
Introduction

As early as 1863, Ludwig Feuerbach 
wrote „Der Mensch ist, was er ißt“ 
[1], which conveys the notion that 
to be fit mentally and physically, 
one needs to eat good food. One of 
the first references to the parallel 
concept in English appeared in the 
1940s when the nutritionist Victor 
Lindlahr authored his article entitled 
“You are what you eat” [2].
Of course today, these ideas are 
taken for granted because it is ob-
vious that our health is directly 
linked to the quantity and quality 
of the food we eat. Over the past 
100 years, nutrition has evolved 
into one of the most important 
health sciences, but controversies 
and debate continue. For example, 
the dietary recommendations that 
are offered to Americans concerning 

fat, cholesterol, and salt are likely to 
be revised based on critical analyses 
of supporting data [3, 4]. In a larger 
context, most observational studies 
involving the diet may not be repli-
cable [5].
However, the basic questions al-
ways remain “What is beneficial in 
the human diet?”, and its counter-
part, “What is harmful in the diet?”. 
Beginning in the 1960s, the discov-
ery of contaminants and other tox-
ins in the food supply has raised 
public health concerns and most 
societies have taken steps to address 
these risks.
Human exposure to toxic chemicals 
in food and nutritional imbalances 
are now known to be responsible for 
a range of human health problems 
and are implicated in many others. 
These problems include various can-
cers, kidney and liver dysfunction, 
hormonal imbalance, immune sys-
tem suppression, musculoskeletal 
diseases, birth defects, premature 
births, impeded nervous and sensory 
system development, reproductive 
disorders, mental health problems, 
cardiovascular diseases, genitouri-
nary diseases, old-age dementia, and 
learning disabilities. These maladies 
are prevalent in all countries, and, to 
some extent, they can be attributed 
to past and current exposures to 
chemicals in the foods we eat.
The World Health Organization 
(WHO) recognizes total diet studies 
as the most cost-effective method 
for assessing health risks posed 
by chemicals in food [6]. The Bei-
jing Declaration on Food Safety,  
adopted by the 688 participants 
from 47 countries and regions, as 
well as 13 international organiza-
tions, urged all countries to estab-
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lish total diet programs [7]. A sur-
vey carried out in 2015 by Health 
Canada in cooperation with WHO 
revealed that 53 countries have 
conducted total diet studies [8], and 
many more including Germany 
have since begun such studies.

What are total  
diet studies?

The primary purpose of total diet 
studies is to measure the average 
amount of a wide range of chemi-
cals present in the diet that are in-
gested by various age/sex groups 
and other cohorts of interest living 
in a country. 

A total diet study consists of 
purchasing foods that are re- 
presentative of the diet at the re-
tail level, processing them as for 
consumption, often combining 
the foods into food composites, 
homogenizing them, and ana-
lyzing them for toxic chemicals 
and certain nutrients.

Exposures through drinking water 
and water used in cooking are typi-
cally included in the total diet study 
assessment. Dietary exposure from 
a single food is calculated by com-
bining the concentration of the 
chemical in the food sample with 
the average amount of the corre-
sponding food ingested by each 
population age/sex group. This is 
repeated for all the foods or food 
groups in the diet and the sum of 
these exposures is the total diet ex-
posure [10]. The dietary exposure 
of the chemical can be compared 
with its corresponding national or 
international health-based guidance 
value to assess whether or not the 
specific chemical poses an unaccep- 
table risk to health. Thus, a single 
total diet study can provide a scien-
tific assessment of the safety of the 
diet from numerous potential haz-

ards in the food supply. For most 
substances, the total diet approach 
is relevant [9]. 

