
Unknown coffee milk Non-fermented Milk 7.3 Full fat 
Unknown milk Non-fermented Milk 1.4 Semi-skim 
Milk powder for coffee Non-fermented Milk, powder 32.3 Full fat 

a The fat content (g/100g) for all dairy products was determined based on the values reported in the Dutch Food Composition Table 
2011 (Available from: https://nevo-online.rivm.nl/). 
b Fat classification was based on the guidelines set by the Dutch Dairy Commodities Act (Overheid.nl. Warenwetbesluit Zuivel), 
where full-fat dairy included milk and milk products with a fat content >1.80%, cheeses with a fat content ≥50%, and curd 
cheese/quark and cream cheese with a fat content ≥35%, semi-skim dairy included milk and milk products with a fat content ≥1.50% 
to ≤1.80%, cheeses with a fat content >10% to <50%, and curd cheese/quark and cream cheese with a fat content ≥10% to ≤34%, and 
skim dairy included milk and milk products with a fat content ≤0.5%, cheeses with a fat content ≤10%, and curd cheese/quark and 
cream cheese with a fat content <10%. Additional qualifiers for determining the fat content of Dutch cheeses (based on fat content 
dry matter) included: full-fat cheese (45+ to 60+), semi-skim cheese (10+ to 40+), and skim cheese (≤10). 
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Table S2. Summed free fatty acid groups 

Groups Individual free fatty acids in group 

Total fatty acids 

C4 + C5 + C6 + C7 + C8 + C9 + C10 + C10:1 (ω1) + C12 + C12:1 u + C13 iso + C14 + C14 iso + C14:1 t9 
(ω5) + C14:1 c9 (ω5) + C15 + C15 iso + C15 aiso + C16 + C16 iso + C16:1 t9 (ω7) + C16:1 c9 (ω7) + 
C16:1 u1 + C16:1 u2 + C17 + C17 iso + C17 aiso + C17:1 c10 (ω7) + C18 + C18 iso + C18:1 u1 + C18:1 
t6-9 + C18:1 t10-11 + C18:1 t12 (ω6) + C18:1 t13+c6+c7+u + C18:1 c9 (ω9) + C18:1 c11 (ω7) + C18:1 c12 
(ω6) + C18:1 c13 (ω5) + C18:1 c15 (ω3) + C18:2 t10c12 (ω6) + C18:2 t9c12 (ω6)+u + C18:2 t9t12 (ω6) + 
C18:2 c9c12 (ω6) + C18:2 c9t11 (ω7)+u + C18:2 t9t11 (ω7) + C18:2 c9c11 (ω7)+u + C18:2 u1 + C18:2 u2 
+ C18:2 u3 + C18:3 c6c9c12 (ω6) + C18:3 c9c12c15 (ω3) + C18:4 c6c9c12c15 (ω3) + C19 + C20 + C20:1 
t11 + c5 + C20:1 c8 + c9 + C20:1 c11 (ω9) + C20:2 c11c14 (ω6) + C20:3 c8c11c14 (ω6) + C20:3 
c11c14c17 (ω3) + C20:4 c5c8c11c14 (ω6) + C20:4 c8c11c14c17 (ω3) + C20:5 c5,c8,c11,c14,c17 (ω3) + 
C22 + C22:5 c7,c10,c13,c16,c19 (ω3) + C22:6 c4,c7,c10,c13,c16,c19 (ω3) 

SCFA C4 + C5 + C6 + C7 + C8 + C9 + C10 + C10:1 

MCFA C12 + C12:1 u + C13 iso + C14 + C14 iso + C14:1 t9 + C14:1 c9 (ω5) + C15 + C15 iso + C15 aiso + C16 + 
C16 iso + C16:1 t9 + C16:1 c9 + C16:1 u1 + C16:1 u2 

LCFA 

C17 + C17 iso + C17 aiso + C17:1 c10 (ω7) + C18 + C18 iso + C18:1 u1 + C18:1 t6-9 + C18:1 t10-11 + 
C18:1 t12 (ω6) + C18:1 t13+c6+c7+u + C18:1 c9 (ω9) + C18:1 c11 (ω7) + C18:1 c12 (ω6) + C18:1 c13 
(ω5) + C18:1 c15 (ω3) + C18:2 t10c12 (ω6) + C18:2 t9c12 (ω6)+u + C18:2 t9t12 (ω6) + C18:2 c9c12 (ω6) + 
C18:2 c9t11 (ω7)+u + C18:2 t9t11 (ω7) + C18:2 c9c11 (ω7)+u + C18:2 u1 + C18:2 u2 + C18:2 u3 + C18:3 
c6c9c12 (ω6) + C18:3 c9c12c15 (ω3) + C18:4 c6c9c12c15 (ω3) + C19 + C20 + C20:1 t11 + c5 + C20:1 c8 + 
c9 + C20:1 c11 (ω9) + C20:2 c11c14 (ω6) + C20:3 c8c11c14 (ω6) + C20:3 c11c14c17 (ω3) + C20:4 
c5c8c11c14 (ω6) + C20:4 c8c11c14c17 (ω3) + C20:5 c5,c8,c11,c14,c17 (ω3) + C22 + C22:5 
c7,c10,c13,c16,c19 (ω3) + C22:6 c4,c7,c10,c13,c16,c19 (ω3) 

Saturated fatty acids C4 + C5 + C6 + C7 + C8 + C9 + C10 + C12 + C13 iso + C14 iso + C14 + C15 iso + C15 aiso + C15 + C16 
iso + C16 + C17 iso + C17 aiso + C17 + C18 iso + C18 + C19 + C20 + C22 

n-C12, n-C14 & n-C16 C12 + C14 + C16 

C18:1 C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:1 c9 + C18:1 c11 + C18:1 c12 + C18:1 
c13 + C18:1u1 + C18:1 c15 

C18:2 
C18:2 u1 + C18:2 t9t12 + C18:2 u2 + C18:2 u3 + C18:2 t9c12+u  + C18:2 c9c12 + C18:2 c9t11+u 
+ C18:2 t10c12 + C18:2 c9c11+u + C18:2 t9t11 

Unsaturated fatty acids 

C10:1 + C12:1 u1 + C12:1 u2 + C14:1 t9 + C14:1 c9 + C16:1 t9 + C16:1 u1 + C16:1 c9 + C16:1 u2 + C17:1 
c10 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:1 c9 + C18:1 c11 + C18:1 c12 + 
C18:1 c13 + C18:1 u1 + C18:1 c15 + C18:2 u1 + C18:2 t9t12 + C18:2 u2 + C18:2 u3 + C18:2 t9c12+ u + 
C18:2 c9c12 + C18:3 c6c9c12 + C20:1 t11+c5 + C20:1 c8+c9 + C20:1 c11 + C18:3 c9c12c15 + C18:2 
c9t11+u + C18:2 + C18:2 c9c11+u + C18:2 t9t11 + C18:4 c6c9c12c15 + C20:2 c11c14 + C20:3 c8c11c14 + 
C20:3 c11c14c17 + C20:4 c5c8c11c14 + C20:4 c8c11c14c17 + C20:5 c5,c8,c11,c14,c17 + C22:5 
c7,c10,c13,c16,c19 + C22:6 c4,c7,c10,c13,c16,c19 

MUFA 
C10:1 + C12:1u1 + C12:1 u2 + C14:1 t9 + C14:1 c9 + C16:1 t9 + C16:1 u1 + C16:1 c9 + C16:1 u2 + C17:1 
c10 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:1 c9 + C18:1 c11 + C18:1 c12 + 
C18:1 c13 + C18:1 u1 + C18:1 c15 + C20:1 t11+c5 + C20:1 c8+c9 + C20:1 c11 

PUFA 

C18:2 u1 + C18:2 t9t12 + C18:2 u2 + C18:2 u3 + C18:2 t9c12+u + C18:2 c9c12 + C18:3 c6c9c12 + C18:3 
c9c12c15 + C18:2 c9t11+u + C18:2 t10c12 + C18:2 c9c11+u + C18:2 t9t11 + C18:4 c6c9c12c15 + C20:2 
c11c14 + C20:3 c8c11c14 + C20:3 c11c14c17 + C20:4 c5c8c11c14 + C20:4 c8c11c14c17 + C20:5 
c5,c8,c11,c14,c17 + C22:5 c7,c10,c13,c16,c19 + C22:6 c4,c7,c10,c13,c16,c19 

C18:1t C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 (ω6) + C18:1 t13+c6+c7+u 

C18:2t with CLA C18:2 t9t12 + C18:2 t9c12+u + C18:2 c9t11+u + C18:2 t10c12 + C18:2 t9t11 

CLA C18:2 c9t11+u + C18:2 t9t11 

C18:2t without CLA C18:2 t9t12 + C18:2 t9c12+u 

Trans fatty acids without 
CLA 

C14:1 t9 + C16:1 t9 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:2 t9t12 + C18:2 
t9c12+u + C20:1 t11+c5 

Trans fatty acids with 
CLA 

C14:1 t9 + C16:1 t9 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:2 t9t12 + C18:2 
t9c12+u + C20:1 t11+c5 + C18:2 c9t11+u + C18:2 t10c12 + C18:2 t9t11 

Omega-3 (ω-3) fatty 
acids 

C18:1 c15 + C18:3 c9c12c15 + C18:4 c6c9c12c15 + C20:3 c11c14c17 + C20:4 c8c11c14c17 + C20:5 
c5,c8,c11,c14,c17 + C22:5 c7,c10,c13,c16,c19 + C22:6 c4,c7,c10,c13,c16,c19 

Omega-6 (ω-6) fatty 
acids 

C18:1 t12 + C18:1 c12 + C18:2 t9t12 + C18:2 t9c12 + C18:2 c9c12 + C18:3 c6c9c12 + C18:2 t10c12 
+C20:2 c11c14 + C20:3 c8c11c14 + C20:4 c5c8c11c14 

Sum of C15 and C17 C15 + C17 

Sum of C15, C17, and 
C16:1 t9 C15 + C17 + C16:1 t9 

c, cis; CLA, conjugated linoleic acid; LCFA, long-chain fatty acid; MCFA, medium-chain fatty acid; MUFA, monounsaturated fatty 
acid; PUFA, polyunsaturated fatty acid; SCFA, short-chain fatty acid; t, trans; u, unknown. 

 

Table S3. Mean concentrations of free fatty acids detected in plasmaa 

Free fatty acids Concentration in plasma (mg/mL)a 

Individual free fatty acids 

C12:1 u 0.8 ± 0.5 

C14:1 c9 (ω5) 0.3 ± 0.2 

C14:1 t9 (ω5) 3.5 ± 1.2 

C15 0.7 ± 0.2 

C15 aiso 0.3 ± 0.2 

C15 iso 0.2 ± 0.1 

C16 75.3 ± 17.7 

C16 iso 0.2 ± 0.1 

C16:1 c9 (ω7) 5.8 ± 2.4 

C16:1 t9 (ω7) 0.2 ± 0.1 

C16:1 u1 0.8 ± 0.2 

C16:1 u2 0.1 ± 0.1 

C17 1.1 ± 0.3 

C17 aiso 0.1 ± 0.1 

C17 iso 0.4 ± 0.1 

C17:1 c10 (ω7) 1.3 ± 0.4 

C18 30.8 ± 7 

C18:1 c11 (ω7) 4.9 ± 1.6 

C18:1 c12 (ω6) 0.3 ± 0.2 

C18:1 c13 (ω5) 0.2 ± 0.1 

C18:1 c15 (ω3) 0.2 ± 0.1 

C18:1 c9 (ω9) 64.5 ± 19.9 

C18:1 t10-11 1.3 ± 0.4 

C18:1 t12 (ω6) 0.4 ± 0.1 

C18:1 t13+c6+c7+u 0.6 ± 0.2 

C18:1 t6-9 3 ± 1.4 

C18:1 u1 0.2 ± 0.2 

C18:2 c9c12 (ω6) 46.2 ± 11.5 

C18:2 c9t11 (ω7) +u 0.4 ± 0.2 

C18:2 t9c12 (ω6) + u 0.2 ± 0.1 

C18:2 t9t12 (ω6) 0.2 ± 0.1 

C18:2 u2 0.6 ± 0.2 

C18:2 u3 0.1 ± 0.1 

C18:3 c6c9c12 (ω6) 0.5 ± 0.2 

C18:3 c9c12c15 (ω3) 2.2 ± 0.9 

C18:4 c6c9c12c15 (ω3) 0.1 ± 0.1 

C19 0.3 ± 0.1 

C20 0.2 ± 0.1 

C20:1 c11 (ω9) 0.7 ± 0.3 

C20:1 c8 + c9 0.3 ± 0.1 

C20:1 t11 + c5 0.1 ± 0.1 

C20:2 c11c14 (ω6) 0.6 ± 0.3 

C20:3 c11c14c17 (ω3) 0.1 ± 0.1 
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Table S2. Summed free fatty acid groups 

Groups Individual free fatty acids in group 

Total fatty acids 

C4 + C5 + C6 + C7 + C8 + C9 + C10 + C10:1 (ω1) + C12 + C12:1 u + C13 iso + C14 + C14 iso + C14:1 t9 
(ω5) + C14:1 c9 (ω5) + C15 + C15 iso + C15 aiso + C16 + C16 iso + C16:1 t9 (ω7) + C16:1 c9 (ω7) + 
C16:1 u1 + C16:1 u2 + C17 + C17 iso + C17 aiso + C17:1 c10 (ω7) + C18 + C18 iso + C18:1 u1 + C18:1 
t6-9 + C18:1 t10-11 + C18:1 t12 (ω6) + C18:1 t13+c6+c7+u + C18:1 c9 (ω9) + C18:1 c11 (ω7) + C18:1 c12 
(ω6) + C18:1 c13 (ω5) + C18:1 c15 (ω3) + C18:2 t10c12 (ω6) + C18:2 t9c12 (ω6)+u + C18:2 t9t12 (ω6) + 
C18:2 c9c12 (ω6) + C18:2 c9t11 (ω7)+u + C18:2 t9t11 (ω7) + C18:2 c9c11 (ω7)+u + C18:2 u1 + C18:2 u2 
+ C18:2 u3 + C18:3 c6c9c12 (ω6) + C18:3 c9c12c15 (ω3) + C18:4 c6c9c12c15 (ω3) + C19 + C20 + C20:1 
t11 + c5 + C20:1 c8 + c9 + C20:1 c11 (ω9) + C20:2 c11c14 (ω6) + C20:3 c8c11c14 (ω6) + C20:3 
c11c14c17 (ω3) + C20:4 c5c8c11c14 (ω6) + C20:4 c8c11c14c17 (ω3) + C20:5 c5,c8,c11,c14,c17 (ω3) + 
C22 + C22:5 c7,c10,c13,c16,c19 (ω3) + C22:6 c4,c7,c10,c13,c16,c19 (ω3) 

SCFA C4 + C5 + C6 + C7 + C8 + C9 + C10 + C10:1 

MCFA C12 + C12:1 u + C13 iso + C14 + C14 iso + C14:1 t9 + C14:1 c9 (ω5) + C15 + C15 iso + C15 aiso + C16 + 
C16 iso + C16:1 t9 + C16:1 c9 + C16:1 u1 + C16:1 u2 

LCFA 

C17 + C17 iso + C17 aiso + C17:1 c10 (ω7) + C18 + C18 iso + C18:1 u1 + C18:1 t6-9 + C18:1 t10-11 + 
C18:1 t12 (ω6) + C18:1 t13+c6+c7+u + C18:1 c9 (ω9) + C18:1 c11 (ω7) + C18:1 c12 (ω6) + C18:1 c13 
(ω5) + C18:1 c15 (ω3) + C18:2 t10c12 (ω6) + C18:2 t9c12 (ω6)+u + C18:2 t9t12 (ω6) + C18:2 c9c12 (ω6) + 
C18:2 c9t11 (ω7)+u + C18:2 t9t11 (ω7) + C18:2 c9c11 (ω7)+u + C18:2 u1 + C18:2 u2 + C18:2 u3 + C18:3 
c6c9c12 (ω6) + C18:3 c9c12c15 (ω3) + C18:4 c6c9c12c15 (ω3) + C19 + C20 + C20:1 t11 + c5 + C20:1 c8 + 
c9 + C20:1 c11 (ω9) + C20:2 c11c14 (ω6) + C20:3 c8c11c14 (ω6) + C20:3 c11c14c17 (ω3) + C20:4 
c5c8c11c14 (ω6) + C20:4 c8c11c14c17 (ω3) + C20:5 c5,c8,c11,c14,c17 (ω3) + C22 + C22:5 
c7,c10,c13,c16,c19 (ω3) + C22:6 c4,c7,c10,c13,c16,c19 (ω3) 

Saturated fatty acids C4 + C5 + C6 + C7 + C8 + C9 + C10 + C12 + C13 iso + C14 iso + C14 + C15 iso + C15 aiso + C15 + C16 
iso + C16 + C17 iso + C17 aiso + C17 + C18 iso + C18 + C19 + C20 + C22 

n-C12, n-C14 & n-C16 C12 + C14 + C16 

C18:1 C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:1 c9 + C18:1 c11 + C18:1 c12 + C18:1 
c13 + C18:1u1 + C18:1 c15 

C18:2 
C18:2 u1 + C18:2 t9t12 + C18:2 u2 + C18:2 u3 + C18:2 t9c12+u  + C18:2 c9c12 + C18:2 c9t11+u 
+ C18:2 t10c12 + C18:2 c9c11+u + C18:2 t9t11 

Unsaturated fatty acids 

C10:1 + C12:1 u1 + C12:1 u2 + C14:1 t9 + C14:1 c9 + C16:1 t9 + C16:1 u1 + C16:1 c9 + C16:1 u2 + C17:1 
c10 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:1 c9 + C18:1 c11 + C18:1 c12 + 
C18:1 c13 + C18:1 u1 + C18:1 c15 + C18:2 u1 + C18:2 t9t12 + C18:2 u2 + C18:2 u3 + C18:2 t9c12+ u + 
C18:2 c9c12 + C18:3 c6c9c12 + C20:1 t11+c5 + C20:1 c8+c9 + C20:1 c11 + C18:3 c9c12c15 + C18:2 
c9t11+u + C18:2 + C18:2 c9c11+u + C18:2 t9t11 + C18:4 c6c9c12c15 + C20:2 c11c14 + C20:3 c8c11c14 + 
C20:3 c11c14c17 + C20:4 c5c8c11c14 + C20:4 c8c11c14c17 + C20:5 c5,c8,c11,c14,c17 + C22:5 
c7,c10,c13,c16,c19 + C22:6 c4,c7,c10,c13,c16,c19 

MUFA 
C10:1 + C12:1u1 + C12:1 u2 + C14:1 t9 + C14:1 c9 + C16:1 t9 + C16:1 u1 + C16:1 c9 + C16:1 u2 + C17:1 
c10 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:1 c9 + C18:1 c11 + C18:1 c12 + 
C18:1 c13 + C18:1 u1 + C18:1 c15 + C20:1 t11+c5 + C20:1 c8+c9 + C20:1 c11 

PUFA 

C18:2 u1 + C18:2 t9t12 + C18:2 u2 + C18:2 u3 + C18:2 t9c12+u + C18:2 c9c12 + C18:3 c6c9c12 + C18:3 
c9c12c15 + C18:2 c9t11+u + C18:2 t10c12 + C18:2 c9c11+u + C18:2 t9t11 + C18:4 c6c9c12c15 + C20:2 
c11c14 + C20:3 c8c11c14 + C20:3 c11c14c17 + C20:4 c5c8c11c14 + C20:4 c8c11c14c17 + C20:5 
c5,c8,c11,c14,c17 + C22:5 c7,c10,c13,c16,c19 + C22:6 c4,c7,c10,c13,c16,c19 

C18:1t C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 (ω6) + C18:1 t13+c6+c7+u 

C18:2t with CLA C18:2 t9t12 + C18:2 t9c12+u + C18:2 c9t11+u + C18:2 t10c12 + C18:2 t9t11 

CLA C18:2 c9t11+u + C18:2 t9t11 

C18:2t without CLA C18:2 t9t12 + C18:2 t9c12+u 

Trans fatty acids without 
CLA 

C14:1 t9 + C16:1 t9 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:2 t9t12 + C18:2 
t9c12+u + C20:1 t11+c5 

Trans fatty acids with 
CLA 

C14:1 t9 + C16:1 t9 + C18:1 t6-9 + C18:1 t10-11 + C18:1 t12 + C18:1 t13+c6+c7+u + C18:2 t9t12 + C18:2 
t9c12+u + C20:1 t11+c5 + C18:2 c9t11+u + C18:2 t10c12 + C18:2 t9t11 

Omega-3 (ω-3) fatty 
acids 

C18:1 c15 + C18:3 c9c12c15 + C18:4 c6c9c12c15 + C20:3 c11c14c17 + C20:4 c8c11c14c17 + C20:5 
c5,c8,c11,c14,c17 + C22:5 c7,c10,c13,c16,c19 + C22:6 c4,c7,c10,c13,c16,c19 

Omega-6 (ω-6) fatty 
acids 

C18:1 t12 + C18:1 c12 + C18:2 t9t12 + C18:2 t9c12 + C18:2 c9c12 + C18:3 c6c9c12 + C18:2 t10c12 
+C20:2 c11c14 + C20:3 c8c11c14 + C20:4 c5c8c11c14 

Sum of C15 and C17 C15 + C17 

Sum of C15, C17, and 
C16:1 t9 C15 + C17 + C16:1 t9 

c, cis; CLA, conjugated linoleic acid; LCFA, long-chain fatty acid; MCFA, medium-chain fatty acid; MUFA, monounsaturated fatty 
acid; PUFA, polyunsaturated fatty acid; SCFA, short-chain fatty acid; t, trans; u, unknown. 

 

Table S3. Mean concentrations of free fatty acids detected in plasmaa 

Free fatty acids Concentration in plasma (mg/mL)a 

Individual free fatty acids 

C12:1 u 0.8 ± 0.5 

C14:1 c9 (ω5) 0.3 ± 0.2 

C14:1 t9 (ω5) 3.5 ± 1.2 

C15 0.7 ± 0.2 

C15 aiso 0.3 ± 0.2 

C15 iso 0.2 ± 0.1 

C16 75.3 ± 17.7 

C16 iso 0.2 ± 0.1 

C16:1 c9 (ω7) 5.8 ± 2.4 

C16:1 t9 (ω7) 0.2 ± 0.1 

C16:1 u1 0.8 ± 0.2 

C16:1 u2 0.1 ± 0.1 

C17 1.1 ± 0.3 

C17 aiso 0.1 ± 0.1 

C17 iso 0.4 ± 0.1 

C17:1 c10 (ω7) 1.3 ± 0.4 

C18 30.8 ± 7 

C18:1 c11 (ω7) 4.9 ± 1.6 

C18:1 c12 (ω6) 0.3 ± 0.2 

C18:1 c13 (ω5) 0.2 ± 0.1 

C18:1 c15 (ω3) 0.2 ± 0.1 

C18:1 c9 (ω9) 64.5 ± 19.9 

C18:1 t10-11 1.3 ± 0.4 

C18:1 t12 (ω6) 0.4 ± 0.1 

C18:1 t13+c6+c7+u 0.6 ± 0.2 

C18:1 t6-9 3 ± 1.4 

C18:1 u1 0.2 ± 0.2 

C18:2 c9c12 (ω6) 46.2 ± 11.5 

C18:2 c9t11 (ω7) +u 0.4 ± 0.2 

C18:2 t9c12 (ω6) + u 0.2 ± 0.1 

C18:2 t9t12 (ω6) 0.2 ± 0.1 

C18:2 u2 0.6 ± 0.2 

C18:2 u3 0.1 ± 0.1 

C18:3 c6c9c12 (ω6) 0.5 ± 0.2 

C18:3 c9c12c15 (ω3) 2.2 ± 0.9 

C18:4 c6c9c12c15 (ω3) 0.1 ± 0.1 

C19 0.3 ± 0.1 

C20 0.2 ± 0.1 

C20:1 c11 (ω9) 0.7 ± 0.3 

C20:1 c8 + c9 0.3 ± 0.1 

C20:1 t11 + c5 0.1 ± 0.1 

C20:2 c11c14 (ω6) 0.6 ± 0.3 

C20:3 c11c14c17 (ω3) 0.1 ± 0.1 
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C20:3 c8c11c14 (ω6) 3.5 ± 1.3 

C20:4 c5c8c11c14 (ω6) 12.6 ± 4.7 

C20:4 c8c11c14c17 (ω3) 0.2 ± 0.1 

C20:5 c5,c8,c11,c14,c17 (EPA) (ω3) 1.7 ± 1.0 

C22 0.3 ± 0.1 

C22:5 c7,c10,c13,c16,c19 (DPA) (ω3) 1.2 ± 0.4 

C22:6 c4,c7,c10,c13,c16,c19 (DHA) (ω3) 5.6 ± 2.5 

Summed free fatty acids 

Sum of fatty acids 296.3 ± 65.2 

Sum of MCFA 88.2 ± 21.0 

Sum of LCFA 187.6 ± 43.3 

Sum of saturated fatty acids 114.3 ± 25.5 

Sum of n-C12, n-C14 & n-C16 79.6 ± 18.7 

Sum of C18:1 75.5 ± 22.1 

Sum of C18:2 47.9 ± 11.7 

Sum of unsaturated fatty acids 161.6 ± 39.1 

Sum of MUFA 85.1 ± 24.5 

Sum of PUFA 76.4 ± 18.6 

Sum of C18:1t 5.3 ± 1.8 

Sum of C18:2t with CLA 0.8 ± 0.4 

Sum of CLA 0.5 ± 0.3 

Sum of C18:2t without CLA 0.4 ± 0.2 

Sum of trans fatty acids without CLA 6.0 ± 1.9 

Sum of trans fatty acids with CLA 6.4 ± 1.9 

Sum of omega-3 fatty acids 11.5 ± 4.2 

Sum of omega-6 fatty acids 64.5 ± 15.6 

Sum of C15 and C17 1.8 ± 0.5 

Sum of C15, C17, and C16:1 t9 2.0 ± 0.5 
c, cis; CLA, conjugated linoleic acid; LCFA, long-chain fatty acid; MCFA, medium-chain fatty acid; MUFA, monounsaturated fatty 
acid; PUFA, polyunsaturated fatty acid; t, trans; u, unknown. 
a Values presented are mean ± standard deviation. Free fatty acids included in the analyses include those detected in at least one third 
of participants.  Seventeen free fatty acids were not detected, and included: C4, C5, C6, C7, C8, C9, C10, C10:1 (ω1), C12, C13 iso, 
C14, C14 iso, C18 iso, C18:2 c9c11 (ω7) +u, C18:2 t10c12 (ω6), C18:2 t9t11 (ω7), C18:2 u1, sum of short-chain fatty acids. 
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C20:3 c8c11c14 (ω6) 3.5 ± 1.3 

C20:4 c5c8c11c14 (ω6) 12.6 ± 4.7 

C20:4 c8c11c14c17 (ω3) 0.2 ± 0.1 

C20:5 c5,c8,c11,c14,c17 (EPA) (ω3) 1.7 ± 1.0 

C22 0.3 ± 0.1 

C22:5 c7,c10,c13,c16,c19 (DPA) (ω3) 1.2 ± 0.4 

C22:6 c4,c7,c10,c13,c16,c19 (DHA) (ω3) 5.6 ± 2.5 

Summed free fatty acids 

Sum of fatty acids 296.3 ± 65.2 

Sum of MCFA 88.2 ± 21.0 

Sum of LCFA 187.6 ± 43.3 

Sum of saturated fatty acids 114.3 ± 25.5 

Sum of n-C12, n-C14 & n-C16 79.6 ± 18.7 

Sum of C18:1 75.5 ± 22.1 

Sum of C18:2 47.9 ± 11.7 

Sum of unsaturated fatty acids 161.6 ± 39.1 

Sum of MUFA 85.1 ± 24.5 

Sum of PUFA 76.4 ± 18.6 

Sum of C18:1t 5.3 ± 1.8 

Sum of C18:2t with CLA 0.8 ± 0.4 

Sum of CLA 0.5 ± 0.3 

Sum of C18:2t without CLA 0.4 ± 0.2 

Sum of trans fatty acids without CLA 6.0 ± 1.9 

Sum of trans fatty acids with CLA 6.4 ± 1.9 

Sum of omega-3 fatty acids 11.5 ± 4.2 

Sum of omega-6 fatty acids 64.5 ± 15.6 

Sum of C15 and C17 1.8 ± 0.5 

Sum of C15, C17, and C16:1 t9 2.0 ± 0.5 
c, cis; CLA, conjugated linoleic acid; LCFA, long-chain fatty acid; MCFA, medium-chain fatty acid; MUFA, monounsaturated fatty 
acid; PUFA, polyunsaturated fatty acid; t, trans; u, unknown. 
a Values presented are mean ± standard deviation. Free fatty acids included in the analyses include those detected in at least one third 
of participants.  Seventeen free fatty acids were not detected, and included: C4, C5, C6, C7, C8, C9, C10, C10:1 (ω1), C12, C13 iso, 
C14, C14 iso, C18 iso, C18:2 c9c11 (ω7) +u, C18:2 t10c12 (ω6), C18:2 t9t11 (ω7), C18:2 u1, sum of short-chain fatty acids. 
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Figure S1. Distribution of cardiometabolic risk in the population, based on (a) a continuous metabolic syndrome score (age- and sex-
adjusted), and (b) 10-year risk of fatal cardiovascular risk based on the European Systematic COronary Risk Evaluation (SCORE) 
model. 
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Figure S1. Distribution of cardiometabolic risk in the population, based on (a) a continuous metabolic syndrome score (age- and sex-
adjusted), and (b) 10-year risk of fatal cardiovascular risk based on the European Systematic COronary Risk Evaluation (SCORE) 
model. 
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Abstract 

Scope: Food intake biomarkers (FIBs) have the potential to complement self-report tools and improve the 
accuracy of dietary assessment. Identification of FIBs for fermented foods could help clarify the relationships 
between the consumption of fermented foods and cardiometabolic health.  
 
