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The field of nutritional epidemiology 
relies upon different methods of 
self-reported dietary intake (e.g., food 
frequency questionnaires, 24 hour 
dietary recalls, and short screening 
tools) to assess the actual food intake of 
individuals and populations. However, 
the inherent limitations of these tools 
(e.g., recall bias, incompleteness of food 
composition tables in specific nutrients, 
nutrient-to-nutrient interaction, 
nutrient bioavailability, etc.) limit the 
accuracy of the reported dietary intake 
and make investigating the role of diet 
in the development of chronic disease 
particularly challenging.1 Therefore, 
nutrition researchers will utilize 
objective markers of dietary intake 
to assess concentrations of different 
nutrients in body tissues and fluids. In 
recent years, advances in the foodomic/
metabolomic methodologies in 
conjunction with traditional techniques 
have contributed to the development 
of potential biomarkers of dietary 
intake, providing a more objective 
measure of diet composition.  

What is a nutritional biomarker? 
A biomarker is a measurable substance 
that can be used to quantify an 
exposure or a process in an organism.2 
Nutritional biomarkers can be divided 
into different categories reflecting 
their function and interpretative value. 
These include biomarkers that can 
be used: a) to directly estimate the 
dietary intake of a specific nutrient 
(i.e., to indicate previous intake of a 
specific nutrient from food or to rank 
individuals as high or low consumers 
of the specific nutrient or food item), 
known as biomarkers of dietary exposure 

or recovery; b) to validate tools for 
the measurement of dietary intake, 
known as biomarkers of validation; c) 
to establish a biological link between 
a nutrient and a biological process; d) 
to establish compliance with a dietary 
regimen,  known as biomarkers of 
compliance; e) to establish a preclinical 
condition, known as biomarkers of 
preclinical disease; and f ) to establish 
susceptibility to a disease,- known as 
biomarkers of susceptibility.3 For the 
purpose of this review, we will focus 
on biomarkers of dietary exposure; 
potential biomarkers that can be used 
to estimate dietary intake.

The use of biomarkers requires the 
sampling of various body tissues and 
fluids. The biomarkers used in nutrition 
research are usually specific nutrients 
or their metabolites that incorporate in 
different body pools and tissues.4 Blood 
products (ranging from whole blood to 
plasma [without blood cells] and serum 
[plasma without clotting factors]) 
as well as urine represent the most 
frequently sampled fluids for measuring 
the concentrations of potential 
biomarkers of dietary intake. Tissues 
and body excrements that have been 
used to estimate the levels of various 
biomarkers include fecal samples, 
adipose tissue samples, skin, saliva, 
hair, nails, and cheek (buccal) cells. The 
collection of biological samples can be 
a laborious process as it may require 
a special facility for sample collection, 
processing, and storage. With respect to 
adipose tissue, collection may require 
specialized medical personnel to access 
the specific location of interest. 

Biomarkers of Energy Intake
Obtaining an accurate estimate of 
individuals’ caloric intake can be 
particularly challenging, especially in 
the free-living environment. According 
to the second thermodynamic law, 
energy intake is equal to whole-body 
energy expenditure in weight-stable 
individuals. Thus, indirect calorimetry 
and the doubly labeled water method, 
which measure energy expenditure, 
can serve as an indirect biomarker of 
total energy intake. 
 
 Indirect calorimetry is a well-
established method that estimates 
substrate oxidation and energy 
expenditure based on the rate of 
oxygen consumption (VO2) and the 
rate of carbon dioxide production 
(VCO2).5 The underlying principle of this 
method lies in stoichiometric equations 
of glucose and triglyceride (TG) 
oxidation in which substrate oxidation 
is proportional to oxygen consumption. 
Apart from a measure of total energy 
expenditure and the rates of glucose 
and TG oxidation (absolute measures), 
indirect calorimetry can also provide 
an estimate of the relative substrate 
contribution using the Respiratory 
Quotient (RQ), which is calculated 
as the VCO2/VO2 ratio, and thus, a 
relative measure. An RQ value equal to 
1 indicates 100% glucose utilization, 
while an RQ value equal to 0.7 
represents 100% fat utilization. Though 
protein oxidation yields an RQ of 0.8, 
this is also the value representing mixed 
fuel utilization. Excretion of urinary 
nitrogen can be used to corroborate 
estimates of protein utilization. Indirect 
calorimetry is portable and affordable; 
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it has been used both in research and 
clinical settings. A major limitation of 
this method is that it only estimates 
resting energy expenditure and it 
requires individuals to accurately report 
typical activity levels to estimate total 
energy expenditure.  