Composite samples are essential 
features of any total diet studies 
because they reduce uncertainty in 
the results and saves on the cost of 
analysis. The composite samples 
can consist of various individual 
food items of the same type. For ex-
ample, one composite apple sample 
is made up of different varieties of 
apples. Another type of composite 
sample mixes together several dif-
ferent foods that are usually from 
the same food group. For example, 
one composite citrus fruit sample 
might be made up of oranges, lem-
ons, limes and grapefruit.
In countries where dietary exposure 
to chemical hazards in unknown, 
a basic total diet study is recom-
mended as a useful screening tool 
for identifying priority hazards in 
the main food groups. The simpler 
protocol of such a study is easier 
and less expensive to implement 
than more refined total diet stud-

ies, but the information provided is 
limited. On the other hand, a refined 
total diet study provides details on 
specific foods that contribute signifi-
cantly to exposure and on exposures 
of specific population subgroups, 
including extreme percentiles. A re-
fined total diet study requires not 
only individual food consumption 
survey information, but also the 
analysis of many more food samples 
to correspond to the foods reported 
in the food consumption survey.

Why are total diet studies 
important?

It was the Swiss-German alchemist 
and physician Paracelsus who first 
recognized that all chemicals were 
poisonous and it was only a matter 
of dose that differentiated a remedy 
from a poison. He is famous for his 
dictum „Die Dosis macht das Gift“ 
(The dose makes the poison) [11]. 
While Paracelsus is often called the 
Father of Toxicology, he should 
rather be considered the Father of 

Figure 1: �Risk Analysis Paradigm (adapted from [12]) 
Red arrows indicate activities where total diet studies can contribute
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Total Diet Studies because of his em-
phasis on the importance of expo-
sure (dose) in determining whether 
or not an adverse health effect will 
occur.
In the modern risk analysis para-
digm (• Figure 1), the output of risk 
assessment (risk characterization) is 
a combination of knowledge of the 
toxic effects and potency of a chem-
ical (hazard characterization) and 
the dietary exposure to that chem-
ical. One of the key advantages of 
total diet studies is that the resulting 
dietary exposure is one of the most 
accurate and reliable estimate of 
chronic dietary exposure. This is be-
cause many of the conservative as-
sumptions contained in other types 
of dietary exposure assessments are 
absent. A total diet study more real-
istically represents the levels of the 
compounds in the edible portion of 
the food at the point of consump-
tion because it takes into account 
changes during food processing, 
preparation and storage.
Total diet studies can also contribute 
to risk management by identifying 
priorities for mandatory and/or 
voluntary measures. In option se-
lection, total diet studies can be used 
to identify the food or foods that 
contribute the most to exposure. If 
measures are taken to reduce expo-
sure, total diets studies can be used 
to assess the effectiveness of such 
measures. Total diet studies are also 
important for risk communication 
because they are easy to understand 
by policy- and decision-makers as 
well as the food industry and con-
sumers.

When the exposure to various co-
horts has been calculated by total 
diet studies, the results are directly 
compared with appropriate health-
based guidance values [13]. For 
exposure to food additives and re- 
sidues of pesticides and veterinary 
drugs, the comparator is the Ac-
ceptable Daily Intake (ADI) which 
is the amount on a kilogram body 
weight basis that can be safely con-

sumed every day over a lifetime. For 
contaminants and toxins, the com-
parator is the Provisional Tolerable 
Intake (PTI), which is the amount of 
a contaminant or toxins that may 
be consumed (usually weekly) with 
no appreciable risk to health. For 
chemicals that have no threshold of 
toxicity, such as certain carcinogens 
(acrylamide) and neurotoxins (lead), 
total diet studies are also essential 
for calculating the Margin of Expo-
sure (MOE) in which the Benchmark 
Dose (BMD) at the Lower Confidence 
Limit serves as the hazard character-
ization component.
In addition to contaminants, most 
total diet studies include the assess-
ment of the long-term intake of 
selected nutrients, especially micro-
nutrients. Because of the nature of 
nutrients, defaults are adjusted to 
provide estimates of intake for low 
percentile consumers for nutrient 
deficiencies (Recommended Daily In-
take [RDI]) as well as estimates of 
exposure for high percentile con-
sumers for nutrient toxicity (Max-
imum Daily Intake or Tolerable 
Upper Intake Level [UL]).

Some countries conduct total 
diet studies on a regular basis, 
and consequently are in posi-
tion to identify trends in levels of 
chemicals and nutrients, which 
allows them to anticipate poten-
tial problems before they occur.