Methods and results: We aimed to identify novel FIBs for fermented foods consumed in The Netherlands in 
531 free-living participants of the Nutrition Questionnaires plus (NQplus) cohort. Self-reported fermented food 
intake was obtained from a food frequency questionnaire. The plasma and urine metabolomes of the 
participants were analyzed using liquid chromatography-mass spectrometry (LC-MS) and gas 
chromatography-mass spectrometry (GC-MS). Discriminant metabolites were selected by univariate and 
multivariate statistical analysis. Further, multivariable adjusted linear regression was used to explore 
associations between identified metabolites and several cardiometabolic disease risk factors. A total of 36 
metabolites were identified in plasma and urine, the majority of which corresponded to the intakes of coffee, 
wine, and beer (none identified for cocoa, bread, cheese, or yoghurt intake). While some of the identified 
metabolites appeared to originate from the food raw material (e.g., niacin and trigonelline for coffee, tartaric 
acid for wine), others overlapped different fermented foods (e.g., 4-hydroxybenzeneacetic acid and ethyl α-D-
glucopyranoside for both wine and beer). In addition, several fermentation-dependent metabolites were 
identified (erythritol and citramalate). Associations between these identified metabolites with cardiometabolic 
parameters were weak and inconclusive.  
 
Conclusion: The metabolites identified for coffee, beer, and wine intake in this free-living cohort could be 
considered to be the most robust indicators of habitual fermented food intake. Further evaluation is required 
in order to confirm their relationships with cardiometabolic disease risk. 
  

 

Introduction 

Accurate dietary assessment is crucial for detecting potential associations between diet and health. To 
date, many epidemiological studies still predominantly rely on traditional dietary assessment methods, such as 
food frequency questionnaires (FFQ) and 24-h food recalls. These are self-reported tools that heavily depend 
on the memory and dedication of the participants (1, 2). As such, they are prone to multiple sources of 
measurement errors such as underreporting, inaccurate portion size estimation, and imprecision of food 
composition databases. Such measurement errors can reduce study power and miss detecting potential 
associations, and may also lead to spurious findings (3, 4). Additionally, to capture the increasing diversity 
and complexity of modern diets, self-report methods nowadays require extensive food lists, which is 
burdensome for both participants and researchers. To address these limitations, food intake biomarkers (FIBs) 
have emerged as an alterative or complementary method of dietary assessment. Since FIBs are detected in 
biological samples, they are considered to be more objective measures of intake. Depending on their 
specificity, FIBs can be single compounds or a multi-marker panel consisting of a combination of different 
compounds (5). Recent advances in nutritional metabolomics has led to the identification of numerous 
candidate FIBs linked to the ingestion of a food, food group, or a dietary pattern (3, 6). However, FIBs for 
many foods in the diet have yet to be explored and validated – including fermented foods.  

Fermented foods have been consumed since the beginning of human civilization and comprise up to 
40% of the human diet (7). They are created through “desired microbial growth and enzymatic conversions of 
food components” (8). The fermentation process not only improves the shelf-life and organoleptic qualities of 
a food, it can also impart novel nutritional qualities that could improve human health (9, 10). A number of 
dietary intervention and epidemiological studies have suggested that consumption of fermented foods 
positively affect cardiometabolic health, including on weight maintenance, glucose metabolism, and 
cardiovascular health (9, 11-14), but the evidence is inconclusive. Thus, identification and validation of FIBs 
for fermented foods could improve the accuracy of dietary assessment, and support further studies in obtaining 
more conclusive associations between fermented food intake and cardiometabolic health. Additionally, FIBs 
could also help elucidate the mechanisms of action that underpin the purported health benefits of fermented 
foods.  

We previously conducted a systematic review of FIBs of fermented foods consumed worldwide, and 
found several candidate FIBs at the food-level, food group-level, and/or fermentation-level for several 
fermented foods, including wine, beer, bread, cocoa, coffee, post-fermented tea, fermented soy, cheese, and 
yoghurt (15). The majority of these FIBs were identified in postprandial studies with a small number of 
participants, and their relevance needs to be explored in free-living populations with complex, uncontrolled 
diets (16). In the current work, we aimed to identify further FIBs of fermented foods consumed in The 
Netherlands by analysing the plasma and urine metabolomes of a Dutch adult cohort using liquid 
chromatography mass spectrometry (LC-MS) and gas chromatography mass spectrometry (GC-MS). By 
analysing a larger, free-living population, we expected the FIBs that emerge would be considered to be the 
most powerful and reliable indicators of habitual fermented food intake. In addition, we examined associations 
between the identified FIBs and several cardiometabolic risk parameters and composite risk scores. 

Experimental Section 

Study population 

The Nutrition Questionnaires plus (NQplus) study is a prospective cohort study of 2048 Dutch men 
and women (20 to 70 years) with the aim to gather extensive data on participant demographics, 
anthropometrics, lifestyle, medical history, and cardiometabolic health outcomes (17, 18). Blood and urine 
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samples were also collected. Participants were recruited between June 2011 and February 2013. All 
measurements were performed according to a standardized protocol by trained research personnel. The study 
was approved by the ethical committee of Wageningen University and Research (protocol number 
NL34775.081.10) and conducted in agreement with the Declaration of Helsinki. Written informed consent was 
obtained from all participants prior to the start of the study. 

Metabolomics analyses were performed on a sub-cohort of NQplus participants (n = 531; n = 485 with 
plasma samples and n = 492 with urine samples) (herein referred to as the “metabolomics subcohort”). These 
participants were initially selected based on having a biosample collected within 14 days of completing either 
a FFQ or a 24-h recall. For the current analysis, the FFQ was preferred over the 24-h recalls, since it reflects 
more precisely the intake on any given day and is less sensitive to fluctuations in daily intake. Thus, for the 
selection of the most discriminant metabolites for identification, we focused the analyses on n = 246 unique 
participants who had a biosample collected within 14 days of completing a FFQ (n = 228 with plasma samples, 
and n = 216 with urine samples) (herein referred to as the “identification subcohort”). This criterion ensured 
that biosample collection occurred within the FFQ reference period of one month, which allowed a comparison 
between the identified FIBs with estimated habitual dietary intake. To explore the stability of the FIBs with 
increasing time between biosample collection and FFQ completion, additional correlation analyses were 
conducted among participants with biosample collection within ±30 days (n = 273), ±90 days (n = 354), and 
±180 days (n = 501) of completing the FFQ, as well as within all 531 participants in the metabolomics 
subcohort. 

Food frequency questionnaire and levels of fermented food intake 

A detailed description of the validated, self-administered, semi-quantitative 216-item FFQ used to 
assess habitual dietary intake has been reported previously (17, 18). Briefly, participants completed the FFQ 
online and answered questions relating to frequency by selecting one of ten frequency categories ranging from 
‘never’ to ‘6–7 days per week’ (19). Portion sizes were estimated using commonly used household measures. 
Total food intake (in g/d) was determined by multiplying consumption frequency by portion size as defined in 
the Dutch food composition tables (2011) (20). Trained research dieticians conducted several quality checks 
to ensure the quality of the FFQ assessments. A total of 39 food items were classified as fermented, using 
criteria described previously (21) (Table S1). Most of the fermented foods and food groups in the FFQ have 
already been judged to have a good agreement with the intakes reported in 24-h recalls (21). Only fermented 
foods and food groups that achieved ‘adequate’ to ‘good’ agreement in the validation study (21) (which is 
important for determining the reliability of self-reported intakes) and were consumed by at least a third of the 
population (which is important for the detection of potential FIBs in biosamples and selection of the most 
relevant FIBs) were included in the current analyses. The fermented foods and food groups included were: 
fermented beverages (coffee, beer, and wine), fermented cereals/grains (white bread, wholegrain bread), 
fermented dairy (cheese, yoghurt), and cocoa. 

To facilitate the selection of FIBs that reflect the absolute dry weight of the different fermented foods 
considered within the fermented food groups (beverages, cereals/grains, cocoa-based products, and dairy), we 
further calculated the g dry matter/day intakes for each fermented food by subtracting the water weight of each 
food (in g/day) from the total intake (in g/day) (water weight determined from the Dutch food composition 
tables). Subsequently, energy-adjustment was performed on all individual fermented foods as well as 
fermented food groups using the commonly used residual method (22). All energy-adjusted fermented food 
intakes (in g/day and g dry matter/day) were then divided into tertiles representing the low (T1), mid (T2), and 
high (T3) levels of intake.  

 

 

 

Cardiometabolic health parameters 

A total of ten cardiometabolic health parameters collected at baseline were included in the current 
analysis. Details on these cardiometabolic health parameters have been described previously (18). Height was 
determined using a stadiometer (SECA, Germany, nearest 0.1 cm) and weight was determined using a digital 
weighing scale (SECA, nearest 0.1 kg). BMI was calculated by dividing weight (in kg) by height (in m2). Waist 
circumference was measured twice using a non-flexible measuring tape (SECA 201, nearest 0.5 cm) and 
averaged. Enzymatic methods (23) were applied to assess fasting plasma glucose, total cholesterol, HDL-
cholesterol, and serum triglycerides using Dimension Vista 1500 automated analyser (Siemens, Erlangen, 
Germany) or Roche Modular P800 chemistry analyser (Roche Diagnostics, Indianapolis, USA). Plasma LDL-
cholesterol was calculated with the Friedewald equation (24). Haemoglobin A1c (HbA1c) concentrations in 
whole blood was determined with HPLC measurement technology using an ADAMS A1c HA-8160 analyser 
(A. Menarini Diagnostics). Systolic and diastolic blood pressure was measured up to six times using a digital 
blood pressure monitor (IntelliSense HEM-907, Omron Healthcare, USA); the first measurement was 
discarded and remaining measurements were averaged. Participants were classified as having hypertension, 
suboptimal cholesterol, or type II diabetes based on the cut-offs and definitions described in relevant guidelines 
of the European Society of Cardiology/European Atherosclerosis Society (ESC/EAS) (25-27) and having 
metabolic syndrome based on the harmonized guidelines of the International Diabetes Federation (IDF) et al. 
(28). 

Two composite risk scores were also determined (29). This consisted of a continuous metabolic 
syndrome (MetS) score determined based on summed age- and sex-adjusted standardized residuals (z-scores) 
of all individual MetS parameters as risk factors (30-32). Secondly, the 10-year risk of fatal cardiovascular 
disease was evaluated using the European Systematic COronary Risk Evaluation (SCORE) (low-risk country 
chart) (33, 34). For the calculation of SCORE, a ‘smoker’ was defined as current smokers and former smokers 
who quit >35 years old, and a ‘non-smoker’ as never smokers and former smokers who quit <35 years old 
(35). 

Covariates 

All covariate data relevant to the current work (age, sex, education level, smoking status, physical 
activity, alcohol consumption, and dietary intake) were collected via questionnaires (18). Participants with no 
education or primary or lower vocational education as their highest completed education were classified as 
having a ‘low’ education level, participants who completed lower secondary or intermediate vocational 
education were classified as having an ‘intermediate’ education level, and participants who completed higher 
secondary education, higher vocational education or university were classified as having a ‘high’ education 
level. The definition of a ‘smoker’ and ‘non-smoker’ are as outlined above. Information on the participants’ 
usual physical activity over the past four weeks was obtained using the validated Activity Questionnaire for 
Adults and Adolescents (AQuAA), which provides a the time spent on sedentary, light, moderate and vigorous 
intensity activities in minutes per week (36). Intake levels of alcohol and different foods were by assessed by 
a FFQ, as described above. Covariate selection of dietary variables was based on the current scientific literature 
and statistical testing (described further in the statistical analysis). 

LC-MS metabolomics analysis 

Ethylenediaminetetraacetic acid (EDTA) plasma and 24-h urine samples collected for NQplus were 
used for metabolomics analyses. All samples were thawed on ice and kept at 4°C during analysis. Prior to LC-
MS analysis, phospholipids were removed from plasma samples to limit ion suppression using the Phree filter 
(Phenomenex Inc., Torrance, CA). Urine samples were normalized based on the specific gravity as determined 
by the refractive index (refractometer RE40, Mettler Toledo, Switzerland), as described previously (37, 38). 
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selection of the most discriminant metabolites for identification, we focused the analyses on n = 246 unique 
participants who had a biosample collected within 14 days of completing a FFQ (n = 228 with plasma samples, 
and n = 216 with urine samples) (herein referred to as the “identification subcohort”). This criterion ensured 
that biosample collection occurred within the FFQ reference period of one month, which allowed a comparison 
between the identified FIBs with estimated habitual dietary intake. To explore the stability of the FIBs with 
increasing time between biosample collection and FFQ completion, additional correlation analyses were 
conducted among participants with biosample collection within ±30 days (n = 273), ±90 days (n = 354), and 
±180 days (n = 501) of completing the FFQ, as well as within all 531 participants in the metabolomics 
subcohort. 

Food frequency questionnaire and levels of fermented food intake 

A detailed description of the validated, self-administered, semi-quantitative 216-item FFQ used to 
assess habitual dietary intake has been reported previously (17, 18). Briefly, participants completed the FFQ 
online and answered questions relating to frequency by selecting one of ten frequency categories ranging from 
‘never’ to ‘6–7 days per week’ (19). Portion sizes were estimated using commonly used household measures. 
Total food intake (in g/d) was determined by multiplying consumption frequency by portion size as defined in 
the Dutch food composition tables (2011) (20). Trained research dieticians conducted several quality checks 
to ensure the quality of the FFQ assessments. A total of 39 food items were classified as fermented, using 
criteria described previously (21) (Table S1). Most of the fermented foods and food groups in the FFQ have 
already been judged to have a good agreement with the intakes reported in 24-h recalls (21). Only fermented 
foods and food groups that achieved ‘adequate’ to ‘good’ agreement in the validation study (21) (which is 
important for determining the reliability of self-reported intakes) and were consumed by at least a third of the 
population (which is important for the detection of potential FIBs in biosamples and selection of the most 
relevant FIBs) were included in the current analyses. The fermented foods and food groups included were: 
fermented beverages (coffee, beer, and wine), fermented cereals/grains (white bread, wholegrain bread), 
fermented dairy (cheese, yoghurt), and cocoa. 

To facilitate the selection of FIBs that reflect the absolute dry weight of the different fermented foods 
considered within the fermented food groups (beverages, cereals/grains, cocoa-based products, and dairy), we 
further calculated the g dry matter/day intakes for each fermented food by subtracting the water weight of each 
food (in g/day) from the total intake (in g/day) (water weight determined from the Dutch food composition 
tables). Subsequently, energy-adjustment was performed on all individual fermented foods as well as 
fermented food groups using the commonly used residual method (22). All energy-adjusted fermented food 
intakes (in g/day and g dry matter/day) were then divided into tertiles representing the low (T1), mid (T2), and 
high (T3) levels of intake.  

 

 

 

Cardiometabolic health parameters 

A total of ten cardiometabolic health parameters collected at baseline were included in the current 
analysis. Details on these cardiometabolic health parameters have been described previously (18). Height was 
determined using a stadiometer (SECA, Germany, nearest 0.1 cm) and weight was determined using a digital 
weighing scale (SECA, nearest 0.1 kg). BMI was calculated by dividing weight (in kg) by height (in m2). Waist 
circumference was measured twice using a non-flexible measuring tape (SECA 201, nearest 0.5 cm) and 
averaged. Enzymatic methods (23) were applied to assess fasting plasma glucose, total cholesterol, HDL-
cholesterol, and serum triglycerides using Dimension Vista 1500 automated analyser (Siemens, Erlangen, 
Germany) or Roche Modular P800 chemistry analyser (Roche Diagnostics, Indianapolis, USA). Plasma LDL-
cholesterol was calculated with the Friedewald equation (24). Haemoglobin A1c (HbA1c) concentrations in 
whole blood was determined with HPLC measurement technology using an ADAMS A1c HA-8160 analyser 
(A. Menarini Diagnostics). Systolic and diastolic blood pressure was measured up to six times using a digital 
blood pressure monitor (IntelliSense HEM-907, Omron Healthcare, USA); the first measurement was 
discarded and remaining measurements were averaged. Participants were classified as having hypertension, 
suboptimal cholesterol, or type II diabetes based on the cut-offs and definitions described in relevant guidelines 
of the European Society of Cardiology/European Atherosclerosis Society (ESC/EAS) (25-27) and having 
metabolic syndrome based on the harmonized guidelines of the International Diabetes Federation (IDF) et al. 
(28). 

Two composite risk scores were also determined (29). This consisted of a continuous metabolic 
syndrome (MetS) score determined based on summed age- and sex-adjusted standardized residuals (z-scores) 
of all individual MetS parameters as risk factors (30-32). Secondly, the 10-year risk of fatal cardiovascular 
disease was evaluated using the European Systematic COronary Risk Evaluation (SCORE) (low-risk country 
chart) (33, 34). For the calculation of SCORE, a ‘smoker’ was defined as current smokers and former smokers 
who quit >35 years old, and a ‘non-smoker’ as never smokers and former smokers who quit <35 years old 
(35). 

Covariates 

All covariate data relevant to the current work (age, sex, education level, smoking status, physical 
activity, alcohol consumption, and dietary intake) were collected via questionnaires (18). Participants with no 
education or primary or lower vocational education as their highest completed education were classified as 
having a ‘low’ education level, participants who completed lower secondary or intermediate vocational 
education were classified as having an ‘intermediate’ education level, and participants who completed higher 
secondary education, higher vocational education or university were classified as having a ‘high’ education 
level. The definition of a ‘smoker’ and ‘non-smoker’ are as outlined above. Information on the participants’ 
usual physical activity over the past four weeks was obtained using the validated Activity Questionnaire for 
Adults and Adolescents (AQuAA), which provides a the time spent on sedentary, light, moderate and vigorous 
intensity activities in minutes per week (36). Intake levels of alcohol and different foods were by assessed by 
a FFQ, as described above. Covariate selection of dietary variables was based on the current scientific literature 
and statistical testing (described further in the statistical analysis). 

LC-MS metabolomics analysis 

Ethylenediaminetetraacetic acid (EDTA) plasma and 24-h urine samples collected for NQplus were 
used for metabolomics analyses. All samples were thawed on ice and kept at 4°C during analysis. Prior to LC-
MS analysis, phospholipids were removed from plasma samples to limit ion suppression using the Phree filter 
(Phenomenex Inc., Torrance, CA). Urine samples were normalized based on the specific gravity as determined 
by the refractive index (refractometer RE40, Mettler Toledo, Switzerland), as described previously (37, 38). 
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LC-MS metabolomics analysis was performed using the UltiMate 3000 RS UPLC system (Thermo Fisher 
Scientific, Waltham, MA) with a Waters Acquity UPLC HSS T3 column (length 150 mm, diameter 2.1 mm, 
particle size 1.8 µm), coupled with the maXis 4G+ quadrupole time-of-flight mass spectrometer (Bruker 
Daltonik GmbH, Bremen, Germany). A gradient was run from 5% to 95% of mobile phase A within 15 min 
at 0.4 mL/min. Mobile phase A consisted of Milli-Q water with 0.1% formic acid and mobile phase B consisted 
of acetonitrile with 0.1% formic acid. The column was heated to 35°C with a post-column cooler set to 25°C. 
The resulting system pressure was ~600 bar, dependent on the actual composition of the mobile phase at the 
specific time. The mass spectrometer electrospray interface was operated in positive ion mode and spectra 
were recorded from 75 to 1500 m/z. Collision-induced dissociation was performed using energies from 20 to 
70 eV. 5 uL of filtered plasma or normalized urine from each sample were injected once in a randomised 
sequence. Quality control (QC) pools were prepared from plasma or urine samples by mixing all samples of 
each sample type at equal volume. QC samples were injected at five sample intervals for signal drift correction. 
Blanks (consisting of ultrafiltered LC-MS-grade water) were also injected at the beginning and end of each 
batch for detection of contaminants.  

Progenesis QI (v.2.3.6198.24128, NonLinear Dynamics Ltd., Newcastle upon Tyne, United Kingdom) 
was used for retention time correction, peak-picking, deconvolution, adducts annotation, and normalization 
(default automatic sensitivity and without minimum peak width). The intensity and the detection limit of the 
candidate FIBs was also performed by Progenesis QI with the “default” setting. All solvents and reagents for 
metabolomics analysis were purchased from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland). 

GC-MS metabolomics analysis 

Plasma and urine samples were prepared for GC-MS analysis as described previously for serum (39) 
and urine (40). Specifically, for each 100 µL plasma sample, 50 µL of an internal standard solution (labelled 
D-sucrose, 13C12, 98%, Cambridge Isotope Laboratories, Inc., Cambridge, UK, c ≈ 0.16 mg/mL in water) 
was added, followed by precipitation with 300 µL cold methanol, centrifugation, transfer of supernatant (370 
µL), and drying using a vacuum centrifuge. Urine samples were normalized prior to analysis using the 
refractive index methods described above for the LC-MS analysis. For each 100 µL urine sample, 50 µL of an 
internal standard solution (labelled D-sucrose) was added and dried using a vacuum centrifuge. The plasma 
and urine samples further underwent a two-step derivatization (methoximation with O-Methylhydroxylamine 
hydrochloride followed by silylation with N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)) and were 
subjected to analysis by a GC-MS 7890B/MS5977A (Agilent Technologies, Santa Clara, CA, U.S.) with a 
CombiPAL autosampler (CTC-Analytics AG, Zwingen, Switzerland) and a DB-5 ms fused silica capillary 
column (60 m, 0.25 mm i.d., 0.25 μm film thickness, Agilent Technologies, Basel, Switzerland). The samples 
were injected using a multimode injector according to the following temperature program: initially 90°C, 
heating rate 900°C/min until 280°C, held for 5 min and cooled at rate of -30°C/min, and maintained at 250°C. 
The oven program was as follows: initial temperature 70°C for 2 min, increase up to 160°C at a rate of 5°C/min, 
increase to 300°C at a rate of 10°C/min, which was held for 36 min, equilibration time 1 min. MS detection 
mass ranged from 28.5 to 600 Da, MS source temperature was 230°C, and MS Quad temperature was 150°C. 
Electron ionisation was performed with 70 eV. Each batch was initiated by three injections of QC samples for 
equilibration and after every 5th plasma sample a fresh QC was injected. At start and end of each batch, a blank 
sample (milliQ water) was included. QC samples and blank samples underwent the same sample preparation 
as plasma samples. 

Agilent data files acquired from GC-MS analysis were deconvoluted and converted into CEF files 
using Agilent MasshunterProfinder (Agilent Technologies, Santa Clara, U.S.). Data files were further 
processed in Agilent Mass Profiler Professional (Agilent Technologies, Santa Clara, U.S.) to perform 
alignment and compound identification. In the resulting list containing the deconvoluted features, features with 

 

retention time before 10 min were removed (reagents region). All markers selected based on deconvoluted 
data were further evaluated using a targeted approach in order to optimize integration. Using RI, quantifier and 
qualifier ion retrieved from deconvoluted data, the suggested markers were analyzed in MassHunter 
Quantitative Analysis (Agilent Technologies, Santa Clara, U.S.). The peak integration was checked in each 
sample individually. Responses from the quantifier ion of marker compounds were normalized with the 
response of the quantifier ion of internal standard (labelled D-sucrose (ion 220)). 

Metabolomics data pre-processing 

The dataset was corrected to account for signal drift, and reduced via multiple filtering steps to remove 
features (metabolites) with poor repeatability and potential contaminants (Figure 1). Principal component 
analyses (PCAs) of the QCs for both LC-MS and GC-MS present the relative stability of the analysis (Figure 
S1). For LC-MS, the QC-based robust locally estimated scatterplot smoothing signal correction method was 
applied for signal drift correction (41) using R (v.3.6.3) (42). Features resulting from LC-MS analysis were 
removed if they had poor repeatability (defined as those detected in less than one third of samples), a relative 
standard deviation > 30 % in the QC samples, and a median in the QC samples that was < 3 times higher than 
the median calculated for the blanks. For GC-MS, features detected in less than one third of samples were 
removed (features that had high levels in blanks or originated from the GC column were removed after 
identification to ensure all features captured during automatic detection are retained and further inspected for 
relevance). Exploratory analyses were performed and metabolomics sample outliers, defined as observations 
clearly falling outside Hotelling’s T2 tolerance eclipse (95% confidence interval) in the PCA score plot, were 
identified and excluded (n = 23 LC-MS plasma, n = 3 LC-MS urine, and n = 4 GC-MS plasma, n = 3 GC-MS 
urine) (Figure S2). 

 
Figure 1. GC-MS and LC-MS metabolomics workflow for feature filtration, and outlier removal. 
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LC-MS metabolomics analysis was performed using the UltiMate 3000 RS UPLC system (Thermo Fisher 
Scientific, Waltham, MA) with a Waters Acquity UPLC HSS T3 column (length 150 mm, diameter 2.1 mm, 
particle size 1.8 µm), coupled with the maXis 4G+ quadrupole time-of-flight mass spectrometer (Bruker 
Daltonik GmbH, Bremen, Germany). A gradient was run from 5% to 95% of mobile phase A within 15 min 
at 0.4 mL/min. Mobile phase A consisted of Milli-Q water with 0.1% formic acid and mobile phase B consisted 
of acetonitrile with 0.1% formic acid. The column was heated to 35°C with a post-column cooler set to 25°C. 
The resulting system pressure was ~600 bar, dependent on the actual composition of the mobile phase at the 
specific time. The mass spectrometer electrospray interface was operated in positive ion mode and spectra 
were recorded from 75 to 1500 m/z. Collision-induced dissociation was performed using energies from 20 to 
70 eV. 5 uL of filtered plasma or normalized urine from each sample were injected once in a randomised 
sequence. Quality control (QC) pools were prepared from plasma or urine samples by mixing all samples of 
each sample type at equal volume. QC samples were injected at five sample intervals for signal drift correction. 
Blanks (consisting of ultrafiltered LC-MS-grade water) were also injected at the beginning and end of each 
batch for detection of contaminants.  

Progenesis QI (v.2.3.6198.24128, NonLinear Dynamics Ltd., Newcastle upon Tyne, United Kingdom) 
was used for retention time correction, peak-picking, deconvolution, adducts annotation, and normalization 
(default automatic sensitivity and without minimum peak width). The intensity and the detection limit of the 
candidate FIBs was also performed by Progenesis QI with the “default” setting. All solvents and reagents for 
metabolomics analysis were purchased from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland). 