The doubly labeled water method is 
considered to be the gold standard 
for the measurement of the total daily 
energy expenditure in free-living 
individuals.6 This method involves the 
consumption of water labeled using 
stable isotopes of oxygen (18O) and 
hydrogen (2H). Oxygen is expelled from 
the body via exhaled CO2 and excreted 
water (H2O), while hydrogen is excreted 
only as water (H2O). The difference 
in the elimination rates of 18O and 2H 
provides an estimate of CO2 flux and 
energy utilization.7 The doubly labeled 
water method involves the collection of 
several samples (urine, saliva, or blood). 
Although it relies on a number of 
assumptions (i.e., 2H only lost in water: 
body water is the single compartment 
for isotope distribution and loss; 18O 
lost as both water and CO2: fractional 
output rates of water and CO2 are 
constant; and labeled and unlabeled 
molecules are not metabolized 
differently), it has been shown to 
be highly accurate among different 
populations.8  However, the high cost 
of the doubly labeled water, clinical 
expertise and equipment required for 
the analysis of the samples makes its 
use prohibitive in large-scale studies.

Biomarkers of Protein Intake
Total protein intake. Urinary nitrogen 
excretion is the most popular recovery 
biomarker used to estimate absolute 

total protein intake9 and was first 
proposed in 1980.10 According to 
the method, when an individual is 
experiencing neither muscle loss or 
growth, dietary protein (nitrogen) 
intake equals the nitrogen losses 
suggesting the individual is in a state 
of nitrogen balance. Metabolic studies 
have shown that nitrogen lost during 
amino acid metabolism is primarily 
excreted in urine (by approximately 
84%) making it possible to calculate the 
amount of protein ingested.11 Metabolic 
studies aiming to assess protein intake 
involve a 24-hour urine collection and 
the collection or estimation of other 
nitrogen losses (feces, hair, nails, etc).9 
The within-person and between-person 
variability is reported to be 14.5% and 
25%, respectively.12 Although a major 
limitation of this method is that sample 
collection involves a high degree of 
participant burden and sample analysis 
requires expensive equipment, a 
24-hour urinary nitrogen collection is 
less variable than a 24-hour recall for 
the calculation of usual protein intake; 
eight days of collection are required 
versus 16 collection days for a dietary 
recall. Specifically, eight days of 24-
hour urinary nitrogen collection is 
strongly correlated (r=0.95) with dietary 
protein intake under well-controlled 
conditions.12  

Specific sources of protein. Meat, 
poultry, and fish are major contributors 
of dietary protein intake, and their 
association with risk of chronic disease 
has long been a topic of intense 
scientific debate. The development 
of analytical methods to quantify 
compounds with small molecular 
weight has made possible the 

quantification of different amounts of 
amino acids and dipeptides shortly 
after food ingestion.13 Several markers 
have been proposed to estimate meat 
protein intake including: urea, anserine, 
creatinine, creatine, carnitine, carnosine, 
taurine, 1- and 3-methylhistidine, 
trimethylamine-N-oxide (TMAO), 
O-acetylamine, ophidine, sulphate or 
sulphite.14-16 Anserine concentration in 
urine has been identified as potential 
biomarker of meat, chicken, or fish 
shortly after ingestion.14,17,18 In addition, 
plasma carnosine can be a good 
biomarker of beef intake to 2.5 hours 
after exposure.19  O-acetylamine is 
another potential biomarker of high 
red meat intake.16,20 High meat intake 
is also associated with increased levels 
creatine, carnitine, acetyl-carnitine, and 
TMAO.15 However, the value of creatine 
and carnintine as potential biomarkers 
is considered to be limited as they can 
be influenced by other factors such as 
an individual’s muscle mass, other food 
components, and meal composition.21 