For example, a decrease in iodine in-
takes was noted in total diet stud-
ies performed in New Zealand. This 
resulted in a risk management de-
cision to fortify food with iodine to 
correct potential nutritional defi-
ciencies [14]. The decline was later 
determined to be due to a change by 
the dairy industry away from iodo-
phors1 towards using other sanitiz-
ing agents.
Total diet study information often 
provides direct evidence of the con-
tribution of different food items or 

food groups to the dietary exposure 
of chemicals. This information can 
be used to establish priorities of sur-
veillance monitoring and assures 
that limited government resources 
are used for the greatest health ben-
efit. For example, numerous total 
diet studies had shown that the 
overwhelming contributor to the 
dietary intake of methylmercury 
is fish. As a result, health and trade 
surveillance resources for methyl-
mercury have been largely directed 
toward identifying those fish with 
the highest concentrations and to 
educate the public to limit their con-
sumption of those types of fish.

Total diet studies, by their design, 
provide background concentrations 
of the chemicals in the foods ana-
lyzed. This baseline information is 
critical for quickly identifying con-
taminated foods when food safety 
emergencies arise. For example, 
during the Belgium dioxin incident 
in 1999, the availability of back-
ground concentrations of polychlo-
rinated dioxins, dibenzofurans and 
biphenyls in Canadian foods ensured 
that foods imported into Canada 
from Belgium did not contain high 
levels of these chemicals.
Finally, total diet samples can be 
used to facilitate the investigation 
of new hazards or nutrients in the 
food supply. For example, total 
diet study samples that were stored 
frozen were used to assess past ex-
posure to acrylamide, a new haz-
ard that was discovered in cooked 
starchy food in 2002. Another ex-
ample is: understanding the possible 
role of trace amounts of lithium in 
neurodevelopment. Data from total 
diet studies would help define low 
and high percentile exposures.

1 �Iodophors are preparations that contain io-
dine complexed with a solubilizing agent.
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How do total diet studies 
differ from other surveil-
lance programs?

In most countries, food safety leg-
islation has placed the primary re-
sponsibility for ensuring the safety 
of food on commercial food enter-
prises that produce, process, dis-
tribute or prepare food for the con-
sumer. Usually, governments will 
establish regulatory limits based on 
Good Agricultural Practices (GAP) 
and/or Good Manufacturing Prac-
tices (GMP). However, these limits 
are only indirectly linked to the ac-
tual risk posed by a chemical. Some 
countries, such as Germany, have 
used randomized surveillance data in 
conjunction with processing factors 
to estimate consumer exposure to 
certain chemicals, such as pesticide 
residues and heavy metals. How-
ever, in 2012 Germany embarked 
on its first total diet study [15] after 
concluding that the two approaches 
were complementary with both hav-
ing advantages and disadvantages 
[16]. As surveillance programs are 
intended to ensure compliance with 
Good Agricultural/Good Manufac-
turing Practice (GAP/GMP), total 
diet studies differ in several aspects, 
namely:
• �In most surveillance programs, a 

large number of targeted samples 
are analyzed to provide a basis for 
possible regulatory action. In total 
diet studies, the focus is on expo-
sure to chemicals from across the 
whole diet, so that a wide range 
of different foods are randomly 
sampled and analyzed. It should 
be noted, however, that the vari-
ability of certain chemicals makes 
them more suitable for other ex-
posure assessment methods than 
total diet studies.

• �In a total diet study, foods are 
analyzed after being prepared as 
usual for consumption, such as 
washing, peeling and cooking. 
While some chemicals may be re-
duced, e.g. pesticide residues, and 
certain nutrients, others chemicals 

may be formed, e.g. acrylamide, 
and polycyclic aromatic hydro-
carbons. Thus, the chemicals in 
the foods analyzed in a total diet 
study are more closely represen-
tative of what is actually ingested 
by the consumer rather than what 
is present in raw agricultural 
commodities.