GC-MS metabolomics analysis 

Plasma and urine samples were prepared for GC-MS analysis as described previously for serum (39) 
and urine (40). Specifically, for each 100 µL plasma sample, 50 µL of an internal standard solution (labelled 
D-sucrose, 13C12, 98%, Cambridge Isotope Laboratories, Inc., Cambridge, UK, c ≈ 0.16 mg/mL in water) 
was added, followed by precipitation with 300 µL cold methanol, centrifugation, transfer of supernatant (370 
µL), and drying using a vacuum centrifuge. Urine samples were normalized prior to analysis using the 
refractive index methods described above for the LC-MS analysis. For each 100 µL urine sample, 50 µL of an 
internal standard solution (labelled D-sucrose) was added and dried using a vacuum centrifuge. The plasma 
and urine samples further underwent a two-step derivatization (methoximation with O-Methylhydroxylamine 
hydrochloride followed by silylation with N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)) and were 
subjected to analysis by a GC-MS 7890B/MS5977A (Agilent Technologies, Santa Clara, CA, U.S.) with a 
CombiPAL autosampler (CTC-Analytics AG, Zwingen, Switzerland) and a DB-5 ms fused silica capillary 
column (60 m, 0.25 mm i.d., 0.25 μm film thickness, Agilent Technologies, Basel, Switzerland). The samples 
were injected using a multimode injector according to the following temperature program: initially 90°C, 
heating rate 900°C/min until 280°C, held for 5 min and cooled at rate of -30°C/min, and maintained at 250°C. 
The oven program was as follows: initial temperature 70°C for 2 min, increase up to 160°C at a rate of 5°C/min, 
increase to 300°C at a rate of 10°C/min, which was held for 36 min, equilibration time 1 min. MS detection 
mass ranged from 28.5 to 600 Da, MS source temperature was 230°C, and MS Quad temperature was 150°C. 
Electron ionisation was performed with 70 eV. Each batch was initiated by three injections of QC samples for 
equilibration and after every 5th plasma sample a fresh QC was injected. At start and end of each batch, a blank 
sample (milliQ water) was included. QC samples and blank samples underwent the same sample preparation 
as plasma samples. 

Agilent data files acquired from GC-MS analysis were deconvoluted and converted into CEF files 
using Agilent MasshunterProfinder (Agilent Technologies, Santa Clara, U.S.). Data files were further 
processed in Agilent Mass Profiler Professional (Agilent Technologies, Santa Clara, U.S.) to perform 
alignment and compound identification. In the resulting list containing the deconvoluted features, features with 

 

retention time before 10 min were removed (reagents region). All markers selected based on deconvoluted 
data were further evaluated using a targeted approach in order to optimize integration. Using RI, quantifier and 
qualifier ion retrieved from deconvoluted data, the suggested markers were analyzed in MassHunter 
Quantitative Analysis (Agilent Technologies, Santa Clara, U.S.). The peak integration was checked in each 
sample individually. Responses from the quantifier ion of marker compounds were normalized with the 
response of the quantifier ion of internal standard (labelled D-sucrose (ion 220)). 

Metabolomics data pre-processing 

The dataset was corrected to account for signal drift, and reduced via multiple filtering steps to remove 
features (metabolites) with poor repeatability and potential contaminants (Figure 1). Principal component 
analyses (PCAs) of the QCs for both LC-MS and GC-MS present the relative stability of the analysis (Figure 
S1). For LC-MS, the QC-based robust locally estimated scatterplot smoothing signal correction method was 
applied for signal drift correction (41) using R (v.3.6.3) (42). Features resulting from LC-MS analysis were 
removed if they had poor repeatability (defined as those detected in less than one third of samples), a relative 
standard deviation > 30 % in the QC samples, and a median in the QC samples that was < 3 times higher than 
the median calculated for the blanks. For GC-MS, features detected in less than one third of samples were 
removed (features that had high levels in blanks or originated from the GC column were removed after 
identification to ensure all features captured during automatic detection are retained and further inspected for 
relevance). Exploratory analyses were performed and metabolomics sample outliers, defined as observations 
clearly falling outside Hotelling’s T2 tolerance eclipse (95% confidence interval) in the PCA score plot, were 
identified and excluded (n = 23 LC-MS plasma, n = 3 LC-MS urine, and n = 4 GC-MS plasma, n = 3 GC-MS 
urine) (Figure S2). 

 
Figure 1. GC-MS and LC-MS metabolomics workflow for feature filtration, and outlier removal. 
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Selection of discriminant metabolites by univariate and multivariate statistics 

We performed several complementary univariate and multivariate statistical tests to select and confirm 
the most consistent signals to proceed with metabolite identification (43). Differences in levels of metabolites 
by tertiles of intake for fermented foods and food groups (T1, T2, T3) were assessed by a Kruskal-Wallis test 
followed by a post-hoc Conover-Iman pairwise comparison test. An additional step was conducted to select 
metabolites with higher median levels in higher tertiles compared to lower tertiles (i.e., median of T3 > T1, T3 
> T2, and T2 > T1). To determine the strength and direction of the associations between fermented food intakes 
and metabolites, non-parametric Spearman’s rank correlation coefficients (rs) were calculated; significant 
correlations with rs > 0.20 were selected for further analysis. For all univariate statistical tests, p-values were 
adjusted for false discovery rate (FDR) using the method of Benjamini and Hochberg (44), and FDR-adjusted 
p ≤ 0.05 was set as the significance threshold.  

Two multivariate tests were also conducted to further unveil and confirm metabolites that discriminate 
between tertiles of fermented food intake. Partial least-square discriminant analysis (PLS-DA) was performed 
to identify metabolites that differentiate the lowest and highest tertiles of intake for each fermented food or 
food group (SIMCA-P software v.14.0; Umetrics). The dataset was scaled using the unit variance (UV) 
method. The quality and validity of the models were evaluated by the goodness-of-fit parameter (R2Y > 0.5), 
the predictive ability parameter (Q2 > 0.2), and permutation tests with 999 random permutations to exclude 
any random separation of the sample groups (45). Finally, the most discriminant metabolites from these models 
were selected based on variable importance in projection (VIP) scores (VIP >1 as a cutoff value). Secondly, 
we used random forests to model these data and further select the most discriminant metabolites between T1, 
T2, and T3 of fermented food or food group intake, using the randomForest package (46). The dataset was 
split into training (0.75) and test (0.25) datasets. For tuning the random forest, the number of trees ranged from 
500 to 800 and the node sizes range from 1 to 10. The “mtry” parameter was set to x (0.01, 0.05, 0.15, 0.25, 
0.333, and 0.4), where x is the number of features considered for the model. We then implemented a full 
Cartesian grid-search across the considered tuning parameters to choose the best model using the out-of-bag 
estimates generated from the random forest model. The results and variable importance from this step were 
further subjected to permutation testing using the ‘altmann’ method (n = 500) (47) applied in the ranger 
package (48). For discriminant metabolites selected by multivariate analysis, the Wilcoxon test (for two 
comparisons) or Kruskal-Wallis test followed by a post-hoc Conover-Iman pairwise comparison test (for 3 
comparisons) was also conducted (non-FDR adjusted p ≤ 0.05) as a separate validation test of the metabolites 
selected from these models.  

Given the large number of significant metabolites revealed across complementary univariate and 
multivariate tests, those significant in at least two of the four statistical tests were prioritized and selected for 
identification. For urinary metabolites measured by LC-MS, a large number of metabolites remained 
significant; thus, an additional criterion of Spearman’s FDR p-value ≤ 1x10-10 had to be applied to select a 
number of metabolites that could feasibly be identified. A summary of the significant metabolites across all of 
the statistical tests (and priortitized for identification) are provided in Table S2. Aside from PLS-DA, all 
analyses were performed in R (v.3.6.3) (42). 

Metabolite identification 

For LC-MS, the Human Metabolome Database (49), the MassBank of North America (50), and the 
National Institute of Standards and Technology database (NIST v14), and METLIN (51) were used to screen 
the identity of metabolites with a 10 ppm mass accuracy threshold. Identity suggestions from databases were 
then screened based on the chemical and biological relevance of each suggested metabolite identification (as 
provided on HMDB, and/or through a search of the compound name on PubMed and Google) and confirmed 
by MS fragmentation data (where available). Pure analytical standards were then purchased for the tentatively 

 

identified and most biologically plausible compounds, and injected at two concentrations in sample QCs and 
in solvent. For GC-MS, the Golm Metabolome Database (52) and NIST v17 were used to screen the identity 
of compounds, and an internal database of internal standards was used to confirm the metabolite identification. 
In the case that stereoisomeric forms of selected discriminating features were identified, the peak with higher 
response was further evaluated. The list of standards suppliers is provided in Table S3. For both LC-MS and 
GC-MS, the level of identification of each discriminant metabolite is defined according to the Metabolomics 
Standards Initiative (MSI) recommendations (53), as follows: Level 1, compounds identified by comparison 
to a pure reference standard based on spectral data (LC: molecular weight with a 10-ppm accuracy threshold, 
fragmentation pattern when available, isotopic distribution, and retention time with 10% accuracy threshold;  
GC: based on spectral data and retention indices (RI) with 5% accuracy threshold and 10% for very large 
peaks); Level 2, based on spectral data but without chemical standards (GC: library match factor >80%); Level 
3, putatively characterized compound classes, and; Level 4, unknown compound. Details of the identification 
features of metabolites analyzed from GC-MS (37 plasma and 75 urinary metabolites) and LC-MS (13 plasma 
and 89 urinary metabolites) and are presented in Tables S4 and S5, respectively. The metabolites corresponded 
to the intakes of total fermented beverages (112 metabolites), wine (89 metabolites), coffee (72 metabolites), 
beer (17 metabolites), white bread (9 metabolites), total fermented cereals/grains (1 metabolite), total 
fermented dairy (1 metabolite), cheese (1 metabolite), and cocoa (1 metabolite) (none for wholegrain bread or 
yoghurt). 

Associations between identified metabolites and cardiometabolic risk parameters 

Participant characteristics are reported as number (percentages), mean (standard deviation) for 
normally distributed variables, or medians (interquartile range) for skewed variables. Multivariable adjusted 
linear regression and restricted cubic spline regression were used to evaluate the associations between the 
identified metabolites and CMD risk factors. The assumption of linear relationships between exposure and 
outcome variables were tested using likelihood ratio tests of model deviance and Wald tests of spline 
coefficients. If tests were statistically significant, these associations were visually inspected to confirm the 
presence of a true non-linear relationship and not due to artificial curves driven by outliers. All tests for non-
linearity of the restricted cubic splines revealed that the dose-response association of metabolites and CMD 
risk parameters could be considered linear. Thus, only linear regressions are presented in the results. CMD risk 
parameters acting as dependent variables that were not normally distributed were log transformed, which 
included: BMI, plasma HbA1c, plasma glucose, serum triglycerides, and SCORE. All variables were 
normalized by z-scores prior to analysis to allow comparability across associations. Analyses were performed 
unadjusted (Model 0), adjusted for age (years) and sex (male, female) (Model 1) + physical activity 
(minutes/week), smoking (smoker/non-smoker), and education level (high, intermediate, low) (Model 2) + 
dietary factors (g/day) (Model 3). For associations with continuous MetS, which already takes into account 
age and sex, analyses were performed unadjusted (Model 0) and fully-adjusted for smoking, physical activity, 
education, and dietary factors (Model 3). For associations with SCORE, which already takes into account age, 
sex, and smoking status, analyses were performed unadjusted (Model 0) and fully-adjusted for physical 
activity, education, and dietary factors (Model 3). Dietary factors included in the fully-adjusted models 
included those indicated in the literature to be important for CMD risk in addition to those significantly 
correlated with the identified metabolites, and included vegetables, fruits, alcohol, meat, and 
confectionary/desserts. All analyses were performed in R (Version 3.6.3) (54). Visualizations of the 
associations using circular plots were performed using the ggplot2 R package (55) using a script adapted from 
Ladroue (56). For all models, the level of significance was set at p ≤ 0.05. To account for multiple comparisons, 
FDR-adjusted p-values are also presented. 
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Selection of discriminant metabolites by univariate and multivariate statistics 

We performed several complementary univariate and multivariate statistical tests to select and confirm 
the most consistent signals to proceed with metabolite identification (43). Differences in levels of metabolites 
by tertiles of intake for fermented foods and food groups (T1, T2, T3) were assessed by a Kruskal-Wallis test 
followed by a post-hoc Conover-Iman pairwise comparison test. An additional step was conducted to select 
metabolites with higher median levels in higher tertiles compared to lower tertiles (i.e., median of T3 > T1, T3 
> T2, and T2 > T1). To determine the strength and direction of the associations between fermented food intakes 
and metabolites, non-parametric Spearman’s rank correlation coefficients (rs) were calculated; significant 
correlations with rs > 0.20 were selected for further analysis. For all univariate statistical tests, p-values were 
adjusted for false discovery rate (FDR) using the method of Benjamini and Hochberg (44), and FDR-adjusted 
p ≤ 0.05 was set as the significance threshold.  

Two multivariate tests were also conducted to further unveil and confirm metabolites that discriminate 
between tertiles of fermented food intake. Partial least-square discriminant analysis (PLS-DA) was performed 
to identify metabolites that differentiate the lowest and highest tertiles of intake for each fermented food or 
food group (SIMCA-P software v.14.0; Umetrics). The dataset was scaled using the unit variance (UV) 
method. The quality and validity of the models were evaluated by the goodness-of-fit parameter (R2Y > 0.5), 
the predictive ability parameter (Q2 > 0.2), and permutation tests with 999 random permutations to exclude 
any random separation of the sample groups (45). Finally, the most discriminant metabolites from these models 
were selected based on variable importance in projection (VIP) scores (VIP >1 as a cutoff value). Secondly, 
we used random forests to model these data and further select the most discriminant metabolites between T1, 
T2, and T3 of fermented food or food group intake, using the randomForest package (46). The dataset was 
split into training (0.75) and test (0.25) datasets. For tuning the random forest, the number of trees ranged from 
500 to 800 and the node sizes range from 1 to 10. The “mtry” parameter was set to x (0.01, 0.05, 0.15, 0.25, 
0.333, and 0.4), where x is the number of features considered for the model. We then implemented a full 
Cartesian grid-search across the considered tuning parameters to choose the best model using the out-of-bag 
estimates generated from the random forest model. The results and variable importance from this step were 
further subjected to permutation testing using the ‘altmann’ method (n = 500) (47) applied in the ranger 
package (48). For discriminant metabolites selected by multivariate analysis, the Wilcoxon test (for two 
comparisons) or Kruskal-Wallis test followed by a post-hoc Conover-Iman pairwise comparison test (for 3 
comparisons) was also conducted (non-FDR adjusted p ≤ 0.05) as a separate validation test of the metabolites 
selected from these models.  

Given the large number of significant metabolites revealed across complementary univariate and 
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significant; thus, an additional criterion of Spearman’s FDR p-value ≤ 1x10-10 had to be applied to select a 
number of metabolites that could feasibly be identified. A summary of the significant metabolites across all of 
the statistical tests (and priortitized for identification) are provided in Table S2. Aside from PLS-DA, all 
analyses were performed in R (v.3.6.3) (42). 

Metabolite identification 
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National Institute of Standards and Technology database (NIST v14), and METLIN (51) were used to screen 
the identity of metabolites with a 10 ppm mass accuracy threshold. Identity suggestions from databases were 
then screened based on the chemical and biological relevance of each suggested metabolite identification (as 
provided on HMDB, and/or through a search of the compound name on PubMed and Google) and confirmed 
by MS fragmentation data (where available). Pure analytical standards were then purchased for the tentatively 

 

identified and most biologically plausible compounds, and injected at two concentrations in sample QCs and 
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peaks); Level 2, based on spectral data but without chemical standards (GC: library match factor >80%); Level 
3, putatively characterized compound classes, and; Level 4, unknown compound. Details of the identification 
features of metabolites analyzed from GC-MS (37 plasma and 75 urinary metabolites) and LC-MS (13 plasma 
and 89 urinary metabolites) and are presented in Tables S4 and S5, respectively. The metabolites corresponded 
to the intakes of total fermented beverages (112 metabolites), wine (89 metabolites), coffee (72 metabolites), 
beer (17 metabolites), white bread (9 metabolites), total fermented cereals/grains (1 metabolite), total 
fermented dairy (1 metabolite), cheese (1 metabolite), and cocoa (1 metabolite) (none for wholegrain bread or 
yoghurt). 

Associations between identified metabolites and cardiometabolic risk parameters 

Participant characteristics are reported as number (percentages), mean (standard deviation) for 
normally distributed variables, or medians (interquartile range) for skewed variables. Multivariable adjusted 
linear regression and restricted cubic spline regression were used to evaluate the associations between the 
identified metabolites and CMD risk factors. The assumption of linear relationships between exposure and 
outcome variables were tested using likelihood ratio tests of model deviance and Wald tests of spline 
coefficients. If tests were statistically significant, these associations were visually inspected to confirm the 
presence of a true non-linear relationship and not due to artificial curves driven by outliers. All tests for non-
linearity of the restricted cubic splines revealed that the dose-response association of metabolites and CMD 
risk parameters could be considered linear. Thus, only linear regressions are presented in the results. CMD risk 
parameters acting as dependent variables that were not normally distributed were log transformed, which 
included: BMI, plasma HbA1c, plasma glucose, serum triglycerides, and SCORE. All variables were 
normalized by z-scores prior to analysis to allow comparability across associations. Analyses were performed 
unadjusted (Model 0), adjusted for age (years) and sex (male, female) (Model 1) + physical activity 
(minutes/week), smoking (smoker/non-smoker), and education level (high, intermediate, low) (Model 2) + 
dietary factors (g/day) (Model 3). For associations with continuous MetS, which already takes into account 
age and sex, analyses were performed unadjusted (Model 0) and fully-adjusted for smoking, physical activity, 
education, and dietary factors (Model 3). For associations with SCORE, which already takes into account age, 
sex, and smoking status, analyses were performed unadjusted (Model 0) and fully-adjusted for physical 
activity, education, and dietary factors (Model 3). Dietary factors included in the fully-adjusted models 
included those indicated in the literature to be important for CMD risk in addition to those significantly 
correlated with the identified metabolites, and included vegetables, fruits, alcohol, meat, and 
confectionary/desserts. All analyses were performed in R (Version 3.6.3) (54). Visualizations of the 
associations using circular plots were performed using the ggplot2 R package (55) using a script adapted from 
Ladroue (56). For all models, the level of significance was set at p ≤ 0.05. To account for multiple comparisons, 
FDR-adjusted p-values are also presented. 
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Results 

Characteristics of the population 

The characteristics of the participants in the metabolomics and identification subcohorts are presented 
in Table 1. The median age of the participants was ~58 years, and the majority were highly educated (>60%) 
and non-smokers (>69%). No significant differences were observed in background demographics between the 
two subcohorts. Among the dietary factors, participants in the identification subcohort had significantly higher 
intakes of total energy, fat, sodium, beer, soft drinks, and egg products compared to participants in the 
metabolomics subcohort but with a similar interquartile range (significant differences were also observed for 
tea intake but medians were comparable) (p≤0.05). Among cardiometabolic parameters, participants in the 
identification subcohort have a slightly larger waist circumference, higher systolic blood pressure, and lower 
plasma HDL-cholesterol than participants in the metabolomics subcohort. However, although significant, the 
differences observed are relatively minor and do not pertain to the broader indicators of health linked to each 
measure (e.g., BMI, hypertension, suboptimal cholesterol). The distribution of participant risk for continuous 
MetS and SCORE is presented in Figure S3. 
 

Table 1.  Characteristics of the study population a 

Characteristic 
Metabolomics subcohort 

(n = 531) 
Identification subcohort 

(n = 246) p-value 

Demographics 
Age, years 57 (46 - 63) 58 (46 - 65) 0.26 
Education, n (%)   0.73 

Low 37 (7) 19 (8)  
Intermediate 148 (28) 77 (31)  
High 344 (65) 149 (61)  

Smoking status, n (%)   0.20 
Smoker 118 (26) 70 (31)  
Non-smoker 343 (74) 159 (69)  

Physical activity, min/week 2136 ± 1093 2043 ± 1046 0.37 
Supplement use, n (%) 0.8 ± 1.2 0.7 ± 1.2 0.58 
Dietary factors 
Total energy intake, kcal/day 2128 ± 499 2220 ± 530 0.02* 
Macronutrients    

Fat, g/day (En%) 84 ± 25 (36%) 90 ± 27 (36%) 0.01* 
Carbohydrates, g/day (En%) 230 ± 60 (43%) 237 ± 63 (43%) 0.17 
Protein, g/day (En%) 77 ± 18 (14%) 80 ± 18 (14%) 0.06 

Fibre, g/day 25 ± 7 25 ± 7 0.80 
Sodium, mg/day 2261 ± 653 2375 ± 711 0.03* 
Fermented foods and groups    

Total fermented beverages, g/day 592 (324 - 799) 629 (406 - 865) 0.26 
Coffee, g/day 406 (174 - 638) 406 (196 - 638) 0.48 
Wine, g/day 25 (4 - 87) 20 (0 - 80) 0.31 
Beer, g/day 9 (0 - 79) 20 (0 - 118) 0.04* 
Total fermented cereals/grains, g/day 130 (88 - 166) 133 (88 - 170) 0.41 
Wholegrain bread, g/day 80 (47 - 112) 77 (41 - 114) 0.51 
White bread, g/day 2 (0 - 8) 2 (0 - 10) 0.24 
Cocoa, g/day 4 (1 - 8) 4 (1 - 8) 0.80 
Total fermented dairy, g/day 152 (76 - 245) 151 (69 - 240) 0.79 
Cheese, g/day 25 (13 - 42) 28 (14 - 46) 0.24 
Yoghurt, g/day 89 (29 - 139) 82 (21 - 139) 0.30 

Other foods and groups    
Tea, g/day 174 (67 - 406) 174 (67 - 406) 0.04* 
Alcoholic drinks, g/day 81 (18 - 207) 108 (19 - 245) 0.26 
Soft drinks, g/day 5 (0 - 42) 13 (0 - 54) 0.04* 
Fruits, g/day 217 (86 - 238) 166 (81 - 233) 0.10 
Vegetables, g/day 150 (97 - 204) 140 (94 - 196) 0.11 
Potatoes, g/day 67 (37 - 87) 67 (37 - 87) 0.29 
Legumes, g/day 38 (19 - 79) 38 (22 - 79) 0.89 
Meat products, g/day 72 (46 - 98) 79 (54 - 105) 0.053 

 

Eggs and egg products, g/day 9 (7 - 18) 14 (7 - 18) 0.03* 
Fish, g/day 11 (6 - 16) 11 (6 - 16) 0.72 
Nuts and seeds, g/day 13 (6 - 25) 13 (6 - 26) 0.71 
Sauces, spreads and cooking fats, g/day 41 (28 - 54) 42 (30 - 57) 0.21 
Salty and processed snack foods, g/day 35 (16 - 59) 37 (20 - 64) 0.16 
Sugary confectionary and desserts, g/day 70 (47 - 104) 78 (50 - 113) 0.09 

Cardiometabolic factors 
BMI, kg/m2 25.1 (22.9 – 27.2) 25.5 (23.2 – 28.0) 0.12 
BMI category, n (%)   0.61 

Underweight (<18.5 kg/m2) 4 (1) 2 (1)  
Normal weight (18.5-24.9 kg/m2) 249 (7) 103 (42)  
Overweight or obese (≥25-29.9 kg/m2) 278 (52) 141 (57)  

Waist circumference, cm 91 ± 12 93 ± 12 0.04* 
Diastolic blood pressure, mm Hg 73.7 ± 10.4 74.5 ± 10.8 0.38 
Systolic blood pressure, mm Hg 125.5 ± 16.0 128.7 ± 16.6 0.01* 
Hypertension, n (%)   0.42 

Hypertensionb 109 (20.6) 62 (25.2)  
Normal or optimal 421 (79.4) 184 (74.8)  

Hypertension treatment, n (%)   0.95 
Being treated with medication and/or diet 69 (13.0) 36 (14.6)  
Not being treated 462 (87.0) 210 (85.4)  

Plasma total cholesterol, mmol/L 5.4 ± 1.0 5.3 ± 1.0 0.15 
Plasma LDL-cholesterol, mmol/L 3.3 ± 0.9 3.2 ± 0.9 0.63 
Plasma HDL-cholesterol, mmol/L 1.6 ± 0.4 1.5 ± 0.4 0.01* 
Serum triglycerides, mmol/L 1.0 (0.7 – 1.4) 1.0 (0.7 – 1.4) 0.74 
Suboptimal cholesterol, n (%) 398 (75.0) 182 (74.0) 0.84 
High cholesterol treatment, n (%)   0.76 

Being treated with medication and/or diet 56 (10.5) 23 (9.3)  
Not being treated 475 (89.5) 223 (90.7)  

HbA1c, mmol/mol 35.5 (34.0 – 38.0) 35.8 (34.0 – 38.0) 0.97 
Fasting glucose, mmol/L 5.4 (5.1 – 5.8) 5.3 (5.0 – 5.8) 0.11 
Diabetes, n (%) 13 (2.4) 6 (2.4) 0.98 
Diabetes treatment, n (%)   0.77 

Being treated with medication and/or diet 15 (2.8) 5 (2.0)  
Not being treated 516 (97.2) 241 (98.0)  

Metabolic syndrome, n (%) 67 (12.6) 33 (13.4) 0.85 
SCORE, n (%)   0.25 

≥15 % 6 (1.3) 6 (2.6)  
10-14 % 17 (3.7) 14 (6.2)  
5-9 % 73 (16.0) 42 (18.5)  
1-4% 211 (46.2) 98 (43.2)  
<1 % 150 (32.8) 67 (29.5)  

BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SCORE, Systematic COronary Risk Evaluation; SD, 
standard deviation. 
a Values are presented as mean ± SD, unless otherwise specified. Missing values for the metabolomics subcohort: education (n = 2), smoking 
(n = 70), physical activity (n = 296), LDL-cholesterol (n = 4), HDL-cholesterol (n = 4), Hb1Ac (n = 5), glucose (n = 4), SCORE (n = 74). 
Missing values for the identification subcohort: education (n = 1), smoking (n = 17), physical activity (n = 41), LDL-cholesterol (n = 3), 
HDL-cholesterol (n = 3), Hb1Ac (n = 4), glucose (n = 3), SCORE (n = 19). Differences between the metabolomics and identification 
subcohorts were assessed using the t-test (for normally-distributed continuous variables), Wilcoxon test (for skewed continuous variables), or 
chi-squared test (for categorical variables). 
b Inclusive of Grade 1 hypertension, Grade 2 hypertension, and isolated systolic hypertension. 

Intake levels of different fermented foods 

The levels of intake of fermented foods in the identification subcohort (mean, tertiles) are presented in 
Table 2. For each fermented food and food group, the levels of intake are presented in both absolute g/day and 
g dry matter/day. As a consequence of differences in water content, individual fermented foods and fermented 
food groups with the highest levels of intake differed between the two intake representations. Out of the 
fermented food groups evaluated, the highest intake on a g/day basis was total fermented beverages followed 
by total fermented dairy, while the highest mean intake of foods on a g dry/matter per day was total fermented 
cereals/grains. Out of individual fermented foods, coffee had the highest intakes among all other fermented 
foods on a g/day basis (466 g/day), but lowest intakes on a g dry matter/day basis (similar trends were observed 
for wine and beer). Conversely, intakes of cocoa remained the same regardless of g/day or g dry matter/day 
(similar trends were observed for white and wholegrain bread, and cheese).  
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Biomarkers identified for fermented food intake 

A total of 12 plasma metabolites and 26 urinary metabolites were identified. An overview of the 
candidate FIBs identified for various fermented foods and food groups, along with their platforms and 
biosamples of detection, are presented in Table 3 (plasma) and Table 4 (urine). The majority of the identified 
metabolites corresponded to the intakes of total fermented beverages (7 plasma, 19 urine), which encompasses 
coffee (3 plasma, 9 urine), wine (3 plasma, 9 urine), and beer (1 plasma, 6 urine). One urinary metabolite 
identified was discriminant for the intakes of total fermented cereals/grains, and one plasma metabolite for 
white bread. However, metabolites discrminant for the intakes of wholegrain bread, cocoa, total fermented 
dairy, cheese, and yoghurt could not be identified.  

A closer examination revealed that several of the identified metabolites (plasma dodecanoic acid, 
urinary D-psicose, glycine, D-gluconate, m-cresol, D-fucitol, and 2-keto-l-gluconic acid) were negatively 
associated with the fermented foods and food groups indicated (based on Spearman’s correlations, Table S6), 
but contributed to the discrimination of the intake of these fermented foods based on statistical significance in 
other tests (e.g., PLS-DA, Random Forest). Thus, these metabolites may not be suitable for reflecting 
fermented food intake and thus not further discussed as FIBs. However, they may still be important biomarkers 
in revealing the metabolic effects of consuming these fermented foods. 

