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Abstract: The dietary intake of acrylamide (AA) is a health concern, and food is being monitored
worldwide, but the extent of AA exposure from the diet is uncertain. The aim of this review was to
provide an overview of estimated dietary intake. We performed a PubMed search identifying studies
that used dietary questionnaires and recalls to estimate total dietary AA intake. A total of 101 studies
were included, corresponding to 68 original study populations from 26 countries. Questionnaires
were used in 57 studies, dietary recalls were used in 33 studies, and 11 studies used both methods.
The estimated median AA intake ranged from 0.02 to 1.53 µg/kg body weight/day between studies.
Children were represented in 25 studies, and the body-weight-adjusted estimated AA intake was up
to three times higher for children than adults. The majority of studies were from Europe (n = 65),
Asia (n = 17), and the USA (n = 12). Studies from Asia generally estimated lower intakes than studies
from Europe and the USA. Differences in methods undermine direct comparison across studies. The
assessment of AA intake through dietary questionnaires and recalls has limitations. The integration
of these methods with the analysis of validated biomarkers of exposure/internal dose would improve
the accuracy of dietary AA intake exposure estimation. This overview shows that AA exposure is
widespread and the large variation across and within populations shows a potential for reduced
intake among those with the highest exposure.
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1. Introduction

iations.

In 2002 it was discovered that acrylamide (AA) forms in foods during heating, especially in foods rich in carbohydrates [1]. AA forms from sugars and amino acids mainly
through the Maillard reaction that ‘browns’ and affects the taste of food during hightemperature processing [2,3] (Figure 1). AA is classified as a ‘probable human carcinogen’,
carcinogenicity Group 2A by the International Agency of Research on Cancer (IARC) on
the basis of its genotoxicity and carcinogenicity in rodents [4].
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concentrations that are consumed in higher amounts are also important sources of AA,
such as soft bread, breakfast cereals, sweet bakery products, biscuits, crackers, and crisp
bread [5,7,10]. AA has also been detected in homemade food, as well as in human breast
2 of 24
milk [11], infant milk powder and a range of baby foods [5,10] (Figure 1). The dietary
sources of AA vary between adults, children and infants [5].

Figure 1. Sources, formation and factors affecting formation of acrylamide (AA).
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heat-generated exposure, therefore, varies markedly between and within populations and
across time. In 2011, the Joint Expert Committee on Food Additives (JECFA) by the World
Health Organization (WHO) and the Food and Agriculture Organization (FAO) of the
United Nations evaluated the dietary AA intake of children and adults from eight countries
(i.e., Brazil, China, France, Ireland, New Zealand, Norway, Spain, and United Kingdom)
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and reported average national intakes of between 0.2 (Spain) to 1.0 (New Zealand) µg/kg
body weight (bw)/day [17], though regional data on adolescents in Brazil estimated an
average AA intake of only 0.1 µg/kg bw/day [17]. In a previous JECFA report from 2006,
covering 17 countries (i.e., Australia, Belgium, Canada, China, Hong Kong, Czech Republic,
Denmark, France, Germany, the Netherlands, New Zealand, Norway, Sweden, Switzerland,
the United Arab Emirates, the United Kingdom, and the USA), the averages of AA intake
were estimated to range between 0.3 (China, Hong Kong) and 2.0 (Children < 12 years
in the United Arab Emirates) µg/kg bw/day [10]. Relative to their body mass, children
consume a large amount of starchy foods, such as cereal and baked products and it
has been estimated that the dietary AA intake of children is 2-3 times higher compared
to adults [10,17]. In a 2015 report, based on European data, the European Food Safety
Authority (EFSA) estimated average AA intakes as ranging between 0.4 and 1.9 µg/kg
bw/day across all age groups and, in children, the average intake ranged between 0.5 and
1.9 µg/kg bw/day, whereas the average intake among adolescents, adults, the elderly, and
very elderly were between 0.4 and 0.9 µg/kg bw/day [5]. Based on evidence from animal
studies, the EFSA Panel on Contaminants in the Food Chain (CONTAM) agreed with
previous evaluations that AA in food potentially increases the risk of developing cancer for
humans in all age groups, and they noted that the high intake in children is of particular
concern due to their expected longer lifespan ahead and the increased vulnerability during
early life development and growth [5].
To date, the epidemiological evidence on the relationship between dietary intake of
AA and cancer in humans is lacking from most cancer sites, but evidence of association
with kidney cancer is accumulating [18] and increased risk of endometrial and ovarian
cancers has also been suggested in non-smoking women when comparing high versus
low dietary AA intake as defined in the original studies [18]. Studies of the risk of cancer
and other adverse health effects associated with AA intake are challenged by the fact that
the estimation of dietary intake of AA is uncertain [5,19]. Previous reviews on human
dietary AA intake have focused on associations with cancer [19,20] while summarizing
methods and data from 41 epidemiological studies [19]. To the best of our knowledge, the
estimated dietary AA intake levels from total diet across different study populations have
not previously been compiled in a peer reviewed publication. The aim of our review is
thus to summarize the estimated total dietary intake of AA, as assessed through dietary
questionnaire (DQ) and dietary recall/record (DR), and to compare the estimated intake
across age groups and countries, where possible. We, thereby, aim to provide an overview
of total dietary intake of AA across different populations. In addition, we will discuss
existing data gaps, and give future study directions.
2. Methods
Original research publications in which AA intake from total diet in humans was
estimated using DQ, including food frequency questionnaires and/or DR combined with
AA levels from food monitoring, were eligible for our review. Furthermore, we restricted
our review to studies published in peer-reviewed scientific journals. We excluded reviews,
comments, and abstracts, as well as studies published in languages other than English.
Since we were interested in total dietary intake, we also excluded studies evaluating AA
intake following diet interventions and studies on selected meals or food items (e.g., only
bread). Finally, we excluded studies estimating the internal dose of AA through analyses of
biomarkers without reporting the estimated dietary intake of AA. Likewise, studies were
excluded if dietary AA intake was estimated using only duplicate diets, in which AA was
measured in a copy of the food and drinks consumed by the participants, with no data
from DQs or DRs.
2.1. Search Strategy
We performed a systematic literature search on PubMed to identify studies that estimated the dietary intake of AA in humans from DQs or DRs. The final search was
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performed on 22 February 2021 and consisted of three facets (Table 1). The search terms
within each facet were separated by an ‘OR’ operator, and the three facets were combined using ‘AND’ operators. We found additional studies through a chain search using
references from the first identified studies and from the most recent report on AA from
EFSA [5].
Table 1. Search strategy.
Facet 1