• �Surveillance for trade purposes 
is conducted to assess whether 
a commodity meets regulatory 
requirements. For pesticides, the 
whole raw commodity (including 
the husk and other inedible por-
tions) is analyzed for compliance 
with national Maximum Residue 
Limits (MRLs), which usually are 
in the parts per million ranges. 
Analytical methods used to mon-
itor MRLs commonly yield results 
that are below the limit of quan-
tification. In contrast, methods 
with very low sensitivities are 
used in total diet studies so that 
actual levels can be measured and 
exposures calculated. For this rea-
son, more expensive analytical 
equipment, such as high-resolu-
tion mass spectrometers, are often 
required.

• �In most surveillance programs, 
individual foods are analyzed sep-
arately. In the total diet study, 
individual food items from dif-
ferent sources (brands, regions, 
and seasons) may be combined 
into composite food samples, or 
if resources are limited, individual 
food items are combined into food 
group composites. 

• �Unlike most surveillance samples, 
total diet samples are usually ana-
lyzed for many different chemicals 
to save sampling and analytical 
costs. For example, fish samples 
are typically analyzed for meth-
ylmercury, a range of fat-solu-
ble chemicals, such as DDT (di-
chlorodiphenyltrichloroethane), 
dioxins and polychlorin- 
ated biphenyls, and omega-3-
fatty acids.

• �Total diet studies are used to as-
sess long-term, i.e. chronic, ex-
posure to chemicals in the diet. 
In contrast, surveillance monitor-
ing is the best tool for identifying 
chemicals in food that may pose 
an acute risk to health. Exposure 
from a single highly contaminated 
commodity unit, e.g. one apple, 
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The costs of total diet studies depend on the number of chemicals and food 
samples in the study.
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may exceed the Acute Reference 
Dose (ARfD). In cases where high 
levels are encountered, immediate 
action by risk managers may be 
necessary to protect public health.

What are the trade and en-
vironment aspects of total 
diet studies?
While unsafe levels of chemicals in 
food may cause serious health prob-
lems, they also pose threats to trade 
and environment. Food production, 
processing, and distribution are im-
portant economic activities for all 
countries and any disruption caused 
by toxic chemicals in food can have 
enormous impact on a country 
and on consumer confidence in the 
food supply. It is estimated that the 
global economic and trade burden 
from such contamination in food 
totals many billions of dollars annu-
ally [17]. This has become a critical 
issue not only because global trade 
in food now exceeds US$ 1 trillion 
a year, but also because such trade 
is highly complex, which makes the 
tracing of contaminated food from 
the importing country back to the 
producer in the exporting country 
a daunting task [18]. For develop-
ing countries, the foreign exchange 
earned from food exports is often 
essential for their stability and eco-
nomic development. 
Food exports may be threatened 
by unjustified health and safety 
requirements, which can serve as 
non-tariff trade barriers. Beginning 
in 1995, the World Trade Organi-
zation (WTO) under its Agreement 
on the Application of Sanitary and 
Phytosanitary Measures has since 
required its member states to base 
their health and safety requirements 
for food on sound scientific risk as-
sessments [19]. Since that time, 
governments have used total diet 
study data to support their positions 
in trade disputes before the WTO.
For example, the Czech Republic 
used the results of its total diet study 
to support safety measures taken 

to halt the importation of chicken 
with high levels of arsenic. The ex-
porting country complained to the 
WTO and sought damages of US$ 
15 million, but the Czech Republic 
risk assessment argument prevailed.

Total diet studies are now rou-
tinely included in the safety eval-
uation of chemicals performed 
by international risk assessment 
bodies, such as the Joint FAO/
WHO Expert Committee on Food 
Additives [20].