Additional potential biomarkers 
of meat and fish intake include 
1- and 3-methylhistidine. Evidence 
suggests that urine concentration of 
1- and 3-methylhistidine increases 
proportionally to both meat intake22 
and fish/seafood intake.17,18 One study 
suggests 3-methylhistidine may be a 
better biomarker of meat intake over 
the course of a few days,14 while the 
level of 1-methylhistidine is dependent 
on an individual’s muscle mass.

TMAO has been proposed as a potential 
biomarker of meat intake, as its levels 
increase in response to increased 
meat consumption.15,20 Yet, it has also 
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been associated with increased levels 
of fish intake,17 indicating that it may 
constitute a potential biomarker of total 
animal protein intake. Indeed, urine 
concentration of TMAO is positively 
correlated with the 24-hour urine 
excretion, the gold standard for the 
assessment of total protein intake.23 

There are also biomarkers for 
vegetarian sources of protein such as 
soy. Soy is a rich source of isoflavones, 
which are partially metabolized into 
intermediates by gut flora. These 
compounds, the isoflavones and their 
intermediates, can be measured in 
various tissues and body excrements 
including plasma, feces, and urine.24 
Isoflavone detection can only be 
measured in the urine up to 36 hours 
after ingestion25 and, over a 24 hour 
period, is positively correlated with 
corresponding 24-hour self-reported 
soy intake.24 Although isoflavone 
excretion is complete within 36 hours 
of ingestion, Maskarinec et al. found 
that urinary isoflavones are also 
positively correlated with habitual 
soy intake during the previous year 
as measured by food frequency 
questionnaires, lending to their 
potential as a biomarker of chronic soy 
intake.24  Because urinary isoflavones 
do not correlate with minimal 
soy consumption, Morimoto et al. 
suggested urinary isoflavones are best 
used to discriminate low- and high-soy 
diets across groups.25

Biomarkers of Carbohydrate Intake
Total carbohydrate intake. Results of 
an NHANES analysis revealed neither 
fasting blood glucose nor glycosylated 

hemoglobin was related to total 
carbohydrate intake as measured 
through a 24-hour food recall in 
healthy individuals.26 To our knowledge, 
measures that are specific and sensitive 
to total carbohydrate intake have yet to 
be identified. 

Intake of specific carbohydrate 
sources. Urinary excretions of sucrose 
and fructose have been proposed as 
potential biomarkers of dietary sucrose 
intake.27,28 The rationale for this method 
is based on the fact that a very small 
amount of sucrose (0.05%) is absorbed 
intact and excreted in urine.28 Evidence 
supports that dietary sucrose and 
fructose intake is positively correlated 
with excreted urine concentration.28 
However, since the excreted amount is 
very small and there is a relative high 
in-person variability, urinary sucrose 
and fructose excretion is considered to 
be a good predictive, but not absolute, 
biomarker of sucrose and fructose 
intake.9 

Another suggested measure of specific 
carbohydrate intake includes the δ13C 
abundance of plasma glucose as an 
estimate of changes in high fructose 
corn syrup intake.29 The δ13C abundance 
of plasma glucose can change in a few 
hours after a meal containing high 
fructose corn syrup. This marker is 
considered an appropriate biomarker 
for both epidemiologic studies and 
experimental study designs.30,31

Biomarkers of Fat Intake  
The accurate measurement of fat intake 
has been another goal of nutritional 
epidemiology. Apart from the recall 

bias of the participants, the accurate 
assessment of fat intake is challenging 
because it is incorporated in different 
food components that individually are 
difficult to recognize, especially if one is 
not involved in the food preparation.3 