Several of the identified FIBs overlapped across several fermented foods. Specifically, urinary 2,3-
dihydroxybutanoic acid, ethyl α-D-glucopyranoside, and 4-hydroxybenzeacetic acid were discriminant for the 
intake of total fermented beverages, wine, and beer. Several other urinary metabolites also appeared to overlap 
between two fermented food groups, including 2,3-dihydroxypropyl phosphoric acid and D-lactose (total 
fermented beverages and beer), catechol, furoylglycine, niacin, and 3-deoxy-D-ribo-hexonic acid gamma-
lactone (total fermented beverages and coffee), as well as erythritol, tartaric acid, and arabinofuranose for total 
fermented beverages and wine. However, in each case, the significance in the total fermented beverages group 
could be driven by the significance of the individual beverages belonging to this fermented food group. Similar 
overlaps were observed in plasma for L-cysteine (total fermented beverages and beer), xylitol (total fermented 
beverages and wine), and quinate (total fermented beverages and coffee). One metabolite identified for wine 
intake (erythritol) was identified in both plasma and urine. 
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Biomarkers identified for fermented food intake 

A total of 12 plasma metabolites and 26 urinary metabolites were identified. An overview of the 
candidate FIBs identified for various fermented foods and food groups, along with their platforms and 
biosamples of detection, are presented in Table 3 (plasma) and Table 4 (urine). The majority of the identified 
metabolites corresponded to the intakes of total fermented beverages (7 plasma, 19 urine), which encompasses 
coffee (3 plasma, 9 urine), wine (3 plasma, 9 urine), and beer (1 plasma, 6 urine). One urinary metabolite 
identified was discriminant for the intakes of total fermented cereals/grains, and one plasma metabolite for 
white bread. However, metabolites discrminant for the intakes of wholegrain bread, cocoa, total fermented 
dairy, cheese, and yoghurt could not be identified.  

A closer examination revealed that several of the identified metabolites (plasma dodecanoic acid, 
urinary D-psicose, glycine, D-gluconate, m-cresol, D-fucitol, and 2-keto-l-gluconic acid) were negatively 
associated with the fermented foods and food groups indicated (based on Spearman’s correlations, Table S6), 
but contributed to the discrimination of the intake of these fermented foods based on statistical significance in 
other tests (e.g., PLS-DA, Random Forest). Thus, these metabolites may not be suitable for reflecting 
fermented food intake and thus not further discussed as FIBs. However, they may still be important biomarkers 
in revealing the metabolic effects of consuming these fermented foods. 

Several of the identified FIBs overlapped across several fermented foods. Specifically, urinary 2,3-
dihydroxybutanoic acid, ethyl α-D-glucopyranoside, and 4-hydroxybenzeacetic acid were discriminant for the 
intake of total fermented beverages, wine, and beer. Several other urinary metabolites also appeared to overlap 
between two fermented food groups, including 2,3-dihydroxypropyl phosphoric acid and D-lactose (total 
fermented beverages and beer), catechol, furoylglycine, niacin, and 3-deoxy-D-ribo-hexonic acid gamma-
lactone (total fermented beverages and coffee), as well as erythritol, tartaric acid, and arabinofuranose for total 
fermented beverages and wine. However, in each case, the significance in the total fermented beverages group 
could be driven by the significance of the individual beverages belonging to this fermented food group. Similar 
overlaps were observed in plasma for L-cysteine (total fermented beverages and beer), xylitol (total fermented 
beverages and wine), and quinate (total fermented beverages and coffee). One metabolite identified for wine 
intake (erythritol) was identified in both plasma and urine. 
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Stability of identified biomarkers with increasing time between biosample collection and food frequency 
questionnaire completion 

Spearman’s correlations between the identified FIBs for fermented foods across different times 
between biosample collection and dietary assessment with the FFQ are presented in Table S6. Almost all 
correlations observed for the identification cohort (FFQ ± 14d) remained significant with increasing time 
between biosample collection and FFQ completion (FFQ ± 30d, 90d, 180d, and all FFQ), with only slight 
attenuations when the time between biosample collection and FFQ completion increased. The strongest 
correlations were observed between self-reported coffee intake and a series of FIBs, including plasma quinate, 
and urinary niacin, furoylglycine, methyluric acid, and dimethyluric acid (rs ≥ 0.4, p ≤ 0.05). For wine, the 
strongest correlations included urinary tartaric acid and arabinofuranose (rs ~ 0.4), and for beer, the strongest 
correlation observed was ethyl α-D-glucopyranoside (rs ~ 0.27) (p ≤ 0.05). These correlations were also largely 
echoed between these metabolites and the intake of total fermented beverages. For total fermented 
cereals/grains, a significant moderate correlation was observed between self-reported intake and urinary 
glyceryl-glycoside ether in the identification cohort (rs ~ 0.37), but the correlation attenuated in the full 
metabolomics cohort (rs < 0.3) (p ≤ 0.05). Conversely, correlations for intakes of cocoa, total fermented dairy, 
cheese, yoghurt, white bread, and wholegrain bread and their potential FIBs were either weak or non-existent.  

Associations between identified biomarkers and cardiometabolic health parameters 

In the fully-adjusted model visualized in Figure S4, 20 metabolites were positively associated and 10 
negatively associated with CMD risk parameters (unadjusted p ≤ 0.05). After adjusting for multiple 
comparisons, ten associations remained significant, including between plasma glutamic acid and urinary 2,3-
dihydroxypropyl phosphoric acid with BMI (Standardized (Std.) β = 0.28, standard error (SE) = 0.078, R2 = 
0.32; Std. β = 2.22x10-7, SE = 5.37x10-8, R2 = 0.30, respectively) and waist circumference (Std. β = 1.73x10-7, 
SE = 4.67x10-8, R2 = 0.50; Std. β = 0.28, SE = 0.072, R2 = 0.48, respectively) (all FDR-adjusted p ≤ 0.05). 
Additional FDR-adjusted significant associations were observed between plasma xylitol (Std. β = 2.20 x10-7, 
SE = 6.43 x10-8, R2 = 0.26), glutamic acid (Std. β = 0.31, SE = 0.075, R2 = 0.30), and trigonelline (Std. β = 
0.34, SE = 0.10, R2 = 0.28), as well as urinary niacin (Std. β = 2.55 x10-7, SE = 5.66 x10-8, R2 = 0.32), 
furoylglycine (Std. β = 8.94 x10-8, SE = 2.41 x10-8, R2 = 0.29), and methyluric acid (Std. β = 0.34, SE = 0.11, 
R2 = 0.28), with SCORE (all FDR-adjusted p ≤ 0.05). No FDR-adjusted significant associations were observed 
between metabolites with risk factors in blood (blood lipids, glucose, HbA1c) or blood pressure. 

Discussion 

FIBs identified for the habitual intake of individual fermented foods 

In the current work, we aimed to identify FIBs for fermented foods consumed in the habitual Dutch 
adult diet, which included coffee, wine, beer, wholegrain bread, white bread, cheese, yoghurt, and cocoa. A 
total of 12 plasma and 26 urinary metabolites were identified from non-targeted GC-MS and LC-MS analyses, 
the majority of which corresponded to the intakes of coffee, wine, and beer (no metabolites were identified for 
cocoa, white bread, wholegrain bread, cheese, and yoghurt intake). These fermented foods were also 
coincidentally those with the highest intakes (in g/day) in the Dutch adult diet and span a wide range of intakes, 
which is conducive for the selection of discriminant metabolites. Several of the most promising FIBs identified 
for these foods were also previously captured by other non-targeted and targeted studies. For instance, 
plasma/serum quinate and trigonelline, as well as urinary niacin, furoylglycine, catechol, methyluric and 
dimethyluric acids, have been previously reported as candidate FIBs of habitual coffee intake (57-68). Out of 
the metabolites identified for wine intake, hydroxy(iso)butyric acid has been previously detected in serum after 
long-term (>4 weeks) wine intake (69), tartaric acid in urine following acute wine intake (70, 71), and urinary 

 

4-hydroxybenzeneacetic acid in urine following both acute and long-term (>4 weeks) wine intake (69, 72-75). 
The detection of these previously-identified FIBs in our free-living population further supports their status as 
reliable indicators of the habitual intake of these fermented foods.  

Additionally, several metabolites were identified for coffee, wine, and beer intake which have not been 
previously reported. For instance, we found urinary 3-deoxy-D-ribo-hexonic acid gamma-lactone to be 
discriminant for coffee intake. This compound is a degradative product of glucose produced during the 
Maillard reaction (76), which could have formed during coffee brewing. For wine intake, plasma xylitol, 
plasma/urinary erythritol, and urinary glucuronic acid, citramalate, 2,3-dihydroxybutanoic acid, 
arabinofuranose and ethyl α-D-glucopyranoside were identified as potential FIBs. Further, for beer intake, 
plasma L-cysteine, urinary 2,3-dihydroxypropyl phosphoric acid, 4-hydroxybenzeneacetic acid, D-lactose, 
2,3-dihydroxybutanoic acid and ethyl α-D-glucopyranoside were identified. While not detected previously in 
biofluids, almost all of these metabolites have been detected or quantified in the associated foods themselves. 
Erythritol (a natural sugar alcohol) has been previously detected in multiple fermented foods, including wine, 
beer, sake, coffee, cheese, and soy sauce (58, 77-79). Interestingly, since erythritol can be produced by 
microorganisms (e.g., Penicilllium sp. used in the ripening of cheese), it could be considered a ‘fermentation-
dependent’ FIB of fermented foods (15, 79). Similarly, citramalate (a microbial metabolite that is found to be 
a byproduct of Saccharomyces, Propionibacterium acnes, and Aspergillus niger) has been detected in red wine 
(80, 81). The detection of these metabolites in the plasma and urine metabolomes of free-living individuals 
consuming these fermented foods indicates that fermentation-dependent metabolites could act as powerful 
complementary FIBs (in addition to other FIBs originating from the raw food substrate) to improve the 
accuracy of dietary assessment of fermented foods in future studies. Thus, further validation studies are 
required in order to confirm the robustness and reliability of these newly-identified FIBs in a separate 
population. 

One major challenge to the validation of single FIBs relates to their non-specificity for a particular 
food. Indeed, the vast majority of metabolites identified for the intake of coffee, wine, and beer as described 
above have also been detected in biofluids following the consumption of other foods. For instance, 
plasma/serum quinic acid and urinary furoylglycine have also been identified for habitual cocoa intake (82, 
83), while methyluric and dimethyluric acids, being caffeine metabolites, have naturally also been identified 
for the intake of caffeinated foods (i.e., cocoa and tea) (83, 84). The phenolic 4-hydroxybenzeneacetic acid 
corresponding to wine and beer intake has also been detected in urine after acute bread intake (85) and in serum 
after long-term coffee intake (58). Furthermore, tartaric acid, while a fairly specific FIB for wine intake, has 
also been identified in urine following acute and long-term bread intake (85) as well as acute beer intake (86). 
The limitations of using these single metabolites as FIBs could be circumvented by developing reliable multi-
marker panels (5). On the other hand, for fermented foods, non-specific markers shared between different 
foods could also be useful for indicating common raw materials, fermentation processes (e.g., lactic, acetic, 
alcoholic, or alkaline fermentation), and/or fermentation with common microorganisms (e.g., lactic acid 
bacteria, with yeast). 

FIBs identified for the intake of groups of fermented foods 

In the current work we also explored using dry matter as a novel method to unify individual fermented 
foods with similar qualities into fermented food groups. Several groups were generated: total fermented 
beverages (comprising coffee, wine, and beer), total fermented cereals/grains (wholegrain and white bread), 
and total fermented dairy (cheese and yoghurt). By far, the largest number of identified metabolites were 
discriminant for the intake of total fermented beverages (which comprised coffee, wine, and beer); however, 
the significance of the majority of these metabolites appeared to be largely driven by the individual beverages 
under this group. A few metabolites (plasma 2-hydroxybutyric acid, trans-aconitic acid, L-phenylalanine and 
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Stability of identified biomarkers with increasing time between biosample collection and food frequency 
questionnaire completion 

Spearman’s correlations between the identified FIBs for fermented foods across different times 
between biosample collection and dietary assessment with the FFQ are presented in Table S6. Almost all 
correlations observed for the identification cohort (FFQ ± 14d) remained significant with increasing time 
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attenuations when the time between biosample collection and FFQ completion increased. The strongest 
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echoed between these metabolites and the intake of total fermented beverages. For total fermented 
cereals/grains, a significant moderate correlation was observed between self-reported intake and urinary 
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cheese, yoghurt, white bread, and wholegrain bread and their potential FIBs were either weak or non-existent.  

Associations between identified biomarkers and cardiometabolic health parameters 

In the fully-adjusted model visualized in Figure S4, 20 metabolites were positively associated and 10 
negatively associated with CMD risk parameters (unadjusted p ≤ 0.05). After adjusting for multiple 
comparisons, ten associations remained significant, including between plasma glutamic acid and urinary 2,3-
dihydroxypropyl phosphoric acid with BMI (Standardized (Std.) β = 0.28, standard error (SE) = 0.078, R2 = 
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Discussion 

FIBs identified for the habitual intake of individual fermented foods 

In the current work, we aimed to identify FIBs for fermented foods consumed in the habitual Dutch 
adult diet, which included coffee, wine, beer, wholegrain bread, white bread, cheese, yoghurt, and cocoa. A 
total of 12 plasma and 26 urinary metabolites were identified from non-targeted GC-MS and LC-MS analyses, 
the majority of which corresponded to the intakes of coffee, wine, and beer (no metabolites were identified for 
cocoa, white bread, wholegrain bread, cheese, and yoghurt intake). These fermented foods were also 
coincidentally those with the highest intakes (in g/day) in the Dutch adult diet and span a wide range of intakes, 
which is conducive for the selection of discriminant metabolites. Several of the most promising FIBs identified 
for these foods were also previously captured by other non-targeted and targeted studies. For instance, 
plasma/serum quinate and trigonelline, as well as urinary niacin, furoylglycine, catechol, methyluric and 
dimethyluric acids, have been previously reported as candidate FIBs of habitual coffee intake (57-68). Out of 
the metabolites identified for wine intake, hydroxy(iso)butyric acid has been previously detected in serum after 
long-term (>4 weeks) wine intake (69), tartaric acid in urine following acute wine intake (70, 71), and urinary 

 

4-hydroxybenzeneacetic acid in urine following both acute and long-term (>4 weeks) wine intake (69, 72-75). 
The detection of these previously-identified FIBs in our free-living population further supports their status as 
reliable indicators of the habitual intake of these fermented foods.  

Additionally, several metabolites were identified for coffee, wine, and beer intake which have not been 
previously reported. For instance, we found urinary 3-deoxy-D-ribo-hexonic acid gamma-lactone to be 
discriminant for coffee intake. This compound is a degradative product of glucose produced during the 
Maillard reaction (76), which could have formed during coffee brewing. For wine intake, plasma xylitol, 
plasma/urinary erythritol, and urinary glucuronic acid, citramalate, 2,3-dihydroxybutanoic acid, 
arabinofuranose and ethyl α-D-glucopyranoside were identified as potential FIBs. Further, for beer intake, 
plasma L-cysteine, urinary 2,3-dihydroxypropyl phosphoric acid, 4-hydroxybenzeneacetic acid, D-lactose, 
2,3-dihydroxybutanoic acid and ethyl α-D-glucopyranoside were identified. While not detected previously in 
biofluids, almost all of these metabolites have been detected or quantified in the associated foods themselves. 
Erythritol (a natural sugar alcohol) has been previously detected in multiple fermented foods, including wine, 
beer, sake, coffee, cheese, and soy sauce (58, 77-79). Interestingly, since erythritol can be produced by 
microorganisms (e.g., Penicilllium sp. used in the ripening of cheese), it could be considered a ‘fermentation-
dependent’ FIB of fermented foods (15, 79). Similarly, citramalate (a microbial metabolite that is found to be 
a byproduct of Saccharomyces, Propionibacterium acnes, and Aspergillus niger) has been detected in red wine 
(80, 81). The detection of these metabolites in the plasma and urine metabolomes of free-living individuals 
consuming these fermented foods indicates that fermentation-dependent metabolites could act as powerful 
complementary FIBs (in addition to other FIBs originating from the raw food substrate) to improve the 
accuracy of dietary assessment of fermented foods in future studies. Thus, further validation studies are 
required in order to confirm the robustness and reliability of these newly-identified FIBs in a separate 
population. 

One major challenge to the validation of single FIBs relates to their non-specificity for a particular 
food. Indeed, the vast majority of metabolites identified for the intake of coffee, wine, and beer as described 
above have also been detected in biofluids following the consumption of other foods. For instance, 
plasma/serum quinic acid and urinary furoylglycine have also been identified for habitual cocoa intake (82, 
83), while methyluric and dimethyluric acids, being caffeine metabolites, have naturally also been identified 
for the intake of caffeinated foods (i.e., cocoa and tea) (83, 84). The phenolic 4-hydroxybenzeneacetic acid 
corresponding to wine and beer intake has also been detected in urine after acute bread intake (85) and in serum 
after long-term coffee intake (58). Furthermore, tartaric acid, while a fairly specific FIB for wine intake, has 
also been identified in urine following acute and long-term bread intake (85) as well as acute beer intake (86). 
The limitations of using these single metabolites as FIBs could be circumvented by developing reliable multi-
marker panels (5). On the other hand, for fermented foods, non-specific markers shared between different 
foods could also be useful for indicating common raw materials, fermentation processes (e.g., lactic, acetic, 
alcoholic, or alkaline fermentation), and/or fermentation with common microorganisms (e.g., lactic acid 
bacteria, with yeast). 

FIBs identified for the intake of groups of fermented foods 

In the current work we also explored using dry matter as a novel method to unify individual fermented 
foods with similar qualities into fermented food groups. Several groups were generated: total fermented 
beverages (comprising coffee, wine, and beer), total fermented cereals/grains (wholegrain and white bread), 
and total fermented dairy (cheese and yoghurt). By far, the largest number of identified metabolites were 
discriminant for the intake of total fermented beverages (which comprised coffee, wine, and beer); however, 
the significance of the majority of these metabolites appeared to be largely driven by the individual beverages 
under this group. A few metabolites (plasma 2-hydroxybutyric acid, trans-aconitic acid, L-phenylalanine and 
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isoleucine; urinary guaiacol, 3-hydroxyhippuric acid, and 3,4-dihydroxyhydrocinnamic acid) appeared to be 
uniquely discriminant for total fermented beverages. One metabolite was identified for total fermented 
cereals/grains intake (urinary glyceryl-glycoside ether). This metabolite has not been identified as a FIB 
previously and needs to be validated in further studies. No metabolites were identified for the intakes of cocoa 
or total fermented dairy, which could be due to the low or inconsistent intake of these foods (in the case of 
cocoa), or the discriminant metabolites being also of endogenous origin and thus influenced more heavily by 
human metabolism (in the case of fermented dairy). 

While this is the first study to identify FIBs in the context of fermented food groups, this is also an 
area in need of further development. We formed the fermented food groups based on the groups for which the 
FFQ was previously validated for (15, 21). Evidently, there could be other strategies to group fermented foods, 
which could reveal different sets of FIBs. For instance, fermented foods could be grouped based on a common 
fermentation process (e.g., lactic fermented foods, yeast fermented foods), which may further reveal 
fermentation-dependent FIBs. Unfortunately, we did not have access to information on the fermenting 
microorganisms in order to group fermented foods according to this strategy. In addition, while we did not 
consider a total fermented food group in the current study, a total intake group might be worth exploring in 
future which would be highly relevant to examine the health impacts of a dietary pattern of fermented foods. 

Methodological considerations for the identification and stability of the biomarkers 

Although the primary aim of this study was to identify FIBs for the habitual intake of fermented foods, 
our work also contributes several methodological insights. Firstly, to comprehensively capture the metabolome 
for FIB identification, we analysed two biosamples (plasma and urine) using two analytical platforms (GC-
MS and LC-MS). We anticipated that the 24-h urine samples would better capture FIBs than plasma collected 
under fasting conditions, as depending on the speed of metabolism, the metabolite may not be detected even 
several hours after ingestion in plasma. Indeed, a larger number of urinary metabolites were significant and 
identified. Still, the number of significant urinary metabolites likely represented a smaller fraction of the total 
significant (and biologically relevant) metabolites in urine, but which are present at relatively low 
concentrations due to dilution (a necessary step to ensure metabolites are measured within the linear range of 
the machine). In addition, there could be differences in the metabolism of different metabolites that influence 
the detection of potential FIBs (i.e., not all metabolites are eliminated in urine). A combination of these factors 
may explain why only one identified metabolite (erythritol for wine intake) overlapped between plasma and 
urine. 

We also exploited a combination of univariate and multivariate statistical tests to identify the most 
discriminant FIBs – a strategy that has been explored by an increasing number of groups (87-89). Our efforts 
reveal that while the results of univariate and multivariate analyses are not always congruent, one statistical 
test could be useful as a ‘validation’ of another test for prioritizing metabolites for identification. However, it 
could be equally interesting (under ideal circumstances) to identify metabolites from both univariate and 
multivariate tests, to generate complementary sets of FIBs. 

Additionally, we investigated the stability of the identified FIBs with increasing timeframes between 
biosample collection and completion of self-reported dietary assessment. This was a necessary analysis, since 
the biosample collection did not occur at the same time as the dietary assessment, and could be a source of 
variability. Amazingly, we observed excellent stability (correlation coefficient and significance was 
maintained) with increasing time from biosample collection to the FFQ completion (within 14d, 30d, 180d, 
and all) for almost all of the identified FIBs. The driving force for this stability could the larger numbers of 
participants in longer timeframes (affording more statistical power). Moreover, these results could indicate 
that the FFQ used to collect information on self-reported fermented food intake in this study is fairly robust 
and/or that the diets of this population are very stable. 

 

Associations between identified FIBs and CMD risk parameters 

We further examined associations between the identified FIBs with several CMD risk factors as a 
preliminary analysis to unravel the complex relationships between fermented food consumption and 
cardiometabolic health. Of the 38 metabolites identified, 26 were significantly associated with CMD risk 
factors. However, positive associations for 7 metabolites remained after adjustment for multiple comparisons. 
Moreover, all associations were weak, which may be attributed to the relatively healthy study population that 
may not have provided the gradient of CMD risk required to observe a large effect size. Thus, these associations 
need to be confirmed in larger, prospective cohorts or populations with a more distinctive divide between low 
and high CMD risk. Nonetheless, some of the associations we found have been reported in the literature. For 
instance, plasma glutamic acid has been positively associated with obesity, particularly with metabolically 
unhealthy obese phenotypes (90). Other associations are more contested. In some studies, the consumption of 
non-nutritive sweeteners (which includes xylitol) has been shown to increase weight and waist circumference, 
as well as the incidence of obesity, hypertension, metabolic syndrome, type II diabetes and cardiovascular 
events (91). However, several recent systematic reviews have also revealed that use of non-nutritive sweeteners 
(instead of sugar) reduce energy intake as well as body weight (92, 93). In all studies, the distinct effects of 
xylitol (compared to other non-nutritive sweeteners) as well as the underlying mechanisms behind these 
associations have yet to be verified. Similarly, while we observed significant positive associations between 
urinary niacin and plasma trigonelline with overall CMD risk (SCORE), this is not in line with the literature 
for specific CMD risk factors. Niacin is used as pharmacotherapy to prevent cardiovascular disease via 
lowering cholesterol levels in blood (94). In mechanistic studies, trigonelline has been shown to improve 
insulin sensitivity by interfering with NADPH oxidase gene expression of pathways and mitochondrial 
electron chain transport (95). Given these conflicting findings, further studies in larger, prospective cohorts 
are needed to clarify these associations and examine whether they play an intermediate role in CMD.  

Conclusions 

Through non-targeted metabolomics, we identified 36 metabolites that were discriminant for the intake 
of several fermented beverages (coffee, wine, and beer), some of which could be promising FIBs for the 
habitual intake of these foods. Further studies are required to expand the identification of FIBs for other 
fermented foods (bread, cocoa, cheese, yoghurt), validate the identified FIBs, and further understand the 
associations between fermented food intake and CMD risk. 
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human metabolism (in the case of fermented dairy). 
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FFQ was previously validated for (15, 21). Evidently, there could be other strategies to group fermented foods, 
which could reveal different sets of FIBs. For instance, fermented foods could be grouped based on a common 
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concentrations due to dilution (a necessary step to ensure metabolites are measured within the linear range of 
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the detection of potential FIBs (i.e., not all metabolites are eliminated in urine). A combination of these factors 
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discriminant FIBs – a strategy that has been explored by an increasing number of groups (87-89). Our efforts 
reveal that while the results of univariate and multivariate analyses are not always congruent, one statistical 
test could be useful as a ‘validation’ of another test for prioritizing metabolites for identification. However, it 
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maintained) with increasing time from biosample collection to the FFQ completion (within 14d, 30d, 180d, 
and all) for almost all of the identified FIBs. The driving force for this stability could the larger numbers of 
participants in longer timeframes (affording more statistical power). Moreover, these results could indicate 
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(instead of sugar) reduce energy intake as well as body weight (92, 93). In all studies, the distinct effects of 
xylitol (compared to other non-nutritive sweeteners) as well as the underlying mechanisms behind these 
associations have yet to be verified. Similarly, while we observed significant positive associations between 
urinary niacin and plasma trigonelline with overall CMD risk (SCORE), this is not in line with the literature 
for specific CMD risk factors. Niacin is used as pharmacotherapy to prevent cardiovascular disease via 
lowering cholesterol levels in blood (94). In mechanistic studies, trigonelline has been shown to improve 
insulin sensitivity by interfering with NADPH oxidase gene expression of pathways and mitochondrial 
electron chain transport (95). Given these conflicting findings, further studies in larger, prospective cohorts 
are needed to clarify these associations and examine whether they play an intermediate role in CMD.  
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Through non-targeted metabolomics, we identified 36 metabolites that were discriminant for the intake 
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Table S1. Classification of fermented foods from the NQplus food frequency questionnaire 

Food item for classification Fermented food group Fermented food 

Beer Beverages Beer 

Low-alcohol Beer Beverages Beer 

Coffee Beverages Coffee 

Wine, other Beverages Wine 

Wine, red Beverages Wine 

Brown bread Cereals/grains Bread, brown 

Brown bread (slices) Cereals/grains Bread, brown 

Rye bread Cereals/grains Bread, rye 

Biscuit (bread), white Cereals/grains Bread, white 

Bread with raisins Cereals/grains Bread, white 

White bread Cereals/grains Bread, white 

White bread (slices) Cereals/grains Bread, white 

Biscuit (bread), whole wheat Cereals/grains Bread, wholegrain 

Multiple grain bread Cereals/grains Bread, wholegrain 

Multiple grain bread (slices) Cereals/grains Bread, wholegrain 

Whole wheat bread (slices) Cereals/grains Bread, wholegrain 

Cake / pastry Cereals/grains Pastry 

Croissants Cereals/grains Pastry 

Chocolate spread Cocoa-based products Chocolate 

Milk chocolate Cocoa-based products Chocolate 

Pure chocolate Cocoa-based products Chocolate 

White chocolate Cocoa-based products Chocolate 

Buttermilk Dairy Buttermilk 

Low-fat cheese (20+/30+) Dairy Cheese 

Regular cheese (40+) Dairy Cheese 

Regular cheese (48+) Dairy Cheese 

Cheese as snack Dairy Cheese 

Cheese with hot meal Dairy Cheese 

Fat luxury cheese Dairy Cheese 

Less-fat luxury cheese Dairy Cheese 

Unknown cheese Dairy Cheese 

(Fruit) quark with breakfast Dairy Quark 

Full (fruit) yogurt Dairy Yogurt 

Full yogurt Dairy Yogurt 

Semi-skim (fruit) yogurt Dairy Yogurt 

Semi-skim yogurt Dairy Yogurt 

Skim (fruit) yogurt Dairy Yogurt 

Skim yogurt Dairy Yogurt 

Unknown yogurt Dairy Yogurt 
NA, not applicable. 
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Table S1. Classification of fermented foods from the NQplus food frequency questionnaire 