Such evaluations are used by the 
Codex Alimentarius Commission in 
establishing limits for contaminants 
and toxins in food which are recog-
nized by the WTO as representing 
the international consensus on har-
monized health and safety require-
ments [21].
In addition, total diet study results 
can be indicators of environmental 
contamination by chemicals. For 
example, persistent organic pol-
lutants, the so-called POPs, have 
been the subject of an international 
treaty to eliminate or reduce their 
emission into the environment [22]. 
Being highly fat soluble, POPs con-
centrate in the food chain and as a 
result, human exposure is almost 
exclusively through food. Human 
milk has been selected as a media 
to monitor the effectiveness of the 
treaty in achieving its goals. There-
fore, it is increasingly important to 
assess the dietary exposure to POPs 
as well as the other environmen-
tal pollutants that may migrate to 
food. The WHO/United Nations En-
vironment Programme Global Envi-
ronment Monitoring System/Food 
Contamination Monitoring and As-
sessment Programme (GEMS/Food) 
has encouraged all countries, and 
in particular developing countries, 
to undertake total diet studies as a 
matter of public health importance, 
while recognizing the significance of 
total diet studies to environmental 
risk management. Global climate 

change also has implications for 
the assessment and management 
of risks from chemicals in food. 
Higher levels of contaminants, such 
as mycotoxins, as well as altered 
pathways from the natural environ-
ment are predicted to increase expo-
sures in certain parts of the world. 
In addition, dietary changes, psy-
chosocial stress and stressors such 
as high temperatures, are likely to 
increase the vulnerability of humans 
to chemicals [23].

What is the cost of total 
diet studies?

The assessment of the safety of the 
food supply is an essential respon-
sibility of governments. Given this 
responsibility, the first question is 
often, “Can a government afford to 
conduct a total diet study?”. Per-
haps the more appropriate question 
to ask is, “Can a government afford 
not to?”.
In Canada, a study of the economic 
impact on Parkinson’s disease, hy-
pothyroidism, diabetes mellitus, 
and nervous system and IQ effects 
suggested that the current nega-
tive impact of previous and current 
human exposure to toxic chemicals, 
including nutritional imbalances, 
likely exceeds US$ 800 for every 
man, woman, and child each year 
[24]. While methods that estimate 
the health burden of environmental 
contaminants are still being refined, 
lead exposure alone is estimated to 
comprise almost 1 % of the total 
global burden of disease, due to 
mental retardation and cardiovas-
cular diseases [25]. As noted above, 
total diet studies are now important 
for trade in food and are accepted as 
scientific evidence by WTO dispute 
panels. Repeated incidents of food con-
tamination can adversely affect con-
sumer confidence not only in the food 
supply, but also in the competence of 
government. In short, total diet stud-
ies have health, economic, environ-
mental, social and political benefits.
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But the question of cost is open 
ended because it depends on the 
number of chemicals and num-
ber of food samples in the study as 
well as other factors. While some 
total diet studies have modest bud-
gets, the usefulness of the results is 
limited, particularly for risk man-
agement purposes. However, these 
studies are valuable in developing 
countries where little or nothing is 
known about chemicals in the food 
supply. On the other hand, more 
comprehensive total diet studies can 
provide greater assurance that the 
food supply does not pose unac-
ceptable risk to health from partic-
ular chemicals and foods. Such data 
offer the possibility to assess special 
subgroups of the population as well 
as newly discovered threats, such as 
acrylamide. While the cost of such 
comprehensive studies may exceed 
US$ millions, the cost-effectiveness 
and value of such studies should be 
seen in the context of the many de-
veloped countries who have found 
them to be indispensable. For exam-
ple, Australia has carried out its 24th 
total diet study [26] and the United 
States of America has continuously 
conducted total diet studies for over 
50 years [27].
A major expense associated with 
conducting a total diet study is 
often related to food consumption 
data. If these data are not available 
in a country, countries can use one 
of the GEMS/Food Consumption 
Cluster Diets [28] to estimate the per 
capita consumption of foods in their 
country. National per capita food 
production statistics (Food Balance 
Sheets) can also be used. However, 
more detailed individual food con-
sumption data are preferred which 
allows specific exposure estimates 
for the different age/sex groups as 
well as population groups of special 
interest, such as vegetarians. In this 
regard, total diet studies have found 
that children are most often the 
most exposed group on a kilogram 
body weight basis. It has also been 
found that food coding differences, 