Total fat intake. To our knowledge, 
there is currently no widely accepted 
biomarker of total fat intake. The fatty 
acid composition of different tissues 
and biological fluids can be used to 
estimate the relative, but not absolute, 
intake of specific fatty acids. Given that 
the de novo synthesis of fatty acids is 
an ongoing process in the human body, 
biomarkers for specific fatty acids can 
only be valid when they reflect only 
dietary intake and not endogenous 
fatty acid synthesis.3 While biomarkers 
are available for the determination of 
the intake of certain fatty acids, their 
relationship to dietary intake should be 
interpreted with caution considering 
that increased ingestion of individual 
fatty acids will shift proportions of 
other fatty acid biomarkers, despite 
stable consumption.32

Fatty acids are the main form of energy 
storage in the human body, but they 
are also incorporated in different tissues 
that represent recent (i.e., free fatty 
acids, triglycerides, phospholipids, 
cholesterol esters in plasma and 
serum),33 short-term (i.e., erythrocytes, 
platelets)34,35, and long-term intake 
(i.e., adipose tissue).36-38  By far the 
most common method to assess fat 
biomarkers is through the blood (whole 
blood, plasma, and serum) via a blood 
sample for analysis. While fatty acids 
in transport pools (plasma and serum) 
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are subject to an individual’s post-
prandial state, fatty acids in functional 
pools (i.e. cellular membranes including 
erythrocyte membranes) are more 
stable and reflect the profile of dietary 
fatty acids over 1-3 months prior to 
measurement.3,32 Plasma samples may 
better reflect recent intake because less 
time is needed for sample processing 
and fatty acids have less time for 
hydrolysis by blood lipases.39 

Other blood components may 
provide additional information. The 
lipid composition of chylomicrons 
represent the lipid composition of 
the previous meal.13 The fatty acid 
composition of triglycerides represent 
the lipid composition of meals over 
the last few days.13 Measurement 
of fatty acids in serum cholesteryl-
esters have been used to estimate 
compliance in experimental diets 
involving the manipulation of diet but 
not to estimate the dietary intake of 
individuals.40

Buccal cells contain fatty acids, and 
their lipid composition can potentially 
be used to estimate exposure.41,42 

Results reflect intake over weeks to 
months; however, these methods are 
limited in utility given the risk of sample 
contamination from food residue.32 

Adipose tissue, as previously 
mentioned, is the main storage 
tissue for fats, and thus, its fatty acid 
composition can be used to estimate 
longer-term lipid dietary intake43 
provided the individual has not 
experienced any significant change in 
weight.44 The measurement of adipose 

tissue fatty acid composition requires 
adipose tissue sampling either by 
needle aspiration or subcutaneous 
biopsy. Adipose tissue has a slow 
turnover, and as a result its fatty acid 
composition can reflect fatty acid intake 
of 11-25 months.36,37 Compared to other 
tissues, adipose tissue concentrations 
of polyunsaturated fatty acids (PUFA, 
discussed later) are low and experience 
a less robust dose response to dietary 
manipulations,39,45 which result in 
poor utility as a biomarker for dietary 
PUFA intake. In practice, observational 
studies have attempted to assess fatty 
acid dietary intake using the levels of 
fatty acid in blood or blood products 
under the assumption that individuals 
are not likely to suddenly change 
their dietary intake.46 Regardless 
of sample collection method, 
identification and quantification of 
individual lipid fractions in biological 
samples is commonly done using gas 
chromatography. This technique allows 
sensitive detection of both individual 
fatty acid types and fatty acid levels, 
even at a fraction of a percent by 
weight.32,47 

Saturated and monounsaturated 
fatty acids. Saturated and 
monounsaturated fatty acids can be 
synthesized endogenously, making 
it challenging to establish reliable 
biomarkers of dietary intake. Reliable 
biomarkers for the majority of 
saturated fatty acids in the diet do not 
yet exist. Indeed, levels of saturated 
fats measured in blood at a single 
time point are poorly correlated with 
reported dietary intake,48 a finding 
exacerbated by variable endogenous 

production.49-51 However, changes 
in the relative levels of saturated 
fatty acids in the body may reflect 
the compliance to experimental 
diets.50-52 The one exception to this 
rule is that odd numbered fatty acids 
cannot be synthesized endogenously. 
Pentadecanoic acid (15:0) and 
heptadecapedanoic acid (17:0) can be 
used as biomarkers for dairy intake as 
these fatty acids are synthesized by 
gastrointestinal bacteria of ruminants 
and are not naturally synthesized in 
humans.53 As a result serum53 and 
adipose tissue54 concentrations of 
these specific fatty acids can be used as 
biomarkers of dairy intake. 