Food item for classification Fermented food group Fermented food 

Beer Beverages Beer 

Low-alcohol Beer Beverages Beer 

Coffee Beverages Coffee 

Wine, other Beverages Wine 

Wine, red Beverages Wine 

Brown bread Cereals/grains Bread, brown 

Brown bread (slices) Cereals/grains Bread, brown 

Rye bread Cereals/grains Bread, rye 

Biscuit (bread), white Cereals/grains Bread, white 

Bread with raisins Cereals/grains Bread, white 

White bread Cereals/grains Bread, white 

White bread (slices) Cereals/grains Bread, white 

Biscuit (bread), whole wheat Cereals/grains Bread, wholegrain 

Multiple grain bread Cereals/grains Bread, wholegrain 

Multiple grain bread (slices) Cereals/grains Bread, wholegrain 

Whole wheat bread (slices) Cereals/grains Bread, wholegrain 

Cake / pastry Cereals/grains Pastry 

Croissants Cereals/grains Pastry 

Chocolate spread Cocoa-based products Chocolate 

Milk chocolate Cocoa-based products Chocolate 

Pure chocolate Cocoa-based products Chocolate 

White chocolate Cocoa-based products Chocolate 

Buttermilk Dairy Buttermilk 

Low-fat cheese (20+/30+) Dairy Cheese 

Regular cheese (40+) Dairy Cheese 

Regular cheese (48+) Dairy Cheese 

Cheese as snack Dairy Cheese 

Cheese with hot meal Dairy Cheese 

Fat luxury cheese Dairy Cheese 

Less-fat luxury cheese Dairy Cheese 

Unknown cheese Dairy Cheese 

(Fruit) quark with breakfast Dairy Quark 

Full (fruit) yogurt Dairy Yogurt 

Full yogurt Dairy Yogurt 

Semi-skim (fruit) yogurt Dairy Yogurt 

Semi-skim yogurt Dairy Yogurt 

Skim (fruit) yogurt Dairy Yogurt 

Skim yogurt Dairy Yogurt 

Unknown yogurt Dairy Yogurt 
NA, not applicable. 
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Table S3. List of suppliers of analytical standards 
Compound Supplier 

Erythritol MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

2-Hydroxybutyric acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Cysteine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Dodecanoic acid Merck, Darmstadt, Germany 

Xylitol MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

trans-Aconitic acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

D-Quinate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Phenylalanine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Isoleucine Merck, Darmstadt, Germany 

D-Psicose MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Glycine Merck, Darmstadt, Germany 

D-Gluconate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Guaiacol Sigma-Aldrich, Switzerland 
D-Lactose Merck, Darmstadt, Germany 

Niacin MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Catechol Sigma-Aldrich, Switzerland 

Citramalate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Tartaric acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Glutamic acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Trigonelline MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

(S)-3-Hydroxyisobutyric acid Sigma-Aldrich, Switzerland, ≥96.0% (sodium salt) 
1-Methyluric acid Toronto Research Chemicals, Toronto, Canada 

1,3-Dimethyluric acid Toronto Research Chemicals, Toronto, Canada 
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Table S3. List of suppliers of analytical standards 
Compound Supplier 

Erythritol MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

2-Hydroxybutyric acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Cysteine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Dodecanoic acid Merck, Darmstadt, Germany 

Xylitol MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

trans-Aconitic acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

D-Quinate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Phenylalanine MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Isoleucine Merck, Darmstadt, Germany 

D-Psicose MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Glycine Merck, Darmstadt, Germany 

D-Gluconate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Guaiacol Sigma-Aldrich, Switzerland 
D-Lactose Merck, Darmstadt, Germany 

Niacin MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Catechol Sigma-Aldrich, Switzerland 

Citramalate MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Tartaric acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

L-Glutamic acid MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

Trigonelline MSML kit (IROA Technologies, LLC, Bolton, MA; Gainesville, FL) 

(S)-3-Hydroxyisobutyric acid Sigma-Aldrich, Switzerland, ≥96.0% (sodium salt) 
1-Methyluric acid Toronto Research Chemicals, Toronto, Canada 

1,3-Dimethyluric acid Toronto Research Chemicals, Toronto, Canada 
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Figure S1. Principal Components Analysis (PCAs) of individual participant samples of the metabolomics subcohort prior to and 
after removal of outliers. Samples analysed by GC-MS: (a) plasma samples prior to outlier removal and (b) after outlier removal; (c) 
urine samples prior to outlier removal and (d) after outlier removal. Samples analysed by LC-MS: (e) plasma samples prior to outlier 
removal and (f) after outlier removal; (g) urine samples prior to outlier removal and (h) after outlier removal. 
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Figure S1. Principal Components Analysis (PCAs) of individual participant samples of the metabolomics subcohort prior to and 
after removal of outliers. Samples analysed by GC-MS: (a) plasma samples prior to outlier removal and (b) after outlier removal; (c) 
urine samples prior to outlier removal and (d) after outlier removal. Samples analysed by LC-MS: (e) plasma samples prior to outlier 
removal and (f) after outlier removal; (g) urine samples prior to outlier removal and (h) after outlier removal. 

(a) (b) 

  
(c) (d) 

(e) (f) 

  
(g) (h) 
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Figure S2. Principal Components Analysis (PCAs) of quality control samples analysed by GC-MS: (a) plasma and (b) urine; LC-MS 
(c) plasma and (d) urine. 

(a) (b) 

  
(c) (d) 

  
  

 

Figure S3. Distribution of (a) continuous metabolic syndrome in (a) the metabolomics subcohort (n = 531) and (b) the identification 
subcohort (n = 246). Distribution of (c) SCORE in the metabolomics subcohort (n = 531) and (b) the identification subcohort (n = 
246). 
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Figure S2. Principal Components Analysis (PCAs) of quality control samples analysed by GC-MS: (a) plasma and (b) urine; LC-MS 
(c) plasma and (d) urine. 

(a) (b) 

  
(c) (d) 

  
  

 

Figure S3. Distribution of (a) continuous metabolic syndrome in (a) the metabolomics subcohort (n = 531) and (b) the identification 
subcohort (n = 246). Distribution of (c) SCORE in the metabolomics subcohort (n = 531) and (b) the identification subcohort (n = 
246). 
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This thesis set out to identify novel candidate FIBs for the habitual intake of fermented foods in a 
prospective cohort study in the Netherlands (NQplus), as well as to validate several candidate FIBs that were 
previously identified for dairy foods from non-targeted controlled intervention studies. Further, associations 
between these FIBs with several cardiometabolic health parameters were examined. Several studies were 
conducted to meet these objectives with the help of various research tools. These included a systematic review 
of the literature to identify existing fermented food biomarkers (Chapter 2), a comprehensive account of 
fermented foods consumed in The Netherlands and a statistical comparison of self-report dietary assessment 
methods for assessing fermented food intake (Chapter 3), metabolomics-based approaches to identify and/or 
validate FIBs of fermented food and dairy intake (Chapters 4-6), and association-based approaches to examine 
the relationships between FIBs with intake and cardiometabolic health (Chapters 4-6). In this general 
discussion, the main findings across each of these chapters will be highlighted and interpreted in the context 
of the broader literature. Since FIBs of both fermented foods and dairy foods are explored in this thesis, for 
clarity, the main findings and interpretations for fermented foods will be presented first, followed by dairy 
foods. A collective reflection on the methodological considerations across all the chapters will then ensue. 
Finally, the implications of this research together with potential future research directions will be discussed.  

Main findings and interpretations – Fermented foods 

Types and levels of fermented foods consumed in The Netherlands as assessed by self-report dietary 
assessment tools 

Previously, fermented foods have been estimated to encompass between 5 to 40% of human diets (1, 
2), but the origins of these statistics are unclear. Thus in Chapter 3, the prevalence of fermented food intake 
in the Dutch adult diet was evaluated using food lists from the NQplus FFQ and 24-h recalls. To our 
knowledge, this was the first analysis to quantitate the contribution of fermented foods to human diets, and 
more specifically, to the Dutch adult diet. Approximately 16 to 18% of foods consumed by this population 
were determined to be fermented, and a further 9 to 14% of foods consisted of dishes containing a fermented 
ingredient, or foods that were possibly fermented. The fermented foods consumed primarily consisted of 
coffee, beer, wine, yeast-leavened bread products, chocolate, cheese, yoghurt, quark, and buttermilk. Several 
less commonly consumed fermented foods were also captured by 24-h recalls, including certain fermented 
dairy products (sour cream, crème fraiche, yakult), sausages (salami and chorizo), fermented fish (salted 
herring, shrimp paste), vegetables (sauerkraut, fermented pickled vegetables), soy (miso, tempeh, soy sauce), 
and yeast-fermented desserts (doughnuts, pastries). Since these less commonly consumed fermented foods 
were not reflected in the FFQ food lists, their intakes could not be validated. Nonetheless, the breadth of 
fermented food products consumed by Dutch adults is an interesting observation in itself. In this context, the 
analysis in this chapter serves as a starting point for observing future shifts in the types and levels of fermented 
foods consumed in the Dutch diet, which is relevant for human health research, but also for other research 
fields (e.g., diaspora of food, global food systems). 

In this thesis, information on fermented food intake was taken from FFQs and 24-h recalls. While these 
self-report dietary assessment tools are often perceived to be inaccurate due to response bias and measurement 
error, their qualities of being non-intrusive and non-resource intensive still supports their use in large 
population-based studies. In addition, well-designed FFQs can produce valid and reproducible estimates to 
rank participants according to their levels of intake. This was observed in Chapter 3, where adequate to good 
ranking ability was achieved for the FFQ compared to multiple 24-h recalls for almost all fermented foods and 
food groups evaluated (aside from quark and buttermilk). Many of the fermented foods evaluated also 
demonstrated good agreement in absolute intakes. Nevertheless, the accuracy of self-reported dietary 
assessment of fermented foods could be improved in future studies. The FFQ relied upon for this analysis was 

 

designed to capture foods commonly consumed in the Dutch diet (≥96% of the absolute level of food intake 
in the total Dutch diet), but not specifically fermented food products. This was reflected by the relatively low 
number of unique fermented foods captured in the FFQ food list (39 foods) compared to that of the 24-h recall 
(247 foods). Thus, there is conceivable value in developing a FFQ specific for fermented foods, which could 
better capture the habitual intake of fermented foods.  

In order for a fermented food-specific FFQ to be effective in accurately capturing the types and levels 
of fermented foods, researchers must first agree on what foods are considered to be ‘fermented’. Just recently 
in 2021, the International Scientific Association for Probiotics and Prebiotics (ISAPP) convened an expert 
panel to create a common definition for fermented foods, as “foods made through desired microbial growth 
and enzymatic conversions of food components” (3). This common definition is a step towards unifying future 
research on the compositional and health qualities of fermented foods. Additionally, the delineation of 
fermented and non-fermented foods by the ISAPP expert panel mirrored and validated the classification of 
fermented foods presented in this thesis. Additionally, consumer misconceptions about fermented foods could 
be simultaneously addressed. A survey conducted among ~200 university students revealed that nearly two-
thirds were unfamiliar with the term “fermented dairy products,” and a similar percentage were unsure whether 
several cultured dairy products were fermented (4). Such unfamiliarity with fermented foods would yield 
inaccurate estimates of the types and levels of fermented foods consumed in the diet. To circumvent this, 
improvements in food legislation could make it easier for consumers to identify fermented foods in the 
marketplace based on clear food labelling (3). Such food labelling should clearly indicate a food or certain 
food brands as being “fermented”, and provide additional nutritional information, such as the presence or 
absence of live microorganisms, as well as compositional aspects of the fermented food. This information 
could also be linked to a comprehensive, food composition database to help facilitate future research. 

Single-marker vs. multi-marker strategies for estimating fermented food intake 

In conjunction with self-report methods, FIBs could act as more objective measures of intake to 
improve the dietary assessment of fermented foods. In recent years, advancements in the characterization, 
identification, and validation of FIBs can be partly attributed to the coordinated efforts of the Food Biomarker 
Alliance (FoodBAll) (5). Among the tasks delivered by the consortium, a series of systematic reviews of FIBs 
for major food groups were completed (for coffee, tea, sugar-sweetened beverages, cocoa, liquorice, dairy 
products, egg products, legumes, Allium vegetables, green leafy vegetables, bulb vegetables, stem vegetables, 
tubers, apples, pears, and stone fruit, nuts, vegetable oils, herbs and spices) (6-15). It is evident from the results 
of these reviews that: (i) FIBs were not available for many foods, (ii) the majority of identified FIBs were not 
specific to a particular food, and (iii) the FIBs were not thoroughly validated. To address these limitations, 
additional intervention studies can be and have been conducted to further identify biomarkers that respond in 
a time- and dose-dependent manner upon ingestion of a food, and population-based studies to evaluate the 
robustness of the identified biomarkers in free-living conditions (16). In addition, for non-specific biomarkers, 
multi-marker panels have emerged as an elevated strategy to capture a broader range of dietary exposure with 
greater sensitivity and specificity compared to single biomarkers (17, 18). For instance, a urinary multi-marker 
panel for beer intake consisting of biomarkers from the raw material (hops), malting, and fermentation 
processes, had excellent performance in distinguishing beer consumption up to 12 hours post-intake (19). The 
multi-marker approach may also afford greater specificity for other fermented foods, when considering a 
combination of compounds originating from the raw material and from fermentation processes. 

In the systematic review of biomarkers of fermented food intake presented in Chapter 2, instead of 
looking for specific biomarkers, both specific and non-specific compounds were considered in order to support 
a multi-marker approach in estimating fermented food intake. Compounds identified from the literature search 
were screened and sorted into FIBs proposed for a specific food based on the food raw material, for a food 
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This thesis set out to identify novel candidate FIBs for the habitual intake of fermented foods in a 
prospective cohort study in the Netherlands (NQplus), as well as to validate several candidate FIBs that were 
previously identified for dairy foods from non-targeted controlled intervention studies. Further, associations 
between these FIBs with several cardiometabolic health parameters were examined. Several studies were 
conducted to meet these objectives with the help of various research tools. These included a systematic review 
of the literature to identify existing fermented food biomarkers (Chapter 2), a comprehensive account of 
fermented foods consumed in The Netherlands and a statistical comparison of self-report dietary assessment 
methods for assessing fermented food intake (Chapter 3), metabolomics-based approaches to identify and/or 
validate FIBs of fermented food and dairy intake (Chapters 4-6), and association-based approaches to examine 
the relationships between FIBs with intake and cardiometabolic health (Chapters 4-6). In this general 
discussion, the main findings across each of these chapters will be highlighted and interpreted in the context 
of the broader literature. Since FIBs of both fermented foods and dairy foods are explored in this thesis, for 
clarity, the main findings and interpretations for fermented foods will be presented first, followed by dairy 
foods. A collective reflection on the methodological considerations across all the chapters will then ensue. 
Finally, the implications of this research together with potential future research directions will be discussed.  

Main findings and interpretations – Fermented foods 

Types and levels of fermented foods consumed in The Netherlands as assessed by self-report dietary 
assessment tools 

Previously, fermented foods have been estimated to encompass between 5 to 40% of human diets (1, 
2), but the origins of these statistics are unclear. Thus in Chapter 3, the prevalence of fermented food intake 
in the Dutch adult diet was evaluated using food lists from the NQplus FFQ and 24-h recalls. To our 
knowledge, this was the first analysis to quantitate the contribution of fermented foods to human diets, and 
more specifically, to the Dutch adult diet. Approximately 16 to 18% of foods consumed by this population 
were determined to be fermented, and a further 9 to 14% of foods consisted of dishes containing a fermented 
ingredient, or foods that were possibly fermented. The fermented foods consumed primarily consisted of 
coffee, beer, wine, yeast-leavened bread products, chocolate, cheese, yoghurt, quark, and buttermilk. Several 
less commonly consumed fermented foods were also captured by 24-h recalls, including certain fermented 
dairy products (sour cream, crème fraiche, yakult), sausages (salami and chorizo), fermented fish (salted 
herring, shrimp paste), vegetables (sauerkraut, fermented pickled vegetables), soy (miso, tempeh, soy sauce), 
and yeast-fermented desserts (doughnuts, pastries). Since these less commonly consumed fermented foods 
were not reflected in the FFQ food lists, their intakes could not be validated. Nonetheless, the breadth of 
fermented food products consumed by Dutch adults is an interesting observation in itself. In this context, the 
analysis in this chapter serves as a starting point for observing future shifts in the types and levels of fermented 
foods consumed in the Dutch diet, which is relevant for human health research, but also for other research 
fields (e.g., diaspora of food, global food systems). 

In this thesis, information on fermented food intake was taken from FFQs and 24-h recalls. While these 
self-report dietary assessment tools are often perceived to be inaccurate due to response bias and measurement 
error, their qualities of being non-intrusive and non-resource intensive still supports their use in large 
population-based studies. In addition, well-designed FFQs can produce valid and reproducible estimates to 
rank participants according to their levels of intake. This was observed in Chapter 3, where adequate to good 
ranking ability was achieved for the FFQ compared to multiple 24-h recalls for almost all fermented foods and 
food groups evaluated (aside from quark and buttermilk). Many of the fermented foods evaluated also 
demonstrated good agreement in absolute intakes. Nevertheless, the accuracy of self-reported dietary 
assessment of fermented foods could be improved in future studies. The FFQ relied upon for this analysis was 

 

designed to capture foods commonly consumed in the Dutch diet (≥96% of the absolute level of food intake 
in the total Dutch diet), but not specifically fermented food products. This was reflected by the relatively low 
number of unique fermented foods captured in the FFQ food list (39 foods) compared to that of the 24-h recall 
(247 foods). Thus, there is conceivable value in developing a FFQ specific for fermented foods, which could 
better capture the habitual intake of fermented foods.  

In order for a fermented food-specific FFQ to be effective in accurately capturing the types and levels 
of fermented foods, researchers must first agree on what foods are considered to be ‘fermented’. Just recently 
in 2021, the International Scientific Association for Probiotics and Prebiotics (ISAPP) convened an expert 
panel to create a common definition for fermented foods, as “foods made through desired microbial growth 
and enzymatic conversions of food components” (3). This common definition is a step towards unifying future 
research on the compositional and health qualities of fermented foods. Additionally, the delineation of 
fermented and non-fermented foods by the ISAPP expert panel mirrored and validated the classification of 
fermented foods presented in this thesis. Additionally, consumer misconceptions about fermented foods could 
be simultaneously addressed. A survey conducted among ~200 university students revealed that nearly two-
thirds were unfamiliar with the term “fermented dairy products,” and a similar percentage were unsure whether 
several cultured dairy products were fermented (4). Such unfamiliarity with fermented foods would yield 
inaccurate estimates of the types and levels of fermented foods consumed in the diet. To circumvent this, 
improvements in food legislation could make it easier for consumers to identify fermented foods in the 
marketplace based on clear food labelling (3). Such food labelling should clearly indicate a food or certain 
food brands as being “fermented”, and provide additional nutritional information, such as the presence or 
absence of live microorganisms, as well as compositional aspects of the fermented food. This information 
could also be linked to a comprehensive, food composition database to help facilitate future research. 

Single-marker vs. multi-marker strategies for estimating fermented food intake 

In conjunction with self-report methods, FIBs could act as more objective measures of intake to 
improve the dietary assessment of fermented foods. In recent years, advancements in the characterization, 
identification, and validation of FIBs can be partly attributed to the coordinated efforts of the Food Biomarker 
Alliance (FoodBAll) (5). Among the tasks delivered by the consortium, a series of systematic reviews of FIBs 
for major food groups were completed (for coffee, tea, sugar-sweetened beverages, cocoa, liquorice, dairy 
products, egg products, legumes, Allium vegetables, green leafy vegetables, bulb vegetables, stem vegetables, 
tubers, apples, pears, and stone fruit, nuts, vegetable oils, herbs and spices) (6-15). It is evident from the results 
of these reviews that: (i) FIBs were not available for many foods, (ii) the majority of identified FIBs were not 
specific to a particular food, and (iii) the FIBs were not thoroughly validated. To address these limitations, 
additional intervention studies can be and have been conducted to further identify biomarkers that respond in 
a time- and dose-dependent manner upon ingestion of a food, and population-based studies to evaluate the 
robustness of the identified biomarkers in free-living conditions (16). In addition, for non-specific biomarkers, 
multi-marker panels have emerged as an elevated strategy to capture a broader range of dietary exposure with 
greater sensitivity and specificity compared to single biomarkers (17, 18). For instance, a urinary multi-marker 
panel for beer intake consisting of biomarkers from the raw material (hops), malting, and fermentation 
processes, had excellent performance in distinguishing beer consumption up to 12 hours post-intake (19). The 
multi-marker approach may also afford greater specificity for other fermented foods, when considering a 
combination of compounds originating from the raw material and from fermentation processes. 

In the systematic review of biomarkers of fermented food intake presented in Chapter 2, instead of 
looking for specific biomarkers, both specific and non-specific compounds were considered in order to support 
a multi-marker approach in estimating fermented food intake. Compounds identified from the literature search 
were screened and sorted into FIBs proposed for a specific food based on the food raw material, for a food 
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group based on overlapping qualities between foods, or for the fermentation process. Out of 301 studies 
included in the review, the majority reported on FIBs for coffee (69 studies), wine (69 studies), cocoa (62 
studies), beer (34 studies), and bread (29 studies). Interestingly, these fermented foods parallel many of those 
identified from the FFQ in Chapter 3, indicating that the most studied fermented foods are also those most 
commonly consumed in Western/European diets. Alongside food-level markers (e.g., trigonelline for coffee), 
and food group-level markers (e.g., pentadecanoic acid for dairy intake), several fermentation-dependent 
markers were identified in the literature review, which were either related to the fermentation process of a 
particular food (e.g., mannitol for wine, 2-ethylmalate for beer, methionine for sourdough bread and cheese, 
theabrownins for tea, and gallic acid for tea and wine) or were indicative of more general fermentation 
processes (e.g., ethanol from alcoholic fermentation, 3-phenyllactic acid from lactic-fermentation). Some of 
the multi-marker panels outlined in the review have already been demonstrated to be superior to single-markers 
in predicting food intake. For instance, a combination of ethyl glucuronide (a food group-level marker) and 
tartaric acid (a food-level marker) performed better than single biomarkers (area under the receiver operating 
curve (AUROC) of 91 to 92% compared to 67 to 86%) for evaluating exposure to wine in both intervention 
and observational settings (20). In Chapter 4, a multi-marker model consisting of plasma C15, glutamic acid, 
and isoleucine performed better than single markers for predicting cheese intake (more details provided below). 
In both these examples, multi-marker approaches indeed appear to be a promising ‘successor’ to single-marker 
approaches to effectively capture exposure to as well as levels of fermented food intake. However, many of 
the proposed multi-marker panels for other fermented foods outlined in the literature review still require further 
development and validation in future studies. This includes, among other study designs and validation criteria, 
an exploration of their robustness in free-living populations. 

Identification of biomarkers for the habitual intake of fermented foods 

The identification of FIBs typically occurs in controlled, intervention studies and subsequently 
validated in free-living populations with complex, uncontrolled diets. However, direct identification of FIBs 
in free-living cohorts could yield a list of the strongest FIBs for foods. In Chapter 6, non-targeted 
metabolomics was applied to further identify FIBs of fermented foods in a subcohort of 531 NQplus 
participants. To ensure comprehensive coverage of the metabolome, plasma and urine samples from these 
participants were analyzed using both LC-MS and GC-MS. Out of the total of 12 plasma and 26 urinary 
metabolites identified, the vast majority were found to be discriminant for the intake of fermented beverages 
(coffee, beer, or wine). One identified metabolite corresponded to the intakes of total fermented cereals/grains, 
while none of the identified metabolites were discriminant for the intakes of white bread, wholegrain bread, 
cocoa, or fermented dairy (cheese, yoghurt). This observed imbalance in the metabolites identified for certain 
fermented foods over others could be attributed to several factors. Firstly, only metabolites significant in two 
or more statistical tests were selected for identification as a strategy to achieve a number of metabolites that 
could feasibly be identified, without being biased towards a certain fermented food. Several metabolites 
discriminant for cheese intake, for instance, were only significant by one statistical method and not prioritized 
for identification. Secondly, metabolite signals for some foods could be dampened due to shared metabolites 
with another food. In the case of cocoa, many of the potential food group-level FIBs identified in the literature 
(caffeine metabolites, hydroxycinnamates, vitamin B3 metabolites) were also found in coffee and could be 
more strongly associated with coffee intake. Thirdly, the kinetics of the most promising FIBs for a particular 
fermented food are an important consideration. For dairy foods, including fermented dairy, fatty acids are one 
of the most widely explored groups of FIBs. However, their levels in blood typically reflects recent dairy fat 
intake, and may not be detectable under fasting conditions (21, 22). This emphasizes the importance of defining 
the utility of FIBs based on timeframe of exposure (i.e., recent or habitual intake of a fermented food). 

 

Nonetheless, several of the identified FIBs found to be discriminant for coffee, wine, and beer intake 
in Chapter 6 were also captured in the literature search in Chapter 2. Notably, these included trigonelline, 
chlorogenic acid, furoylglycine, and caffeine metabolites (methyluric acid, dimethyluric acid) for coffee 
intake, and tartaric acid for wine intake. The identification of these previously-identified FIBs in this analysis 
is simultaneously an indicator of the quality of the data, as well as the strength of the FIB (that it can be 
identified across different laboratory settings and under different study designs). In addition, a few novel 
findings included several biomarkers that have not been previously associated with the intake of fermented 
foods. For instance, urinary 3-deoxy-D-ribo-hexonic acid gamma-lactone was found to be discriminant for 
coffee intake. This compound is a Maillard reaction product (23), which could have formed during coffee 
brewing. While some compounds appeared to originate from the food raw material (e.g., niacin and trigonelline 
for coffee, tartaric acid for wine), others overlapped across different fermented foods (e.g., 4-
hydroxybenzeneacetic acid and ethyl α-D-glucopyranoside for both wine and beer). In addition, several 
metabolites that were identified appeared to be associated with fermentation (erythritol and citramalate) and 
have been previously detected in multiple fermented food products. Interestingly, the discovery of these 
metabolites start to parallel the food-level, food group-level, and fermentation-dependent biomarkers described 
in the systematic review in Chapter 2. However, further targeted studies are needed to confirm their fermented 
food origin (i.e., xylitol from wine and not from non-nutritive sweetener intake), as well as their dose-response 
relationship in feeding studies with the consumption of different amounts of fermented foods. 

Common metabolites from food fermentation and gut microbiota metabolism 

Some fermentation-dependent FIBs are noticeably absent from the list of most discriminant 
metabolites identified from non-targeted analysis in Chapter 6. This could be due to many factors, among 
which and worth discussing is the overlap between metabolites derived from food fermentation and those from 
the gut microbiota. Undigested carbohydrate and protein from multiple food sources can be transformed by 
the gut microbiota to produce a diverse range of metabolites, including short-chain and branched-chain fatty 
acids, ammonia, (biogenic) amines, and phenolic compounds (24). Other metabolic activities of the gut 
microbiota parallel those of microorganisms involved in food fermentation, including the production of 
bioactive food components (e.g., isoflavanoids, flavanoids and plant lignans) and vitamins (e.g., vitamin K2) 
(25, 26). Evidently, metabolites produced by both food fermentation microorganisms and the gut bacteria can 
influence host physiological processes and influence the risk of disease. However, this interplay also makes it 
difficult to distinguish metabolites that are FIBs for fermented food intake. For instance, the lactic acid bacteria 
metabolite 3-phenyllactic acid was previously identified in serum and urine of volunteers consuming a single 
dose of cheese (27, 28). In Chapter 4, a targeted evaluation of 3-phenyllactic acid in plasma and urine yielded 
non-significant associations between 3-phenyllactic acid with cheese intake. A biological explanation for this 
lack of association could be the co-origin of (D)-3-phenyllactic acid from fermented foods and gut microbiota 
metabolism of food sources of phenylalanine (29). Additionally, the L-isomeric form of 3-phenyllactic acid 
can also be produced endogenously from phenylalanine, which is indicative of inborn errors of metabolism 
(phenylketonuria) (30). Further studies to explore the quantitative contribution of (D)-3-phenyllactic acid and 
similar metabolites originating from fermented foods or gut microbial metabolism using labelled isotopic 
standards could help clarify the status of these metabolites as FIBs for fermented foods. 