and total diet food lists not directly 
derived from food consumption 
data, may result in insufficient cov-
erage of some subgroups [29].
Many countries use the 24-hour 
recall method on two non-consecu-
tive days, which is supplemented by 
a food frequency questionnaire. The 
cost of such a food consumption 
survey will vary depending on the 
local cost of labor. However, the cost 
should be averaged over a number 
of years, as dietary patterns usually 
change slowly. The cost of the sur-
vey may also be shared with other 
stakeholders with an interest in such 
data, including the agriculture sec-
tor and the food industry.
Another major cost of a total diet 
study is the expense of analyzing 
samples at low limits of quantifi-
cation. For some chemicals, new 
and more sophisticated instruments 
may need to be purchased and staff 
trained in their use. Another option 
is to have the analysis of certain 
chemicals, such as dioxins, per-
formed by a contract laboratory. 
In Australia, all of their total diet 
samples are analyzed on a contract 
basis. The cost of total diet studies 
can also be reduced by limiting the 
size of the food list, reducing the 
number of samples, and restrict-
ing the range of chemicals to be 
analyzed. If a total diet study indi-
cates that exposure to a chemical is 
well within its safe limits, then the 
next total diet study may omit this 
chemical. Finally, total diet studies 
can be run over a number of years 
to spread out the costs.

How can total diet  
studies be promoted  
in countries?
Government policy- and deci-
sion-makers need to be aware of the 
importance of total diet studies for as-
suring the safety of the food supply. 
In this regard, realistic risk assess-
ments simply cannot be performed 
without an assessment of exposure.

WHO has recognized total diet 
studies as the most cost-effective 
means for governments to pro-
tect public health from chemi-
cals in the food supply.

As a first step, the food safety and 
applied nutrition communities in 
countries need to mobilize support 
for total diet studies. This includes 
stakeholders in government, ac-
ademia, and industry as well as 
consumer groups. For the food in-
dustry, total diet studies provide a 
sound scientific basis for the estab-
lishment of standards and for the 
orderly development of the food 
trade. Consumers and their advocacy 
groups should recognize that total 
diet studies are essential public health 
measures that serve to safeguard the 
food supply from potentially haz-
ardous chemicals and to ensure ad-
equate levels of nutrients in the diet.
Governments, particularly in de-
veloping countries, need to support 
the development of human and in-
frastructure capacities to undertake 
total diet studies in their countries. 
In order to promote the availability 
of competent people with the tech-
nical and logistical skills to conduct 
total diet studies, workshops and 
training courses at regional and in-
ternational levels should be held pe-
riodically. Practical experience can 
also be gained by placement of per-
sonnel in institutions already con-
ducting total diet studies. A network 
of total diet practitioners, including 
WHO Collaborating Centers for 
Food Contamination Monitoring, 
is maintained by WHO to promote 
collaboration and cooperation.
Once a country has completed its 
first total diet study, experience has 
shown that support for further 
total diet studies are almost always 
assured. For example, China has 
completed its 4th total diet study. 
The ability of policy- and decision- 
makers and consumers to under-
stand total diet studies and their 
significance for human health, de-
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velopment and food industry, has 
contributed to this continuity. Be-
cause they are based on a transpar-
ent internationally-accepted scien-
tific method, total diet studies are 
increasingly recognized as the key 
to providing essential assurance that 
people’s diets are safe and nutrition-
ally adequate.
General information on food con-
tamination monitoring, including 
total diet studies, is available in a 
number of publications [30, 31]. 
In addition, EFSA in cooperation 
with WHO and FAO has developed 
a harmonized protocol for European 
Union countries that may be useful 
to consult [32].

Conclusion

Total diet studies have demonstrated 
their cost-effectiveness and value 
over the past several decades and 
more countries, including those of 
the European Union, are adopting 
them to assess consumer exposure 
to contaminants, nutrients and 
other chemicals through the foods 
in their diets. Governments and in-
ternational organizations should 
support total diet studies to ensure 
that the food supply is safe and 
wholesome. Total diet studies can 
provide essential information that is 
needed to assess, manage and com-
municate risks posed by chemicals 
in the food supply.
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