Polyunsaturated fatty acids. 
Polyunsaturated fatty acids (PUFA) refer 
to fats that are typically long chain 
(≥18 carbons) and contain more than 
one double bond between carbons. 
Since long chain PUFAs cannot be 
synthesized de novo in mammals and 
the enzymatic conversions between 
chain lengths (elongation and 
desaturation) is minimal in humans, 
their presence in the body reflects 
dietary intake almost exclusively.55 
Thus, biomarkers of these fatty acids 
are highly specific indicators of dietary 
PUFA consumption.32

Each category of these essential fatty 
acids can be measured in the body. 
Omega-6 fatty acids, including linoleic 
acid (LA) (18:2 n-6) and arachidonic acid 
(AA) (20:4 n-6), as well as omega-3 fatty 
acids, including alpha-linolenic acid 
(ALA) (18:3 n-3), eicosapentaenoic acid 
(EPA) (20:5 n-3), and docosahexaenoic 
acid (DHA) (22:6 n-3) are quantifiable as 
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fractions of phospholipids.  Blood levels 
of these fatty acids exhibit a range 
of correlations with food-frequency 
estimated intake depending on their 
degree of metabolic regulation. For 
example, DHA is largely exogenously 
sourced and blood levels correlate 
with diet reported via FFQ at a level of 
rs=0.54. The correlation between FFQ-
reported intake and AA, conversely, is 
near zero.48 The correlation between 
AA’s precursor, linoleic acid, and 
FFQ-reported diet, however, is 
rs=0.41.42 Biomarkers of DHA intake 
are particularly useful for examining 
intake because DHA content of seafood 
varies by type and calculated intakes 
often underestimate or do not report 
DHA content in many foods.47 When 
expressed as a percentage of total 
dietary fatty acids, DHA intake reported 
by methods ranging from weighted 
food records (four or seven days) to 
food frequency questionnaires is 
significantly and positively correlated 
to RBC and plasma DHA concentrations 
(correlation of 0.32 to 0.72).47 Only 
dietary preformed DHA appears to have 
the ability to significantly influence 
body levels of DHA, and the effect is 
similar from both food sources and DHA 
supplements.56  Nevertheless, DHA may 
be detected in the bloodstream even in 
the chronic absence of any intake (e.g. 
vegan diets) due to minimal enzymatic 
conversion of dietary precursors.57 

Conversely, DHA levels may be 
decreased by alcohol consumption 
regardless of dietary intake.58 

Trans-fatty acids. While trans-fatty 
acids may be found naturally in beef 
and dairy products, much of the 
detriment to cardiovascular health 

is attributed to industrial trans-
fats.59 Industrial trans-fatty acids are 
produced as a result of subjecting 
unsaturated fats to the process of 
partial hydrogenation. Total trans-
fat content of erythrocytes has been 
related to risk of cardiac arrest,60 and 
erythrocyte level has been shown to be 
moderately correlated with intake as 
assessed via validated food frequency 
questionnaires (rs=0.43).48 

Conclusion and Future 
Considerations
Biomarkers demonstrate progress in 
nutrition research by supporting diet 
assessment without respondent bias. 
Nutrients with minimal endogenous 
production show the best potential 
for study using biomarkers. However, 
biomarkers have several limitations 
that should also be taken into account. 
Specifically, they can be affected by 
other biological or environmental 
factors resulting in altered absorption, 
digestion, metabolism, and excretion 
between individuals despite equivalent 
intake. The collection and analyses of 
nutrient biomarkers in conjunction 
with dietary assessment surveys, 
can strengthen data outcomes and 
interpretation of study results in 
nutrition research studies.
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