Exploring strategies to group fermented foods 

Another approach to better identify fermentation-dependent metabolites is exploring strategies to 
group fermented foods. Some metabolites may not be strong enough to distinguish the relatively low intakes 
of individual fermented foods, but may be more potent for detecting larger intake levels afforded by a 
fermented food group. Additionally, there could be added value in exploring how a dietary pattern of fermented 
food consumption (rather than individual foods) impacts health. In Chapter 3, dry matter was explored as a 
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group based on overlapping qualities between foods, or for the fermentation process. Out of 301 studies 
included in the review, the majority reported on FIBs for coffee (69 studies), wine (69 studies), cocoa (62 
studies), beer (34 studies), and bread (29 studies). Interestingly, these fermented foods parallel many of those 
identified from the FFQ in Chapter 3, indicating that the most studied fermented foods are also those most 
commonly consumed in Western/European diets. Alongside food-level markers (e.g., trigonelline for coffee), 
and food group-level markers (e.g., pentadecanoic acid for dairy intake), several fermentation-dependent 
markers were identified in the literature review, which were either related to the fermentation process of a 
particular food (e.g., mannitol for wine, 2-ethylmalate for beer, methionine for sourdough bread and cheese, 
theabrownins for tea, and gallic acid for tea and wine) or were indicative of more general fermentation 
processes (e.g., ethanol from alcoholic fermentation, 3-phenyllactic acid from lactic-fermentation). Some of 
the multi-marker panels outlined in the review have already been demonstrated to be superior to single-markers 
in predicting food intake. For instance, a combination of ethyl glucuronide (a food group-level marker) and 
tartaric acid (a food-level marker) performed better than single biomarkers (area under the receiver operating 
curve (AUROC) of 91 to 92% compared to 67 to 86%) for evaluating exposure to wine in both intervention 
and observational settings (20). In Chapter 4, a multi-marker model consisting of plasma C15, glutamic acid, 
and isoleucine performed better than single markers for predicting cheese intake (more details provided below). 
In both these examples, multi-marker approaches indeed appear to be a promising ‘successor’ to single-marker 
approaches to effectively capture exposure to as well as levels of fermented food intake. However, many of 
the proposed multi-marker panels for other fermented foods outlined in the literature review still require further 
development and validation in future studies. This includes, among other study designs and validation criteria, 
an exploration of their robustness in free-living populations. 

Identification of biomarkers for the habitual intake of fermented foods 

The identification of FIBs typically occurs in controlled, intervention studies and subsequently 
validated in free-living populations with complex, uncontrolled diets. However, direct identification of FIBs 
in free-living cohorts could yield a list of the strongest FIBs for foods. In Chapter 6, non-targeted 
metabolomics was applied to further identify FIBs of fermented foods in a subcohort of 531 NQplus 
participants. To ensure comprehensive coverage of the metabolome, plasma and urine samples from these 
participants were analyzed using both LC-MS and GC-MS. Out of the total of 12 plasma and 26 urinary 
metabolites identified, the vast majority were found to be discriminant for the intake of fermented beverages 
(coffee, beer, or wine). One identified metabolite corresponded to the intakes of total fermented cereals/grains, 
while none of the identified metabolites were discriminant for the intakes of white bread, wholegrain bread, 
cocoa, or fermented dairy (cheese, yoghurt). This observed imbalance in the metabolites identified for certain 
fermented foods over others could be attributed to several factors. Firstly, only metabolites significant in two 
or more statistical tests were selected for identification as a strategy to achieve a number of metabolites that 
could feasibly be identified, without being biased towards a certain fermented food. Several metabolites 
discriminant for cheese intake, for instance, were only significant by one statistical method and not prioritized 
for identification. Secondly, metabolite signals for some foods could be dampened due to shared metabolites 
with another food. In the case of cocoa, many of the potential food group-level FIBs identified in the literature 
(caffeine metabolites, hydroxycinnamates, vitamin B3 metabolites) were also found in coffee and could be 
more strongly associated with coffee intake. Thirdly, the kinetics of the most promising FIBs for a particular 
fermented food are an important consideration. For dairy foods, including fermented dairy, fatty acids are one 
of the most widely explored groups of FIBs. However, their levels in blood typically reflects recent dairy fat 
intake, and may not be detectable under fasting conditions (21, 22). This emphasizes the importance of defining 
the utility of FIBs based on timeframe of exposure (i.e., recent or habitual intake of a fermented food). 

 

Nonetheless, several of the identified FIBs found to be discriminant for coffee, wine, and beer intake 
in Chapter 6 were also captured in the literature search in Chapter 2. Notably, these included trigonelline, 
chlorogenic acid, furoylglycine, and caffeine metabolites (methyluric acid, dimethyluric acid) for coffee 
intake, and tartaric acid for wine intake. The identification of these previously-identified FIBs in this analysis 
is simultaneously an indicator of the quality of the data, as well as the strength of the FIB (that it can be 
identified across different laboratory settings and under different study designs). In addition, a few novel 
findings included several biomarkers that have not been previously associated with the intake of fermented 
foods. For instance, urinary 3-deoxy-D-ribo-hexonic acid gamma-lactone was found to be discriminant for 
coffee intake. This compound is a Maillard reaction product (23), which could have formed during coffee 
brewing. While some compounds appeared to originate from the food raw material (e.g., niacin and trigonelline 
for coffee, tartaric acid for wine), others overlapped across different fermented foods (e.g., 4-
hydroxybenzeneacetic acid and ethyl α-D-glucopyranoside for both wine and beer). In addition, several 
metabolites that were identified appeared to be associated with fermentation (erythritol and citramalate) and 
have been previously detected in multiple fermented food products. Interestingly, the discovery of these 
metabolites start to parallel the food-level, food group-level, and fermentation-dependent biomarkers described 
in the systematic review in Chapter 2. However, further targeted studies are needed to confirm their fermented 
food origin (i.e., xylitol from wine and not from non-nutritive sweetener intake), as well as their dose-response 
relationship in feeding studies with the consumption of different amounts of fermented foods. 

Common metabolites from food fermentation and gut microbiota metabolism 

Some fermentation-dependent FIBs are noticeably absent from the list of most discriminant 
metabolites identified from non-targeted analysis in Chapter 6. This could be due to many factors, among 
which and worth discussing is the overlap between metabolites derived from food fermentation and those from 
the gut microbiota. Undigested carbohydrate and protein from multiple food sources can be transformed by 
the gut microbiota to produce a diverse range of metabolites, including short-chain and branched-chain fatty 
acids, ammonia, (biogenic) amines, and phenolic compounds (24). Other metabolic activities of the gut 
microbiota parallel those of microorganisms involved in food fermentation, including the production of 
bioactive food components (e.g., isoflavanoids, flavanoids and plant lignans) and vitamins (e.g., vitamin K2) 
(25, 26). Evidently, metabolites produced by both food fermentation microorganisms and the gut bacteria can 
influence host physiological processes and influence the risk of disease. However, this interplay also makes it 
difficult to distinguish metabolites that are FIBs for fermented food intake. For instance, the lactic acid bacteria 
metabolite 3-phenyllactic acid was previously identified in serum and urine of volunteers consuming a single 
dose of cheese (27, 28). In Chapter 4, a targeted evaluation of 3-phenyllactic acid in plasma and urine yielded 
non-significant associations between 3-phenyllactic acid with cheese intake. A biological explanation for this 
lack of association could be the co-origin of (D)-3-phenyllactic acid from fermented foods and gut microbiota 
metabolism of food sources of phenylalanine (29). Additionally, the L-isomeric form of 3-phenyllactic acid 
can also be produced endogenously from phenylalanine, which is indicative of inborn errors of metabolism 
(phenylketonuria) (30). Further studies to explore the quantitative contribution of (D)-3-phenyllactic acid and 
similar metabolites originating from fermented foods or gut microbial metabolism using labelled isotopic 
standards could help clarify the status of these metabolites as FIBs for fermented foods. 

Exploring strategies to group fermented foods 

Another approach to better identify fermentation-dependent metabolites is exploring strategies to 
group fermented foods. Some metabolites may not be strong enough to distinguish the relatively low intakes 
of individual fermented foods, but may be more potent for detecting larger intake levels afforded by a 
fermented food group. Additionally, there could be added value in exploring how a dietary pattern of fermented 
food consumption (rather than individual foods) impacts health. In Chapter 3, dry matter was explored as a 
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method for unifying fermented foods with different matrices (e.g., liquid, solid) using information on water 
content that was readily available in the food composition tables. Using this method, metabolites were 
identified based on g/day and g dry matter/day intake levels for total fermented beverages, total fermented 
cereals/grains, and total fermented dairy groups. While these groups were generated to be consistent with the 
groups used in the literature search (Chapter 2) and FFQ validation (Chapter 3), it is recognized that some 
groups may be more effective than others for the identification of FIBs of fermented foods. For instance, while 
the total fermented beverages group consisted of a range of unique foods with few shared qualities (aside from 
the presence of alcohol in wine and beer), other groups such as fermented dairy were more homogenous (e.g., 
products derived from milk via lactic acid fermentation). To this end, another grouping strategy was considered 
that involved biomass (e.g., CFU/day) based on the levels of microorganisms used in fermentation of foods or 
contained in ready-to-eat fermented foods. Information on the types of microorganisms involved could also 
allow fermented foods to be grouped based on common fermentation processes (e.g., lactic acid fermentation) 
or based on the presence/absence of live microorganisms. Unfortunately, information on the type and levels of 
microorganisms could not be obtained or calculated from self-report dietary intakes data used in this thesis. 
Documentation of such information would be helpful to the discovery of fermentation-dependent biomarkers 
as well as in future studies exploring the health impacts of fermented food consumption. 

Associations between potential FIBs of fermented foods with cardiometabolic health 

Traditionally, fermentation has been largely regarded as a technique to preserve foods; thus, the 
consumption of fermented foods for health benefit is still a developing research area. Evidence from human 
studies have suggested that consumption of fermented foods may have a favourable impact on cardiometabolic 
health. For instance, a recent meta-analysis of cohort studies showed that fermented dairy intake was inversely 
associated with cardiovascular risk (myocardial infarction, coronary heart disease, stroke, other cardiovascular 
events) (odds ratio (OR) 0.83, 95% CI 0.76–0.91) (31). In addition, there is also a biological rationale for 
exploring the health impacts of fermented food intake. Dietary compounds originating from or enriched by the 
fermentation process may impact diverse metabolic pathways that collectively govern cardiometabolic disease 
prevention and management. For example, cheese contains αs1- and β-casein peptide fragments (produced 
from milk casein during fermentation of milk), which have ACE inhibitory activities and could help to maintain 
blood pressure levels (29). Thus, beyond identifying metabolites as FIBs for fermented foods, there is also an 
opportunity to explore if these metabolites have a modulatory effect on health outcomes. In Chapter 6, 
associations between identified candidate FIBs of fermented foods with cardiometabolic risk parameters were 
examined. In the fully-adjusted regression model, 30 metabolites were found to be significantly associated 
with various CMD risk parameters (20 positively and 10 negatively associated). After adjusting for multiple 
comparisons, 10 associations remained significant, including between plasma glutamic acid with BMI and 
waist circumference, as well as a handful of plasma and urinary metabolites (xylitol, glutamic acid, 
trigonelline, niacin, furoylglycine, and methyluric acid) with SCORE. The magnitude of the associations 
appeared to be weak. Nonetheless, there can be several interpretations of these findings. Firstly, as this analysis 
was conducted in a cross-sectional setting, these results are more hypothesis-generating than implying 
causation. A number of factors were considered in the adjustment of the models that could confound the 
association (e.g., sex, age, smoking status, education, dietary factors, as well as with and without adjusting for 
BMI), but this does not exclude the possibility of other relevant confounders. Secondly, since the associations 
were relatively neutral, the perceived cardiometabolic health benefits of fermented foods could be attributed 
to other components of fermented foods beyond these identified metabolites (e.g., bioactive peptides, or to live 
microorganisms). Overall, the potential of exploring FIBs of fermented food intake as markers to inform the 
risk of CMD is an interesting avenue for future research, but more work is required before tangible future 
recommendations can be made regarding the benefits of fermented food products on cardiometabolic health. 

 

Main findings and interpretations – Dairy foods 

Alongside general fermented foods, dairy foods (encompassing both fermented and non-fermented 
dairy) were evaluated in this thesis. Dairy products constitute an important part of European diets, and 
encompass a diverse range of foods derived from milk that are heterogeneous in nutritional composition. It is 
generally agreed that dairy provides an important source of nutrients including calcium, selenium, iron, zinc, 
copper, folic acid, and vitamins (C, D, B2, B12), which help to promote bone health throughout the lifespan 
(32, 33). However, the health impacts of consuming dairy foods as a source of dietary fatty acids is far more 
contested, due to possible adverse effects of saturated and trans fatty acids on cardiometabolic disease risk 
(33, 34). Recent shifts in the paradigm from viewing dairy products as a homogenous group for delivering 
specific nutrients to examining the whole dairy matrix indicates that distinct dairy foods (i.e., milk, cheese, 
yoghurt) may have varying effects on cardiometabolic health. Fully validated FIBs (single or multi-marker) 
have yet to be determined for distinct dairy foods, and their elucidation may help provide updated dietary 
guidelines for dairy foods that deviate from a ‘one size fits all’ approach. 

Types and levels of dairy foods consumed in The Netherlands as assessed by self-report dietary assessment 
tools 

In Chapter 3, the types and levels of dairy foods consumed in The Netherlands was also documented. 
The predominant dairy foods included (as assessed by an FFQ): cheese, yoghurt, buttermilk, quark (fermented 
dairy products), as well as milk, butter, cream, and ice cream (non-fermented dairy products). The mean total 
dairy intake of the NQplus population was 323 g/day (13.7% of total daily energy intake). This intake level is 
in line with the nutritional recommendations set by the Health Council of The Netherlands to consume 
sufficient levels of dairy products per day (e.g., 2-3 portions/day, ~300 g/day)  (35, 36). Similar to the 
evaluations of fermented foods, the FFQ provided valid and reproducible intake estimates for multiple 
regularly consumed dairy foods and groups. Adequate to good agreement in both ranking ability and absolute 
intakes was determined for total fermented dairy, cheese, and butter intake assessed by the FFQ compared to 
multiple 24-h recalls. For total non-fermented dairy, yoghurt, and milk, good ranking ability of participants 
into their levels of consumption could be established, albeit poor agreement in absolute intakes. For the less 
commonly consumed fermented dairy foods quark and buttermilk, and non-fermented dairy foods cream and 
ice cream, acceptable relative validity between the two methods could not be established, and self-reported 
estimates should be taken with caution. 

Interestingly, this analysis also revealed that intakes of total fermented dairy products was slightly 
higher than non-fermented dairy products (171 vs 153 g/day). Fermented dairy products also represented the 
largest group of fermented foods with live microorganisms consumed by this population, which may have 
important implications for human health. However, the compositional and microbiological qualities of 
different fermented dairy products is difficult to capture in self-report dietary assessment. As detailed in the 
general introduction, there is incredible diversity in the types of microorganisms used in the fermentation of 
dairy foods (at both the genus and strain level). Additionally, levels of microorganisms in final cheese and 
yoghurt products have been shown to vary from non-detectable levels to >109 CFU/g or mL, depending on the 
manufacturing, processing, and storage conditions (37). Beyond microbiological diversity, the composition of 
fermented dairy foods can also be affected by a myriad of factors, such as the animal source of milk, seasonal 
variation in animal grazing conditions, pasteurization, and length of fermentation/maturation (38, 39). In the 
case of cheese, variability in microorganisms and metabolites have also been observed in different parts of the 
cheese matrix (rind, core) (39). While these meta-data could be important to document for differentiating the 
health impacts of fermented dairy products with different qualities, is it difficult to do so effectively in self-
report dietary assessment. The FFQ used in this thesis only provided information on fat content for yoghurts 
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method for unifying fermented foods with different matrices (e.g., liquid, solid) using information on water 
content that was readily available in the food composition tables. Using this method, metabolites were 
identified based on g/day and g dry matter/day intake levels for total fermented beverages, total fermented 
cereals/grains, and total fermented dairy groups. While these groups were generated to be consistent with the 
groups used in the literature search (Chapter 2) and FFQ validation (Chapter 3), it is recognized that some 
groups may be more effective than others for the identification of FIBs of fermented foods. For instance, while 
the total fermented beverages group consisted of a range of unique foods with few shared qualities (aside from 
the presence of alcohol in wine and beer), other groups such as fermented dairy were more homogenous (e.g., 
products derived from milk via lactic acid fermentation). To this end, another grouping strategy was considered 
that involved biomass (e.g., CFU/day) based on the levels of microorganisms used in fermentation of foods or 
contained in ready-to-eat fermented foods. Information on the types of microorganisms involved could also 
allow fermented foods to be grouped based on common fermentation processes (e.g., lactic acid fermentation) 
or based on the presence/absence of live microorganisms. Unfortunately, information on the type and levels of 
microorganisms could not be obtained or calculated from self-report dietary intakes data used in this thesis. 
Documentation of such information would be helpful to the discovery of fermentation-dependent biomarkers 
as well as in future studies exploring the health impacts of fermented food consumption. 

Associations between potential FIBs of fermented foods with cardiometabolic health 

Traditionally, fermentation has been largely regarded as a technique to preserve foods; thus, the 
consumption of fermented foods for health benefit is still a developing research area. Evidence from human 
studies have suggested that consumption of fermented foods may have a favourable impact on cardiometabolic 
health. For instance, a recent meta-analysis of cohort studies showed that fermented dairy intake was inversely 
associated with cardiovascular risk (myocardial infarction, coronary heart disease, stroke, other cardiovascular 
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associations between identified candidate FIBs of fermented foods with cardiometabolic risk parameters were 
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causation. A number of factors were considered in the adjustment of the models that could confound the 
association (e.g., sex, age, smoking status, education, dietary factors, as well as with and without adjusting for 
BMI), but this does not exclude the possibility of other relevant confounders. Secondly, since the associations 
were relatively neutral, the perceived cardiometabolic health benefits of fermented foods could be attributed 
to other components of fermented foods beyond these identified metabolites (e.g., bioactive peptides, or to live 
microorganisms). Overall, the potential of exploring FIBs of fermented food intake as markers to inform the 
risk of CMD is an interesting avenue for future research, but more work is required before tangible future 
recommendations can be made regarding the benefits of fermented food products on cardiometabolic health. 

 

Main findings and interpretations – Dairy foods 
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yoghurt) may have varying effects on cardiometabolic health. Fully validated FIBs (single or multi-marker) 
have yet to be determined for distinct dairy foods, and their elucidation may help provide updated dietary 
guidelines for dairy foods that deviate from a ‘one size fits all’ approach. 

Types and levels of dairy foods consumed in The Netherlands as assessed by self-report dietary assessment 
tools 

In Chapter 3, the types and levels of dairy foods consumed in The Netherlands was also documented. 
The predominant dairy foods included (as assessed by an FFQ): cheese, yoghurt, buttermilk, quark (fermented 
dairy products), as well as milk, butter, cream, and ice cream (non-fermented dairy products). The mean total 
dairy intake of the NQplus population was 323 g/day (13.7% of total daily energy intake). This intake level is 
in line with the nutritional recommendations set by the Health Council of The Netherlands to consume 
sufficient levels of dairy products per day (e.g., 2-3 portions/day, ~300 g/day)  (35, 36). Similar to the 
evaluations of fermented foods, the FFQ provided valid and reproducible intake estimates for multiple 
regularly consumed dairy foods and groups. Adequate to good agreement in both ranking ability and absolute 
intakes was determined for total fermented dairy, cheese, and butter intake assessed by the FFQ compared to 
multiple 24-h recalls. For total non-fermented dairy, yoghurt, and milk, good ranking ability of participants 
into their levels of consumption could be established, albeit poor agreement in absolute intakes. For the less 
commonly consumed fermented dairy foods quark and buttermilk, and non-fermented dairy foods cream and 
ice cream, acceptable relative validity between the two methods could not be established, and self-reported 
estimates should be taken with caution. 

Interestingly, this analysis also revealed that intakes of total fermented dairy products was slightly 
higher than non-fermented dairy products (171 vs 153 g/day). Fermented dairy products also represented the 
largest group of fermented foods with live microorganisms consumed by this population, which may have 
important implications for human health. However, the compositional and microbiological qualities of 
different fermented dairy products is difficult to capture in self-report dietary assessment. As detailed in the 
general introduction, there is incredible diversity in the types of microorganisms used in the fermentation of 
dairy foods (at both the genus and strain level). Additionally, levels of microorganisms in final cheese and 
yoghurt products have been shown to vary from non-detectable levels to >109 CFU/g or mL, depending on the 
manufacturing, processing, and storage conditions (37). Beyond microbiological diversity, the composition of 
fermented dairy foods can also be affected by a myriad of factors, such as the animal source of milk, seasonal 
variation in animal grazing conditions, pasteurization, and length of fermentation/maturation (38, 39). In the 
case of cheese, variability in microorganisms and metabolites have also been observed in different parts of the 
cheese matrix (rind, core) (39). While these meta-data could be important to document for differentiating the 
health impacts of fermented dairy products with different qualities, is it difficult to do so effectively in self-
report dietary assessment. The FFQ used in this thesis only provided information on fat content for yoghurts 
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and cheese products – a design feature which facilitates easy completion and avoids (to some extent) wrongful 
misclassification by participants. Alternatively, the development of databases containing a comprehensive and 
integrated analysis of the composition of fermented dairy foods, as well as their detection in biosamples after 
consumption (biomarkers) could help verify self-reported food intake. 

Biomarkers of dairy (fat) intake 

Several fatty acids have been proposed as biomarkers of dairy fat intake, some of which also associate 
with general dairy intake. Among the most well studied FIBs for dairy (fat) intake are the odd-chain fatty acids 
C15 and C17. These fatty acids are synthesized by intestinal bacteria in ruminants, and have been used as 
‘validated’ biomarkers of dairy fat intake in association studies linking dairy intake to cardiovascular disease, 
stroke, and type II diabetes (40-43). However, FIB validation is an iterative process and new research findings 
could alter the validation status. For instance, Ratnayake (44) and others have pointed out that the 
concentrations of C15 and C17 in dairy fat are very low (C15 at 1.0%, C17 at 0.6%) and can co-elute with 
other fatty acids if the analytical conditions are not optimized. Additionally, they are widely detected in many 
foods other than dairy (fish, animal fat, and even some vegetables and seaweeds) (44). Thus, while C15/C17 
have been demonstrated to be associated with dairy (fat) intake, studies examining associations between 
plasma concentrations of these fatty acids and disease outcomes should be considered with caution, as these 
associations may depend on the other foods typically consumed in the diet of the population(s) in which the 
biomarker was identified/validated.  

In Chapter 4, the associations of C15 and C17 in fasting plasma with dairy intake were also evaluated. 
The results showed that C15 was significantly positively correlated with total dairy, total fermented dairy, and 
low-fat fermented dairy intake (rs 0.16 to 0.24), but curiously not high-fat dairy groups. The lack of associations 
with high-fat dairy groups may also be explained by the fact that this group was based on individual dairy 
foods (milk, cheese, yoghurt) with high fat content, rather than based on absolute quantities of dairy fat. 
Additionally, consumers eating low amounts of high-fat dairy could simultaneously be eating high amounts of 
low-fat dairy, which further blurs the association between C15 and dairy groups. Associations between C17 
and fermented dairy groups were also observed, but were weaker than C15 – a finding which is aligned to 
previous studies in the literature, and could be due to the associations found between C17 with dietary fiber 
intake (45, 46). In the quantitative targeted analysis of milk-derived fatty acids described in Chapter 5, 
stronger correlations were observed between C15 and a larger number of dairy groups: total dairy, high-fat 
dairy, total fermented dairy, low-fat fermented dairy, high-fat non-fermented dairy, cheese, and yoghurt (rs 
0.18 to 0.25). In addition, the strongest correlation was observed for dairy fat intake (rs 0.26), confirming 
previous reports of the utility of C15 as a biomarker of dairy fat. Conversely, no significant associations were 
reported for C17. These modest positive associations between C15 (and to a lesser extent, C17) suggest that, 
while these fatty acids are now known to be non-specific and not appropriate as sole indicators of dairy (fat) 
intake, they could remain useful as a ‘benchmark’ to help contextualize the associations and validation 
performances of other proposed FIBs for dairy intake. 

Several other fatty acids have also been reported to be associated with dairy fat intake, including C14:0, 
C14:1, C17:1, trans-C16:1n-7, trans-C18:1(n-7), and CLA (8, 47, 48). These fatty acids were also among 
those quantified in Chapter 5. In the fully-adjusted regression model, trans-C16:1n-7 (C16:1 t9) was 
positively associated with intakes of high-fat dairy, dairy fat, high-fat fermented dairy, and cheese, and sum of 
CLA was positively associated with dairy fat intake. However, the other fatty acids were either not detected in 
at least a third of participants (C14:0), not significantly associated (C14:1, trans 18:1n-7), or were inversely 
associated with dairy intake (C17:1). In addition, these fatty acids were not found to be discriminant for the 
intake of milk, cheese, or yoghurt in previous FIB identification studies conducted for these dairy foods (27, 
28, 49, 50).  

 

The findings from these chapters lend support to previous research on fatty acids as FIBs of dairy (fat) 
intake, in particular C15, trans-C16:1n-7 and CLA. However, the modest associations observed indicate that 
there is still room to improve the accuracy and precision of the biomarkers, possibly through exploiting multi-
marker panels. To this end, non-targeted metabolomics and lipidomics studies conducted on dairy foods and 
on biosamples after dairy consumption can reveal a wider panel of metabolites and lipids which can help in 
the selection of candidates for exploration in a multi-marker model (51, 52). 

Single-marker vs. multi-marker strategies for estimating dairy food intake 

Aside from dairy fat intake, FIBs for the intake of specific dairy foods have not yet been fully exploited. 
The Netherlands has one of the highest dairy consumption per capita in the world (53, 54), which makes the 
Dutch population ideal for identifying and validating candidate FIBs of dairy food intake. In Chapter 4, the 
performance of single-marker and multi-marker strategies in estimating the intake of dairy foods was evaluated 
in the NQplus population. The candidate FIBs were previously-identified in the plasma and urine metabolomes 
of healthy adults following milk, cheese, and yoghurt consumption in postprandial and/or short-term 
intervention studies, and mainly consisted of lactose metabolites, oligosaccharides, fatty acids, amino acids, 
and indoles (27, 28, 49, 50). For milk, the best multi-marker model generated from stepwise regression that 
also accounted for common covariates (urinary galactose, galactitol, sex, body mass index, and age; correlation 
between actual and predicted intakes (rap) of 0.20, mean absolute error (MAE) of 92 g/day) was found to be 
more effective in predicting milk intake than the best single-marker model (urinary galactitol; rap 0.17, MAE 
94 g/day). Similar results were obtained for the best multi-marker model for cheese intake (plasma 
pentadecanoic acid, isoleucine, and glutamic acid; rap 0.16, MAE 17 g/day vs. no significant single-marker 
model). Meanwhile, no significant associations were observed for yogurt, which could be attributed to the non-
specific nature of the biomarkers identified for this dairy food (primarily amino acids).  

This is the first report to explore multi-marker models for capturing the intake of specific dairy foods. 
Broadly speaking, the main findings from Chapter 4 can be summarized into two conclusions. The first is that 
the development of multi-marker panels is an appropriate strategy to capture the intakes of dairy foods with 
an improvement over single-markers. This has also been demonstrated previously for dairy fat intake, where 
summed combinations of fatty acids (C15 and trans-C18:1(n-7) in fasting plasma triglycerides (R2 = 0.128), 
and C14:0, C15, trans-C18:1(n-7) and CLA (R2 = 0.143) in phospholipids) resulted in stronger predictions of 
dairy fat intake over single fatty acids (55). The second is that the best individual FIBs, and the best 
combinations of FIBs, have yet to be elucidated. This includes an elucidation of separate panels for the short-
term and habitual intake of dairy foods. The tryptophan metabolites indole-3-lactic acid and indole-3-
acetaldehyde illustrate this point. In a previous non-targeted metabolomics study of yoghurt intake, these 
indoles showed significant post-prandial responses to yoghurt intake, but were almost non-detectable in serum 
6 hours after consumption (49). Additionally, they were not significant in fasting serum after daily yoghurt 
intake for two weeks. Thus, they may not be suitable as habitual markers, but may be valid as a single or 
combined marker to reflect acute yoghurt intake. 

To complement the targeted metabolomics analysis, a semi-exploratory study was performed in 
Chapter 5 to examine the associations between 67 milk-derived free fatty acids with dairy fat intakes, as well 
as different dairy groups and dairy foods. In the full-adjusted model, the strongest associations were observed 
for dairy fat intake included C16:1 t9 (standardized β (Std. β) = 4.9, SE = 1.6, R2 = 0.2, raw p ≤ 0.05), which 
was also associated with high-fat dairy, high-fat fermented dairy, and cheese intake. Significant associations 
between C15 with dairy fat and high-fat dairy intake were also observed (albeit with lower effect size compared 
to C16:1 t9), while no significant associations were observed for C17. Several long-chain saturated and 
unsaturated free fatty acids were also found to be positively associated with several dairy groups and dairy 
foods which have not been widely reported (C15 iso, C17 iso, C18:1 t13+c6+c7+u, C18:1 u1, C18:2 c9t11+u, 
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and cheese products – a design feature which facilitates easy completion and avoids (to some extent) wrongful 
misclassification by participants. Alternatively, the development of databases containing a comprehensive and 
integrated analysis of the composition of fermented dairy foods, as well as their detection in biosamples after 
consumption (biomarkers) could help verify self-reported food intake. 

Biomarkers of dairy (fat) intake 

Several fatty acids have been proposed as biomarkers of dairy fat intake, some of which also associate 
with general dairy intake. Among the most well studied FIBs for dairy (fat) intake are the odd-chain fatty acids 
C15 and C17. These fatty acids are synthesized by intestinal bacteria in ruminants, and have been used as 
‘validated’ biomarkers of dairy fat intake in association studies linking dairy intake to cardiovascular disease, 
stroke, and type II diabetes (40-43). However, FIB validation is an iterative process and new research findings 
could alter the validation status. For instance, Ratnayake (44) and others have pointed out that the 
concentrations of C15 and C17 in dairy fat are very low (C15 at 1.0%, C17 at 0.6%) and can co-elute with 
other fatty acids if the analytical conditions are not optimized. Additionally, they are widely detected in many 
foods other than dairy (fish, animal fat, and even some vegetables and seaweeds) (44). Thus, while C15/C17 
have been demonstrated to be associated with dairy (fat) intake, studies examining associations between 
plasma concentrations of these fatty acids and disease outcomes should be considered with caution, as these 
associations may depend on the other foods typically consumed in the diet of the population(s) in which the 
biomarker was identified/validated.  

In Chapter 4, the associations of C15 and C17 in fasting plasma with dairy intake were also evaluated. 
The results showed that C15 was significantly positively correlated with total dairy, total fermented dairy, and 
low-fat fermented dairy intake (rs 0.16 to 0.24), but curiously not high-fat dairy groups. The lack of associations 
with high-fat dairy groups may also be explained by the fact that this group was based on individual dairy 
foods (milk, cheese, yoghurt) with high fat content, rather than based on absolute quantities of dairy fat. 
Additionally, consumers eating low amounts of high-fat dairy could simultaneously be eating high amounts of 
low-fat dairy, which further blurs the association between C15 and dairy groups. Associations between C17 
and fermented dairy groups were also observed, but were weaker than C15 – a finding which is aligned to 
previous studies in the literature, and could be due to the associations found between C17 with dietary fiber 
intake (45, 46). In the quantitative targeted analysis of milk-derived fatty acids described in Chapter 5, 
stronger correlations were observed between C15 and a larger number of dairy groups: total dairy, high-fat 
dairy, total fermented dairy, low-fat fermented dairy, high-fat non-fermented dairy, cheese, and yoghurt (rs 
0.18 to 0.25). In addition, the strongest correlation was observed for dairy fat intake (rs 0.26), confirming 
previous reports of the utility of C15 as a biomarker of dairy fat. Conversely, no significant associations were 
reported for C17. These modest positive associations between C15 (and to a lesser extent, C17) suggest that, 
while these fatty acids are now known to be non-specific and not appropriate as sole indicators of dairy (fat) 
intake, they could remain useful as a ‘benchmark’ to help contextualize the associations and validation 
performances of other proposed FIBs for dairy intake. 

Several other fatty acids have also been reported to be associated with dairy fat intake, including C14:0, 
C14:1, C17:1, trans-C16:1n-7, trans-C18:1(n-7), and CLA (8, 47, 48). These fatty acids were also among 
those quantified in Chapter 5. In the fully-adjusted regression model, trans-C16:1n-7 (C16:1 t9) was 
positively associated with intakes of high-fat dairy, dairy fat, high-fat fermented dairy, and cheese, and sum of 
CLA was positively associated with dairy fat intake. However, the other fatty acids were either not detected in 
at least a third of participants (C14:0), not significantly associated (C14:1, trans 18:1n-7), or were inversely 
associated with dairy intake (C17:1). In addition, these fatty acids were not found to be discriminant for the 
intake of milk, cheese, or yoghurt in previous FIB identification studies conducted for these dairy foods (27, 
28, 49, 50).  

 

The findings from these chapters lend support to previous research on fatty acids as FIBs of dairy (fat) 
intake, in particular C15, trans-C16:1n-7 and CLA. However, the modest associations observed indicate that 
there is still room to improve the accuracy and precision of the biomarkers, possibly through exploiting multi-
marker panels. To this end, non-targeted metabolomics and lipidomics studies conducted on dairy foods and 
on biosamples after dairy consumption can reveal a wider panel of metabolites and lipids which can help in 
the selection of candidates for exploration in a multi-marker model (51, 52). 

Single-marker vs. multi-marker strategies for estimating dairy food intake 

Aside from dairy fat intake, FIBs for the intake of specific dairy foods have not yet been fully exploited. 
The Netherlands has one of the highest dairy consumption per capita in the world (53, 54), which makes the 
Dutch population ideal for identifying and validating candidate FIBs of dairy food intake. In Chapter 4, the 
performance of single-marker and multi-marker strategies in estimating the intake of dairy foods was evaluated 
in the NQplus population. The candidate FIBs were previously-identified in the plasma and urine metabolomes 
of healthy adults following milk, cheese, and yoghurt consumption in postprandial and/or short-term 
intervention studies, and mainly consisted of lactose metabolites, oligosaccharides, fatty acids, amino acids, 
and indoles (27, 28, 49, 50). For milk, the best multi-marker model generated from stepwise regression that 
also accounted for common covariates (urinary galactose, galactitol, sex, body mass index, and age; correlation 
between actual and predicted intakes (rap) of 0.20, mean absolute error (MAE) of 92 g/day) was found to be 
more effective in predicting milk intake than the best single-marker model (urinary galactitol; rap 0.17, MAE 
94 g/day). Similar results were obtained for the best multi-marker model for cheese intake (plasma 
pentadecanoic acid, isoleucine, and glutamic acid; rap 0.16, MAE 17 g/day vs. no significant single-marker 
model). Meanwhile, no significant associations were observed for yogurt, which could be attributed to the non-
specific nature of the biomarkers identified for this dairy food (primarily amino acids).  

This is the first report to explore multi-marker models for capturing the intake of specific dairy foods. 
Broadly speaking, the main findings from Chapter 4 can be summarized into two conclusions. The first is that 
the development of multi-marker panels is an appropriate strategy to capture the intakes of dairy foods with 
an improvement over single-markers. This has also been demonstrated previously for dairy fat intake, where 
summed combinations of fatty acids (C15 and trans-C18:1(n-7) in fasting plasma triglycerides (R2 = 0.128), 
and C14:0, C15, trans-C18:1(n-7) and CLA (R2 = 0.143) in phospholipids) resulted in stronger predictions of 
dairy fat intake over single fatty acids (55). The second is that the best individual FIBs, and the best 
combinations of FIBs, have yet to be elucidated. This includes an elucidation of separate panels for the short-
term and habitual intake of dairy foods. The tryptophan metabolites indole-3-lactic acid and indole-3-
acetaldehyde illustrate this point. In a previous non-targeted metabolomics study of yoghurt intake, these 
indoles showed significant post-prandial responses to yoghurt intake, but were almost non-detectable in serum 
6 hours after consumption (49). Additionally, they were not significant in fasting serum after daily yoghurt 
intake for two weeks. Thus, they may not be suitable as habitual markers, but may be valid as a single or 
combined marker to reflect acute yoghurt intake. 

To complement the targeted metabolomics analysis, a semi-exploratory study was performed in 
Chapter 5 to examine the associations between 67 milk-derived free fatty acids with dairy fat intakes, as well 
as different dairy groups and dairy foods. In the full-adjusted model, the strongest associations were observed 
for dairy fat intake included C16:1 t9 (standardized β (Std. β) = 4.9, SE = 1.6, R2 = 0.2, raw p ≤ 0.05), which 
was also associated with high-fat dairy, high-fat fermented dairy, and cheese intake. Significant associations 
between C15 with dairy fat and high-fat dairy intake were also observed (albeit with lower effect size compared 
to C16:1 t9), while no significant associations were observed for C17. Several long-chain saturated and 
unsaturated free fatty acids were also found to be positively associated with several dairy groups and dairy 
foods which have not been widely reported (C15 iso, C17 iso, C18:1 t13+c6+c7+u, C18:1 u1, C18:2 c9t11+u, 
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C18:2 t9t12, C18:2 u3, C20:1 c11, C20:3 c8c11c14, C20:4 c5c8c11c14, C20:4 c8c11c14c17, and C22). While 
the majority of these free fatty acids had low concentrations in plasma similar to C15 and C17 (≤0.7 mg/mL), 
the GC-FID targeted quantitative method is well developed to be able to efficiently separate different fatty 
acids and their isomers (56, 57). These individual fatty acids should be further explored in multi-marker panels 
as alternative or complementary FIBs for different dairy groups or foods. 

As mentioned above, several multi-marker models consisting of summed fatty acids have been 
previously explored for dairy fat intake. Pranger et al. (55) observed that summed plasma triglyceride 
concentrations of C15 and trans-C18:1(n-7), and plasma phospholipid levels of C14:0, C15, trans-C18:1(n-7) 
and CLA, best captured dairy fat intake over each of the single fatty acids. In another study, the authors 
considered the summed plasma phospholipid levels of C15, C17, and trans-palmitoleic acid (C16:1 t9) to be a 
biomarker of dairy fat intake, based on the evidence each individual biomarker and the high degree of inter-
correlation between these biomarkers (58). In Chapter 5, associations were conducted between 21 summed 
fatty acid groups with intakes of dairy fat, dairy groups, and individual dairy foods. This also included an 
evaluation of summed C15 and C7, and summed C15, C17, and C16:1 t9, which were not found to be 
significantly associated with dairy fat, dairy groups, or individual dairy foods in the fully-adjusted model. 
However, sum of CLA was found to be positively associated with dairy fat intake, while sum of trans-C18:2 
with CLA was positively associated with cheese intake. CLA (primarily the cis-9, trans-11 form in milk) is 
largely synthesized by bacteria in ruminants from unsaturated fatty acids; however, it is not regarded to be 
specific to cheese intake but rather a marker for the general intake of ruminant foods (8). Moreover, the use of 
summed fatty acids as multi-marker models is not without its limitations. Summation is a linear combination 
that assumes that all fatty acids in the sum predict dairy fat intake equally well, which is almost never the case. 
Since the goal of this chapter was not to compare the associations of single or combined fatty acids for 
capturing dairy intakes, different combinations of the 67 milk-derived free fatty acids were not fully explored. 
However, there is a rationale for using the strongest individual fatty acids from this analysis in a future multi-
marker panel. These multi-marker panels should include complementary biomarkers from different metabolite 
classes that capture different aspects of a food. For dairy foods, this could include fatty acids, non-fatty acids, 
fermentation-derived metabolites (if appropriate), metabolites from processing, additives, as well as known 
physiological and genetic targets that could influence the utility of the biomarkers for specific sub-populations.  

Associations between dairy biomarkers and cardiometabolic health 

Several studies have been conducted associating dairy fat biomarkers (C15, C17, and C16:1 t9) with 
CMD risk factors and disease incidence, such as with incident type II diabetes (43) and incident stroke (42). 
However, relatively little is known about the wider panel of milk-derived fatty acids and how they individually 
and collectively associate with different CMD risk parameters. In Chapter 5, in the fully-adjusted regression 
model, 33 free fatty acids were found to be associated with CMD risk parameters. Several long-chain saturated 
(C16-C19) and unsaturated FFAs (e.g., DHA) as well as several summed fatty acids (e.g., omega-3 and omega-
6 fatty acids) positively associated with plasma total cholesterol, LDL-cholesterol, serum triglycerides, and 
SCORE; the strongest associations were observed for C18:1 c15 with plasma total cholesterol and LDL-
cholesterol. On the other end, several long-chain saturated and unsaturated FFAs were also found to be 
negatively associated with waist circumference, serum triglycerides, and plasma LDL-cholesterol. These 
findings suggest that the metabolic impacts of dairy consumption on plasma free fatty acids is bidirectional, 
and could have implications for further understanding how dairy components contribute to overall CMD risk. 
Interestingly, in contrast to candidate FIBs for fermented beverages (coffee, beer, and wine) which were mainly 
associated with anthropometric parameters, here, associations were mostly observed between dairy fatty acids 
and blood lipid parameters. While clear associations between self-reported dairy intake and CMD risk factors 

 

were not observed in this study, a larger population (or cohort with a greater gradient of CMD risk) is warranted 
to confirm these neutral findings, or to address the limitations of the current study design. 

Methodological considerations 

Population-based study design for the identification and validation of FIBs 

 Several study designs have been used for the identification of FIBs, the most common of which is a 
well-controlled, acute dietary intervention study where participants consume a single test food/meal (59). This 
study design ensures a cleaner selection of the most discriminant metabolites for a specific food, and analysis 
of post-prandial samples collected at set intervals following consumption can provide valuable information on 
the dose-response of the FIBs (27, 28, 49, 50, 59). In the current thesis, identification of FIBs for fermented 
foods was achieved using biosamples from an existing free-living cohort (NQplus), which has distinct 
advantages and limitations over an intervention approach. For instance, although metabolite changes are more 
difficult to detect in cohort samples, those detected can be considered more powerful and reliable indicators of 
fermented food intake since they are identified in the context of a highly variable diet (60). This was 
exemplified by the identification of known coffee intake biomarkers (e.g., quinate, trigonelline), from the non-
targeted analysis conducted in Chapter 6. The use of existing cohort samples to identify these FIBs can also 
be a more efficient approach than conducting an intervention study for each food of interest. For example, in 
one study, proline betaine and flavanone glucuronides (several known biomarkers of citrus fruit intake) were 
equally identified in the urine metabolomes of participants who had consumed an acute dose of orange or 
grapefruit juice, regularly consumed orange juice for one month, and between regular low- and high-consumers 
of citrus (60). Further, although intervention studies may be more suited for identifying new biomarkers, it is 
critical for the validation of these biomarkers to be conducted in a free-living cohort with complex, 
uncontrolled diets (16). For example, in Chapter 4, the robustness of previously-identified FIBs for milk, 
cheese, and yoghurt intake were evaluated in a free-living cohort. While these FIBs were identified 
postprandially following an acute ingestion of the dairy foods and could thus reflect recent intake, many of 
them were not robust enough to discriminate the habitual intake of these dairy foods. 

Qualities of biosamples collected from population-based studies 

 A related consideration for the use of population-based studies to identify and validate FIBs relates to 
the differences in the collection and storage times of biosamples. Large-scale population-based studies are 
typically designed for multiple data extraction and analyses (due to the amount of effort and cost involved to 
set up such a study). Thus, in contrast to intervention studies where post-prandial blood and/or urine are 
collected and analyzed fairly quickly, cohort biosamples are typically collected under fasting conditions, at 
one timepoint, and then stored in the biobank for many years. The use of these biosamples presents challenges 
for biomarker identification. Certain metabolites may degrade during the harsh sampling, handling and long-
term storage conditions. Therefore, these metabolites are not detected during FIB identification or validation, 
even if they are promising candidates. In addition, candidate FIBs previously detected under postprandial 
conditions and have a short half-life may not be detected in fasting biosamples (e.g., FIBs for yoghurt targeted 
in Chapter 4). The stability of FIBs in biosamples under long-term storage conditions, as well as their 
analytical performance and reproducibility across laboratories with different quantification methods, require 
dedicated studies (61). Interestingly, since 24-h urine samples were collected for NQplus (instead of fasting 
urine), in Chapter 6, a larger number of metabolites were significant for and identified in urine compared to 
plasma. This indicates that the use of 24-h urine or biosample pools in population-based studies could be a 
more effective strategy to the use of fasting samples in detecting a greater range of metabolites.  
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set up such a study). Thus, in contrast to intervention studies where post-prandial blood and/or urine are 
collected and analyzed fairly quickly, cohort biosamples are typically collected under fasting conditions, at 
one timepoint, and then stored in the biobank for many years. The use of these biosamples presents challenges 
for biomarker identification. Certain metabolites may degrade during the harsh sampling, handling and long-
term storage conditions. Therefore, these metabolites are not detected during FIB identification or validation, 
even if they are promising candidates. In addition, candidate FIBs previously detected under postprandial 
conditions and have a short half-life may not be detected in fasting biosamples (e.g., FIBs for yoghurt targeted 
in Chapter 4). The stability of FIBs in biosamples under long-term storage conditions, as well as their 
analytical performance and reproducibility across laboratories with different quantification methods, require 
dedicated studies (61). Interestingly, since 24-h urine samples were collected for NQplus (instead of fasting 
urine), in Chapter 6, a larger number of metabolites were significant for and identified in urine compared to 
plasma. This indicates that the use of 24-h urine or biosample pools in population-based studies could be a 
more effective strategy to the use of fasting samples in detecting a greater range of metabolites.  
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Metabolomics approaches for the identification and validation of biomarkers 

 Metabolomics is a versatile tool that permits the comprehensive profiling of thousands of metabolites 
in biofluids with great breadth and precision. These metabolites contain valuable information reflecting new 
gene functions, altered metabolic pathways, food-host-gut microbiota interactions, and food intake (61). The 
choice of the analytical approach varies on the goal of the study. Different metabolomics approaches have 
been described in this thesis, namely a non-targeted semi-quantitative approach (LC-MS, GC-MS) for the 
identification of fermented food FIBs (Chapter 6), and a targeted semi-quantitative (LC-MS, GC-MS) 
approach for evaluating the robustness of previously-identified FIBs (Chapters 4, 6). Further, a targeted 
quantitative (GC-FID) approach was used for fatty acid analysis (Chapters 5). For biomarker identification, a 
combination of metabolomics platforms permits a comprehensive coverage of the metabolome based on the 
strengths of each method. However, the dose-response relationship between fermented food (or dairy) intake 
and the biomarker (single or combined) will be fully elucidated only by conducting human intervention studies 
with several doses of these foods and quantitative methods of analysis, allowing the establishment of 
calibration curves and integration of biomarkers from different platforms.  

Several challenges faced in this thesis were related to metabolite identification, which is regarded as 
the bottleneck in metabolomics. For GC-MS, the stability of the machinery permits the use of reference 
libraries to offer accurate identifications for many metabolites, even in the absence of analytical standards. 
However, for LC-MS, identification is more difficult. In Chapters 4 and 6, all LC-MS metabolites were 
analyzed using positive mode, to align with previous research studies, and to make use of the optimized settings 
by which the widest range of metabolites could be detected. However, running the same samples through 
negative mode could have been beneficial to detect different metabolites (extending the number of metabolites 
measured) but also verify the same molecules (providing more information on their identity). Nevertheless, 
identification of metabolites for the LC-MS was aided by performing MS/MS fragmentations using different 
settings for plasma and urine QC pools, as well as in several ‘high consumer’ samples. This resulted in a larger 
number of fragmentation spectra (20-30% increase) that could then be compared to databases in order to help 
confirm the suggested identities of the metabolites. 

A further challenge in metabolomics relates to the integration of datasets across multiple metabolomics 
analytical platforms. In Chapter 4, candidate FIBs for milk, cheese, and yogurt were targeted using the same 
metabolomics platforms from which they were originally identified (LC-MS and GC-MS, or GC-MS as a 
proxy for metabolites identified previously using NMR). Thus, the multi-marker models generated were also 
biosample- and platform-specific. Standardized protocols are lacking for how to effectively combine 
metabolites detected across different biosamples and analytical platforms, which is an area in need of 
development. Beyond metabolomics-metabolomics data integration, further guidance on how to integrate 
metabolomics data with genomics (metagenomics-microbiome), transcriptomics, and proteomics data would 
offer unparalleled opportunities to enhance current understanding of biological functions, elucidate their 
underlying mechanisms, and uncover hidden associations between different omics variables (62). 

Selection of statistical and prediction models 

 A common thread throughout the chapters in this thesis is the comprehensive comparison of different 
statistical methods. In Chapter 3, four different statistical methods were outlined to evaluate the relative 
validity of the FFQ against multiple 24-h recalls: Spearman’s correlation, Bland-Altman, quintile cross-
classification, and percent difference in absolute intakes. The use of these multiple methods reveals different 
facets of validity that would not be achieved with a single method (63). For example, the results of quintile 
cross-classification showed that the FFQ was able to classify some fermented and dairy foods correctly into 
levels of intakes, but percent difference revealed poor agreement for absolute intakes. Similarly, in Chapter 
6, a combination of univariate (Spearman’s correlations, Kruskal-Wallis) and multivariate (PLS-DA, Random 

 

Forest) techniques were applied to select the most discriminant metabolites as potential FIBs for fermented 
foods. Data analysis in metabolomics is generally dominated by multivariate methods due to the large number 
of variables measured; however, univariate methods are gaining momentum partly due to their ease of 
application and interpretation (64). In fact, the predominant method for the analysis of metabolomics data in 
epidemiology-based studies of biomarker discovery and disease etiology is univariate regression (65). The use 
of both statistical approaches can result in the identification of complementary FIBs (64). Indeed, a large 
number of significant metabolites were revealed following the statistical analysis in Chapter 6 (586 plasma 
and 151 urinary metabolites from GC-MS, 110 plasma and 4473 urinary metabolites from LC-MS). 

In Chapters 4 and 5, various regression models (generalized linear regression, step-wise regression, 
multiple linear regression, and restricted cubic spline regression) were explored as predictive models for 
estimating dairy intake using single or combined biomarkers (or individual and summed fatty acids). However, 
in each case, associations were examined over agreement. Typically, a binary classification method, such as 
area under the receiver operator curve (AUROC), is used to observe whether the FIB can correctly classify 
consumers and non-consumers of a food. This has been applied for single- and multi-marker panels developed 
for banana (66), beer (19), wine (20), cocoa (67), and fruit and fruit juice intake (18, 68). In one study, a 
summed combination of biomarkers (proline betaine, hippurate, and xylose) showed an improved ability to 
classify individuals into 3 categories of self-reported fruit intake compared to each biomarker alone (18). 
However, the ability of multi-marker panels to accurately estimate a continuous range of food intakes is not 
well explored. To this end, further development of appropriate statistical methods to examine the agreement 
between self-reported food intake and levels of FIBs on a continuous scale (for example, as proposed by 
Obuchowski (69) for diagnostic tests) would be highly valuable for the further validation of FIBs. 

Measurement error in self-report and biomarker-based dietary assessment 

It is well recognized that self-report dietary assessment methods suffer from measurement error. These 
can be random errors, which reduces the precision of intake estimates and loss of statistical power to detect 
potential associations, or systematic errors, which reduce the accuracy of intake estimates and over or 
underestimate diet-health associations (70-72). Random errors, such as those related to day-to-day variation in 
food intake, can be reduced by taking repeated measurements (e.g., multiple 24-h recalls per person). For 
example, in Chapter 3, all of the available 24-h recalls completed by a given participant (2-8 recalls, most had 
completed ≥3 recalls) were averaged in order to smoothen day-to-day variation and achieve habitual intake 
estimates akin to the FFQ. On the other hand, systematic errors caused by inaccuracies in participant responses 
(e.g., overreporting the consumption of healthy foods and underreporting of junk foods), can introduce bias 
and are unable to be addressed adequately with an increased number of measurements (71).  

In this thesis, FIBs are presented as a complementary dietary assessment strategy that is less prone to 
systematic measurement error than self-report methods, to achieve intakes estimates closer to ‘true’ intake 
values. Additionally, multi-markers that are more specific for the intakes of a certain food may perform better 
than single biomarkers in achieving this goal. However, due to the nature of the NQplus data, the dates of FFQ 
completion and biosample collection did not coincide. The identification and validation of FIBs was therefore 
performed on biosamples collected within 14 days of completing an FFQ, to achieve a large yet reasonable 
number of participants with biosamples collected within the reference timeframe of the FFQ. This timeframe 
is still relatively large and can present challenges to the identification of FIBs that are sensitive to daily 
fluctuations in dietary intake. Thus, in Chapter 6, the stability of the identified FIBs (for coffee, wine and 
beer) was explored by comparing the correlations between FIBs and self-report intakes with increasing time 
between biosample collection and FFQ completion. The magnitude and significance of the correlations were 
maintained despite increasing timeframes (within 30, 90, 180 days, and greater). This analysis suggests that 
these FIBs could be relatively stable for assessing the habitual intake of these foods. 
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completion and biosample collection did not coincide. The identification and validation of FIBs was therefore 
performed on biosamples collected within 14 days of completing an FFQ, to achieve a large yet reasonable 
number of participants with biosamples collected within the reference timeframe of the FFQ. This timeframe 
is still relatively large and can present challenges to the identification of FIBs that are sensitive to daily 
fluctuations in dietary intake. Thus, in Chapter 6, the stability of the identified FIBs (for coffee, wine and 
beer) was explored by comparing the correlations between FIBs and self-report intakes with increasing time 
between biosample collection and FFQ completion. The magnitude and significance of the correlations were 
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Beyond biomarkers, other technology-based methods have been proposed to reduce measurement error 
and improve the accuracy of dietary intake assessments (for both research and consumer use). These range 
from web-based translations of traditional paper-based methods, to meal photography linked with a 
smartphone app (73). These methods can be cost-effective, fairly easy to complete, and provide rapid feedback 
(73). Eventually, technology-based methods may even surpass FIBs as a more effective strategy to gain 
accurate information on portion size estimation. However, the caveat is that such methods are not able to satisfy 
the biological knowledge gained along the search for FIBs. 

Moreover, regardless of the method (self-report, biomarker, technology-based), there is no way to 
assess dietary intake with perfect precision, as all methods suffer from measurement error. As stated by Beaton 
et al. (74): “...there is not, and probably never will be, a method that can estimate dietary intake without 
error...different types of error have different effects in analysis and interpretation.” Thus, in addition to 
developing and validating new methods, the error structure (nature and magnitude of error) of dietary data 
must be assessed (for instance, correlation attenuation factors described in Chapter 3). Of course, the tolerance 
for the amount of measurement error also depends on the research question: whether it is important to rank 
individuals into levels of intake, or to achieve congruency in absolute intakes. 

Implications and future research directions 

 This thesis adds to the current state of the literature on FIB identification and validation, in particular 
for fermented foods and dairy foods. At the same time, several knowledge gaps were revealed, which limits 
the current application of FIBs in improving the dietary assessment of fermented foods and dairy foods, and 
understanding their role in (cardiometabolic) health. In the ensuing sections, several future research directions 
will be presented, along with their implications for public health, the food industry, and consumers. 

Expanding the discovery of FIBs for different types of fermented foods 

A common knowledge gap among the chapters in this thesis stems from a bias in the literature for 
investigating a narrow list of fermented foods. In the systematic review of FIBs for fermented foods (Chapter 
2), the vast majority of studies were conducted for coffee, wine, cocoa, beer, and bread, while only a smattering 
of other types of fermented foods were represented. For some foods, such as fermented soy, there appears to 
be ample research but the studies primarily target a list of food group-level biomarkers (e.g., isoflavones found 
in all soy products), whereas FIBs specifically associated with fermented soy intake were not investigated. 
This bias was further reflected in the fermented foods assessed by the FFQ (coffee, beer, wine, yeast-leavened 
breads, chocolate, cheese, and yoghurt) (Chapter 3), and consequently in the identification of FIBs using these 
self-reported fermented food intake groups (Chapter 6). While these are common foods consumed in 
Western/European diets, due to globalization, many of the nutritious and delightful fermented food products 
that are indigenous to other parts of the world are now available locally. Thus, the current literature on FIBs 
of fermented foods presents an ‘incomplete’ picture of the diversity of fermented foods consumed in modern 
globalized diets. To address this, further discovery-driven studies on the identification of FIBs for less common 
fermented foods and condiments in Europe (e.g., sourdough, sauerkraut, salami, Worcestershire sauce) and 
globally (e.g., kombucha, kefir, tempeh, kimchi, soy sauce) are warranted. 

Better understanding the composition of different fermented foods and their documentation in food 
databases 

Fermented food products are complex and multi-faceted. The composition of fermented foods reflects 
untransformed compounds from the raw food substrate, transformed raw material compounds by the 
fermentation process, and novel metabolites produced by fermentative microorganisms. Additionally, the 
presence of live microorganisms (or even inactivated microorganisms) presents a unique additional 

 

compositional layer (3, 75). Metabolomics and metagenomics analyses coupled with bioinformatics and 
machine learning could better capture the molecular composition of fermented foods. Concurrently, 
documenting the composition of different fermented foods and their meta-data in food composition databases 
(new or existing) is a critical step. Food composition databases are widely used in nutrition and health research 
to provide information on the nutritional content of foods. However, current food composition databases only 
report a limited number of nutrients out of the thousands of distinct chemicals in our food (76). Documenting 
the composition of fermented foods could open new research avenues for understanding how their 
consumption affects health and disease. Additionally, such information could also benefit food industries to 
formulate products with improved nutritional qualities. 

Further development and validation of multi-marker panels for capturing fermented food (and dairy food) 
intake and association studies in larger cohorts 

Both of the abovementioned future research directions (expanding the repertoire of FIBs for fermented 
foods consumed globally and further understanding their composition) directly benefits the development of 
future multi-marker panels. For instance, one lesson derived from this thesis is that while a combination of 
biomarkers can have the potential to capture intakes of specific foods with greater efficacy over single markers, 
the best combinations of FIBs have yet to be fully elucidated. This was observed for many FIBs identified for 
fermented foods as well as dairy foods. Additionally, a further study could be conducted to validate FIBs 
identified for fermented foods and dairy foods in a larger population where biosample collection occurs as 
close as possible to completion of self-report dietary assessment (e.g., within one day). Given that the NQplus 
population is relatively healthy, investigation in a larger cohort (or nested case-control study) would also 
present a larger gradient of cardiometabolic risk between participants, which may be useful to better observe 
associations between fermented food intake, FIBs, and cardiometabolic health. Further, quantification of the 
most promising FIBs could help in order to use these biomarkers to calibrate self-reported fermented food 
intakes (77). Expanding such research could eventually have an impact on public health, such as through 
refining dietary guidelines for fermented foods as well as for specific dairy foods. 

Better understanding human variability for improving personalized nutrition 

A further research area could be to examine how human variability affects the effectiveness of FIBs 
for certain foods. For instance, in Chapter 4, the prevalence of the lactase persistent genotype (ability to digest 
lactose in adulthood) was examined, and its influence on the efficacy of lactose metabolites as FIBs of milk 
intake. Due to the large proportion of lactase-persistent compared to lactase non-persistent individuals (104 vs. 
6), which is partly expected in the Dutch population, the effects of lactase persistence on the efficacy of lactose 
metabolites as FIBs of milk intake could not be evaluated in this study with sufficient statistical power. 
However, in studies involving larger populations or comprising different ethnic populations, the presence of 
these genetic variants may be magnified, which could affect the accuracy of FIBs. Beyond genetic factors, 
similar studies could be conducted to explore the effects of sex, age, body type (e.g., obese vs. non-obese), or 
even gut microbiota differences that could affect the identification and validation of potential FIBs. Human 
variability also contributes to inconsistencies in diet-health associations (78). Participants consuming the same 
foods can have variable responses to nutrients, foods, or diets. This was shown in a landmark study by Zeevi 
et al. (79), where high inter-individual variability was observed in postprandial blood glucose response 
between participants consuming identical meals. Thus, further understanding the interplay between FIBs and 
inter-individual variability in metabolism can be useful for future personalized nutrition initiatives and tailored 
dietary advice. 
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Beyond biomarkers, other technology-based methods have been proposed to reduce measurement error 
and improve the accuracy of dietary intake assessments (for both research and consumer use). These range 
from web-based translations of traditional paper-based methods, to meal photography linked with a 
smartphone app (73). These methods can be cost-effective, fairly easy to complete, and provide rapid feedback 
(73). Eventually, technology-based methods may even surpass FIBs as a more effective strategy to gain 
accurate information on portion size estimation. However, the caveat is that such methods are not able to satisfy 
the biological knowledge gained along the search for FIBs. 

Moreover, regardless of the method (self-report, biomarker, technology-based), there is no way to 
assess dietary intake with perfect precision, as all methods suffer from measurement error. As stated by Beaton 
et al. (74): “...there is not, and probably never will be, a method that can estimate dietary intake without 
error...different types of error have different effects in analysis and interpretation.” Thus, in addition to 
developing and validating new methods, the error structure (nature and magnitude of error) of dietary data 
must be assessed (for instance, correlation attenuation factors described in Chapter 3). Of course, the tolerance 
for the amount of measurement error also depends on the research question: whether it is important to rank 
individuals into levels of intake, or to achieve congruency in absolute intakes. 

Implications and future research directions 

 This thesis adds to the current state of the literature on FIB identification and validation, in particular 
for fermented foods and dairy foods. At the same time, several knowledge gaps were revealed, which limits 
the current application of FIBs in improving the dietary assessment of fermented foods and dairy foods, and 
understanding their role in (cardiometabolic) health. In the ensuing sections, several future research directions 
will be presented, along with their implications for public health, the food industry, and consumers. 

Expanding the discovery of FIBs for different types of fermented foods 

A common knowledge gap among the chapters in this thesis stems from a bias in the literature for 
investigating a narrow list of fermented foods. In the systematic review of FIBs for fermented foods (Chapter 
2), the vast majority of studies were conducted for coffee, wine, cocoa, beer, and bread, while only a smattering 
of other types of fermented foods were represented. For some foods, such as fermented soy, there appears to 
be ample research but the studies primarily target a list of food group-level biomarkers (e.g., isoflavones found 
in all soy products), whereas FIBs specifically associated with fermented soy intake were not investigated. 
This bias was further reflected in the fermented foods assessed by the FFQ (coffee, beer, wine, yeast-leavened 
breads, chocolate, cheese, and yoghurt) (Chapter 3), and consequently in the identification of FIBs using these 
self-reported fermented food intake groups (Chapter 6). While these are common foods consumed in 
Western/European diets, due to globalization, many of the nutritious and delightful fermented food products 
that are indigenous to other parts of the world are now available locally. Thus, the current literature on FIBs 
of fermented foods presents an ‘incomplete’ picture of the diversity of fermented foods consumed in modern 
globalized diets. To address this, further discovery-driven studies on the identification of FIBs for less common 
fermented foods and condiments in Europe (e.g., sourdough, sauerkraut, salami, Worcestershire sauce) and 
globally (e.g., kombucha, kefir, tempeh, kimchi, soy sauce) are warranted. 

Better understanding the composition of different fermented foods and their documentation in food 
databases 

Fermented food products are complex and multi-faceted. The composition of fermented foods reflects 
untransformed compounds from the raw food substrate, transformed raw material compounds by the 
fermentation process, and novel metabolites produced by fermentative microorganisms. Additionally, the 
presence of live microorganisms (or even inactivated microorganisms) presents a unique additional 

 

compositional layer (3, 75). Metabolomics and metagenomics analyses coupled with bioinformatics and 
machine learning could better capture the molecular composition of fermented foods. Concurrently, 
documenting the composition of different fermented foods and their meta-data in food composition databases 
(new or existing) is a critical step. Food composition databases are widely used in nutrition and health research 
to provide information on the nutritional content of foods. However, current food composition databases only 
report a limited number of nutrients out of the thousands of distinct chemicals in our food (76). Documenting 
the composition of fermented foods could open new research avenues for understanding how their 
consumption affects health and disease. Additionally, such information could also benefit food industries to 
formulate products with improved nutritional qualities. 

Further development and validation of multi-marker panels for capturing fermented food (and dairy food) 
intake and association studies in larger cohorts 

Both of the abovementioned future research directions (expanding the repertoire of FIBs for fermented 
foods consumed globally and further understanding their composition) directly benefits the development of 
future multi-marker panels. For instance, one lesson derived from this thesis is that while a combination of 
biomarkers can have the potential to capture intakes of specific foods with greater efficacy over single markers, 
the best combinations of FIBs have yet to be fully elucidated. This was observed for many FIBs identified for 
fermented foods as well as dairy foods. Additionally, a further study could be conducted to validate FIBs 
identified for fermented foods and dairy foods in a larger population where biosample collection occurs as 
close as possible to completion of self-report dietary assessment (e.g., within one day). Given that the NQplus 
population is relatively healthy, investigation in a larger cohort (or nested case-control study) would also 
present a larger gradient of cardiometabolic risk between participants, which may be useful to better observe 
associations between fermented food intake, FIBs, and cardiometabolic health. Further, quantification of the 
most promising FIBs could help in order to use these biomarkers to calibrate self-reported fermented food 
intakes (77). Expanding such research could eventually have an impact on public health, such as through 
refining dietary guidelines for fermented foods as well as for specific dairy foods. 

Better understanding human variability for improving personalized nutrition 

A further research area could be to examine how human variability affects the effectiveness of FIBs 
for certain foods. For instance, in Chapter 4, the prevalence of the lactase persistent genotype (ability to digest 
lactose in adulthood) was examined, and its influence on the efficacy of lactose metabolites as FIBs of milk 
intake. Due to the large proportion of lactase-persistent compared to lactase non-persistent individuals (104 vs. 
6), which is partly expected in the Dutch population, the effects of lactase persistence on the efficacy of lactose 
metabolites as FIBs of milk intake could not be evaluated in this study with sufficient statistical power. 
However, in studies involving larger populations or comprising different ethnic populations, the presence of 
these genetic variants may be magnified, which could affect the accuracy of FIBs. Beyond genetic factors, 
similar studies could be conducted to explore the effects of sex, age, body type (e.g., obese vs. non-obese), or 
even gut microbiota differences that could affect the identification and validation of potential FIBs. Human 
variability also contributes to inconsistencies in diet-health associations (78). Participants consuming the same 
foods can have variable responses to nutrients, foods, or diets. This was shown in a landmark study by Zeevi 
et al. (79), where high inter-individual variability was observed in postprandial blood glucose response 
between participants consuming identical meals. Thus, further understanding the interplay between FIBs and 
inter-individual variability in metabolism can be useful for future personalized nutrition initiatives and tailored 
dietary advice. 
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Understanding the contribution of fermented foods to sustainable diets: fermentation as ‘Agriculture 2.0’ 

Finally, it would be remiss not to think more broadly of food fermentation as a versatile tool to help 
extend the world’s food supply. Global food and agricultural production accounts for a quarter of the world’s 
greenhouse gas emissions, and the global population is poised to reach 10 billion by 2050 (80, 81). With so 
many mouths to feed, there is a pressing need to reflect on how to improve the sustainability of human diets 
to best protect the natural environment. A recent report from the EAT-Lancet Commission advised consumers 
to eat more plant-based foods and less animal-based foods in order to relieve the human footprint on food 
systems (82). Fermented foods could play an important role in achieving healthy and sustainable plant-based 
diets. For millennia, food fermentation has been used as a strategy to avoid food waste by increasing the shelf 
life of fresh foods. In the modern food supply chain, fermentation of plant-based foods can be an effective 
strategy to improve their shelf life, storage, and transport (83). The consumption of many protein-rich 
vegetable or legume alternatives to meat are constrained by the high presence of anti-nutrients, which can be 
reduced by food fermentation. In addition, fermentation can help increase the palatability of plant-based foods 
by introducing new flavours and reducing unpleasant flavours. On the other hand, fermentation may be used 
as a strategy to reduce meat consumption (rather than replacing it completely), through the development of 
novel fermented food products with mixed protein and animal sources (84). While it is known that fermentation 
of foods can also increase their nutrient density (thus reducing the need to consume large amounts of foods), 
industrial fermentations also require a lot of energy. Thus, more work is required to elucidate the nutritional 
and sustainable trade-offs of fermented food production and consumption. 

Concluding remarks 

The research presented in this thesis advances our understanding of the types and levels of fermented 
foods and dairy foods consumed in the Dutch adult diet. The suitability of single and combined candidate FIBs 
of fermented foods and dairy foods were explored in a comprehensive systematic review of the literature, as 
well as in targeted and non-targeted analyses of the plasma and urine metabolomes of free-living Dutch adults. 
Overall, the results suggest that combined FIBs may capture food intakes with greater accuracy over single 
FIBs. Further elucidation of the best combinations of FIBs would be beneficial in improving the dietary intake 
assessment of fermented foods and dairy foods in future studies in order to provide more reliable 
approximations of diet-health relationships. In addition, associations conducted between self-reported 
fermented food and dairy food intake, candidate FIBs, and CMD risk parameters suggests that FIBs may also 
reveal the (cardio)metabolic effect of food intake. However, the relatively weak and inconclusive associations 
need to be further explored and verified in larger studies. Further research into the nutritional qualities of 
fermented foods could help develop fermented food products with beneficial properties, and better facilitate 
public health guidance for inclusion of these foods in the diet to promote (cardiometabolic) health. 
  

 

References 

1. Borresen EC, Henderson AJ, Kumar A, Weir TL, Ryan EP. Fermented foods: patented approaches and formulations for 
nutritional supplementation and health promotion. Recent Pat Food Nutr Agric. 2012;4(2):134-40. 

2. Campbellplatt G. Fermented Foods - a World Perspective. Food Res Int. 1994;27(3):253-7. 
3. Marco ML, Sanders ME, Ganzle M, Arrieta MC, Cotter PD, De Vuyst L, et al. The International Scientific Association for 

Probiotics and Prebiotics (ISAPP) consensus statement on fermented foods. Nat Rev Gastroenterol Hepatol. 2021;18(3):196-
208. 

4. Hekmat S, Koba L. Fermented dairy products: knowledge and consumption. Can J Diet Pract Res. 2006;67(4):199-201. 
5. Brouwer-Brolsma EM, Brennan L, Drevon CA, van Kranen H, Manach C, Dragsted LO, et al. Combining traditional dietary 

assessment methods with novel metabolomics techniques: present efforts by the Food Biomarker Alliance. Proc Nutr Soc. 
2017;76(4):619-27. 

6. Rothwell JA, Madrid-Gambin F, Garcia-Aloy M, Andres-Lacueva C, Logue C, Gallagher AM, et al. Biomarkers of intake for 
coffee, tea, and sweetened beverages. Genes Nutr. 2018;13:15. 

7. Michielsen C, Almanza-Aguilera E, Brouwer-Brolsma EM, Urpi-Sarda M, Afman LA. Biomarkers of food intake for cocoa 
and liquorice (products): a systematic review. Genes Nutr. 2018;13:22. 

8. Munger LH, Garcia-Aloy M, Vazquez-Fresno R, Gille D, Rosana ARR, Passerini A, et al. Biomarker of food intake for 
assessing the consumption of dairy and egg products. Genes Nutr. 2018;13:26. 

9. Sri Harsha PSC, Wahab RA, Garcia-Aloy M, Madrid-Gambin F, Estruel-Amades S, Watzl B, et al. Biomarkers of legume 
intake in human intervention and observational studies: a systematic review. Genes Nutr. 2018;13:25. 

10. Pratico G, Gao Q, Manach C, Dragsted LO. Biomarkers of food intake for Allium vegetables. Genes Nutr. 2018;13:34. 
11. Ulaszewska M, Vazquez-Manjarrez N, Garcia-Aloy M, Llorach R, Mattivi F, Dragsted LO, et al. Food intake biomarkers for 

apple, pear, and stone fruit. Genes Nutr. 2018;13:29. 
12. Garcia-Aloy M, Hulshof PJM, Estruel-Amades S, Oste MCJ, Lankinen M, Geleijnse JM, et al. Biomarkers of food intake for 

nuts and vegetable oils: an extensive literature search. Genes Nutr. 2019;14:7. 
13. Vazquez-Fresno R, Rosana ARR, Sajed T, Onookome-Okome T, Wishart NA, Wishart DS. Herbs and Spices- Biomarkers of 

Intake Based on Human Intervention Studies - A Systematic Review. Genes Nutr. 2019;14:18. 
14. Zhou X, Gao Q, Pratico G, Chen J, Dragsted LO. Biomarkers of tuber intake. Genes Nutr. 2019;14:9. 
15. Brouwer-Brolsma EM, Brandl B, Buso MEC, Skurk T, Manach C. Food intake biomarkers for green leafy vegetables, bulb 

vegetables, and stem vegetables: a review. Genes Nutr. 2020;15(1):7. 
16. Dragsted LO, Gao Q, Scalbert A, Vergeres G, Kolehmainen M, Manach C, et al. Validation of biomarkers of food intake-

critical assessment of candidate biomarkers. Genes Nutr. 2018;13. 
17. Garcia-Aloy M, Rabassa M, Casas-Agustench P, Hidalgo-Liberona N, Llorach R, Andres-Lacueva C. Novel strategies for 

improving dietary exposure assessment: Multiple data fusion is a more accurate measure than the traditional single-biomarker 
approach. Trends Food Sci Tech. 2017;69:220-9. 

18. McNamara AE, Walton J, Flynn A, Nugent AP, McNulty BA, Brennan L. The Potential of Multi-Biomarker Panels in 
Nutrition Research: Total Fruit Intake as an Example. Front Nutr. 2021;7. 

19. Gurdeniz G, Jensen MG, Meier S, Bech L, Lund E, Dragsted LO. Detecting Beer Intake by Unique Metabolite Patterns. J 
Proteome Res. 2016;15(12):4544-56. 

20. Vazquez-Fresno R, Llorach R, Urpi-Sarda M, Khymenets O, Bullo M, Corella D, et al. An NMR metabolomics approach 
reveals a combined-biomarkers model in a wine interventional trial with validation in free-living individuals of the 
PREDIMED study. Metabolomics. 2015;11(4):797-806. 

21. Arab L. Biomarkers of fat and fatty acid intake. J Nutr. 2003;133 Suppl 3(3):925S-32S. 
22. Baylin A, Campos H. The use of fatty acid biomarkers to reflect dietary intake. Curr Opin Lipidol. 2006;17(1):22-7. 
23. Haffenden LJ, Yaylayan VA. Nonvolatile oxidation products of glucose in Maillard model systems: formation of saccharinic 

and aldonic acids and their corresponding lactones. J Agric Food Chem. 2008;56(5):1638-43. 
24. Verbeke KA, Boobis AR, Chiodini A, Edwards CA, Franck A, Kleerebezem M, et al. Towards microbial fermentation 

metabolites as markers for health benefits of prebiotics. Nutr Res Rev. 2015;28(1):42-66. 
25. Blaut M, Clavel T. Metabolic diversity of the intestinal microbiota: implications for health and disease. J Nutr. 2007;137(3 

Suppl 2):751S-5S. 
26. Marchesi J, Shanahan F. The normal intestinal microbiota. Curr Opin Infect Dis. 2007;20(5):508-13. 
27. Munger LH, Trimigno A, Picone G, Freiburghaus C, Pimentel G, Burton KJ, et al. Identification of Urinary Food Intake 

Biomarkers for Milk, Cheese, and Soy-Based Drink by Untargeted GC-MS and NMR in Healthy Humans. J Proteome Res. 
2017;16(9):3321-35. 

28. Trimigno A, Munger L, Picone G, Freiburghaus C, Pimentel G, Vionnet N, et al. GC-MS Based Metabolomics and NMR 
Spectroscopy Investigation of Food Intake Biomarkers for Milk and Cheese in Serum of Healthy Humans. Metabolites. 
2018;8(2). 

29. Mu W, Yu S, Zhu L, Zhang T, Jiang B. Recent research on 3-phenyllactic acid, a broad-spectrum antimicrobial compound. 
Appl Microbiol Biotechnol. 2012;95(5):1155-63. 

30. Clemens PC, Schunemann MH, Hoffmann GF, Kohlschutter A. Plasma concentrations of phenyllactic acid in 
phenylketonuria. J Inherit Metab Dis. 1990;13(2):227-8. 

31. Zhang K, Chen X, Zhang L, Deng Z. Fermented dairy foods intake and risk of cardiovascular diseases: A meta-analysis of 
cohort studies. Critical Rev Food Sci Nutr. 2020;60(7):1189-94. 

32. Mozaffarian D. Dairy Foods, Obesity, and Metabolic Health: The Role of the Food Matrix Compared with Single Nutrients. 
Adv Nutr. 2019;10(5):917S-23S. 

33. Vissers PA, Streppel MT, Feskens EJ, de Groot LC. The contribution of dairy products to micronutrient intake in the 
Netherlands. J Am Coll Nutr. 2011;30(5 Suppl 1):415S-21S. 

34. Ribeiro I, Gomes M, Figueiredo D, Lourenco J, Paul C, Costa E. Dairy Product Intake in Older Adults across Europe Based 
On the SHARE Database. J Nutr Gerontol Geriatr. 2019;38(3):297-306. 



General discussion

339
 

Understanding the contribution of fermented foods to sustainable diets: fermentation as ‘Agriculture 2.0’ 

Finally, it would be remiss not to think more broadly of food fermentation as a versatile tool to help 
extend the world’s food supply. Global food and agricultural production accounts for a quarter of the world’s 
greenhouse gas emissions, and the global population is poised to reach 10 billion by 2050 (80, 81). With so 
many mouths to feed, there is a pressing need to reflect on how to improve the sustainability of human diets 
to best protect the natural environment. A recent report from the EAT-Lancet Commission advised consumers 
to eat more plant-based foods and less animal-based foods in order to relieve the human footprint on food 
systems (82). Fermented foods could play an important role in achieving healthy and sustainable plant-based 
diets. For millennia, food fermentation has been used as a strategy to avoid food waste by increasing the shelf 
life of fresh foods. In the modern food supply chain, fermentation of plant-based foods can be an effective 
strategy to improve their shelf life, storage, and transport (83). The consumption of many protein-rich 
vegetable or legume alternatives to meat are constrained by the high presence of anti-nutrients, which can be 
reduced by food fermentation. In addition, fermentation can help increase the palatability of plant-based foods 
by introducing new flavours and reducing unpleasant flavours. On the other hand, fermentation may be used 
as a strategy to reduce meat consumption (rather than replacing it completely), through the development of 
novel fermented food products with mixed protein and animal sources (84). While it is known that fermentation 
of foods can also increase their nutrient density (thus reducing the need to consume large amounts of foods), 
industrial fermentations also require a lot of energy. Thus, more work is required to elucidate the nutritional 
and sustainable trade-offs of fermented food production and consumption. 

Concluding remarks 

The research presented in this thesis advances our understanding of the types and levels of fermented 
foods and dairy foods consumed in the Dutch adult diet. The suitability of single and combined candidate FIBs 
of fermented foods and dairy foods were explored in a comprehensive systematic review of the literature, as 
well as in targeted and non-targeted analyses of the plasma and urine metabolomes of free-living Dutch adults. 
Overall, the results suggest that combined FIBs may capture food intakes with greater accuracy over single 
FIBs. Further elucidation of the best combinations of FIBs would be beneficial in improving the dietary intake 
assessment of fermented foods and dairy foods in future studies in order to provide more reliable 
approximations of diet-health relationships. In addition, associations conducted between self-reported 
fermented food and dairy food intake, candidate FIBs, and CMD risk parameters suggests that FIBs may also 
reveal the (cardio)metabolic effect of food intake. However, the relatively weak and inconclusive associations 
need to be further explored and verified in larger studies. Further research into the nutritional qualities of 
fermented foods could help develop fermented food products with beneficial properties, and better facilitate 
public health guidance for inclusion of these foods in the diet to promote (cardiometabolic) health. 
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Cardiometabolic diseases (CMDs) represent one of the largest health and socioeconomic burdens to 
modern society. Fermented foods are commonly consumed in diets worldwide and can be an important part of 
an effective dietary strategy to help prevent and manage CMDs. However, precise associations between the 
consumption of fermented foods and cardiometabolic health have not been well-established. This could be 
partly due to the difficulty of accurately capturing their intake through self-report dietary assessment methods. 
This thesis set out to identify food intake biomarkers (FIBs) for the habitual intake fermented foods, which can 
act as more objective measures of intake. In addition, several candidate FIBs for dairy foods that were 
identified from non-targeted, controlled intervention studies needed to be validated under free-living 
conditions. These aims were achieved using data from a free-living cohort in the Netherlands (NQplus). 
Alongside, associations between fermented food and dairy (food) intake, biomarkers, and cardiometabolic 
factors were explored, which can reveal insights about the diverse metabolic effects of these foods. 
 
Firstly, to capture existing FIBs that have been identified for various fermented foods consumed globally, a 
systematic literature review was conducted and the results presented in Chapter 2. The majority of FIBs 
captured in the literature review were those identified for the intake of coffee, wine, cocoa, beer, and bread. 
Many of the candidate FIBs identified were found to be non-specific. Thus, greater specificity may be observed 
with a combination of compounds identified for individual fermented foods, food groups, and from 
fermentation processes.  
 
In Chapter 3, the types and levels of fermented foods consumed in the Dutch adult diet was determined from 
analyzing food lists from food frequency questionnaires (FFQs) and 24-h recalls. Approximately 16-18% of 
foods consumed by Dutch adults consisted of fermented food items. Fermented foods with the highest 
consumption (on a g/day basis) included coffee, yoghurts, beer, wholegrain bread, wine, and cheese. A relative 
validation of the FFQ (compared to multiple 24-h recalls) for estimating the intakes of fermented foods was 
also peformed. Acceptable or good validity was achieved for commonly consumed foods in The Netherlands, 
including fermented beverages (coffee), wholegrain and rye bread, and fermented dairy (cheeses), but not for 
less frequently consumed foods, such as quark and buttermilk. Alongside revealing the strengths of the FFQ 
in providing reliable intake estimates for various fermented foods, this analysis also revealed the limitations 
of the FFQ, in that a fairly narrow range of fermented foods were able to be assessed.   
 
In Chapter 4, the robustness of several previously-identified FIBs of dairy foods (milk, cheese, and yoghurt) 
were evaluated in the NQplus cohort using both single and multi-marker approaches. Multi-marker models 
that also accounted for common physiological covariates better captured the subtle differences for milk and 
cheese intake over single-marker models. However, no significant single or multi-marker models were able to 
properly assess yoghurt intake. The modest associations observed suggests that the multi-marker panels could 
be improved with the inclusion of other (novel) FIBs. Alongside, further examination of other facets of validity 
of these biomarkers is warranted. 
 
The analysis on dairy was further expanded in Chapter 5, where a panel of 67 milk-derived free fatty acids 
were explored as both biomarkers of dairy intake and of its metabolic effect. Fourteen free fatty acids in plasma 
were positively associated with dairy intake (and in particular, dairy fat inake). Additionally, several of these 
fatty acids were also associated with plasma total and low-density lipoprotein cholesterol, blood pressure, and 
a composite score of cardiovascular risk. These findings suggest that milk-derived fatty acids could act as 
biomarkers for dairy intake and metabolic effect linked to CMD. However, no clear associations were observed 
between dairy intake and CMD risk factors.  
 

 

Finally, in Chapter 6, a non-targeted identification of FIBs for fermented foods was conducted. Out of the 36 
metabolites identified in the plasma and urine metabolomes of NQplus participants, the majority corresponded 
to the intakes of coffee, wine, and beer (none were identified for cocoa, bread, cheese, or yoghurt intake). 
Some metabolites appeared to originate from the food raw material and have been previously linked with a 
specific food (e.g., trigonelline for coffee), while others overlapped across several fermented foods (e.g., ethyl 
α-D-glucopyranoside for both wine and beer). The identification of these FIBs in a free-living cohort could be 
an indicator of their robustness. In addition, several possible fermentation-dependent metabolites were 
identified (e.g., erythritol and citramalate). Associations between these identified metabolites with CMD risk 
parameters were weak and inconclusive. Thus, further evaluation in a larger cohort is required in order to 
confirm their relationship with CMD risk. 
 
Collectively, the results from these chapters indicate that there is potential in further exploring multi-markers 
of fermented food intake. Regarding the effects of FIBs of fermented foods and dairy foods on cardiometabolic 
health, more studies are required in larger populations with a larger gradient of CMD risk. 
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