Facet 2

Facet 3

Acrylamide
Acrylamides

Humans
Women
Men
Children
Adolescents
Adults

Diet record
Nutrition assessment
Surveys and questionnaires
Dietary exposure
Diet
Feeding Behavior
“Acrylamide Intake” *

* All search words, except for “Acrylamide Intake”, were MeSH terms.

2.2. Selection and Data Collection Process
All abstracts were reviewed by at least one author (C.A.G.T., S.S.M. or M.P.) and those
that were not excluded during the abstract screening were read in full (C.A.G.T., S.S.M. or
M.P.). Studies excluded during the abstract screening or full text screening were reviewed
by at least one additional author (C.A.G.T. or M.P.) to avoid the exclusion of potentially
relevant studies.
For each of the included individual studies, at least one author abstracted information
about the study population, size, geographic location, dietary method, years of dietary
assessment, source or method of obtaining AA levels in foods, as well as the median and
minimum–maximum values of the estimated dietary AA intake, if available. When medians
were not given, we reported mean and standard deviation, geometric mean, medians or
means of quartiles, or means of quintiles (in prioritized order). When minimum–maximum
values were not given, we obtained information about the most extreme percentiles given.
We obtained information about both bw-adjusted and non-bw-adjusted estimates, if given.
2.3. Synthesis Methods
When possible, we presented estimates for dietary AA intake separately for children
and adults, and separately for different countries. However, other subgroups, including
males and females, cases and controls, smokers and non-smokers, were only presented
separately if no joint estimate was given. Medians of the estimated total dietary AA intake
was summarized in bar graphs by countries and in studies also including children by age
groups. When medians were not given, we used means. Separate graphs were created
for bw-adjusted and non-bw-adjusted estimates. However, for studies on children, we
did not present non-bw-adjusted estimates in graphs, as only three studies reported such
estimates. Furthermore, separate graphs were created for studies using (1) DQs and DQs
in combination with DRs; (2) studies using only DRs. When estimates from the same
population were presented in more than one study, we used estimates from only one of the
studies. We prioritized the study that was published first unless a later study covered more
individuals or provided data that were more useful for our synthesis (e.g., joint estimates
instead of gender stratified estimates).
3. Results
Our PubMed search resulted in 238 publications, and additionally 10 publications
were identified through chain search (Figure 2). We excluded 120 studies (i.e., original
publications) in the abstract screening and additionally 26 studies in the full text screening.
We were unable to obtain access to the full text of one study as it was not available online,
and libraries with hard copies were closed due to the COVID-19 lockdown. Thus, a total of
101 studies covering 26 countries were included (Supplementary Table S1).
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Figure 2. Prisma flowchart.
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intakes for pregnant women were estimated
in six studies (corresponding to three unique populations) from Norway, France and
Japan [21–26]. Not all studies reported the number of individuals included but, based on
the reported data, 1,238,703 individuals were included across 63 study populations, and
among these, 27,598 were children from across 18 study populations.
3.2. Estimated AA Intakes across Countries and Age-Groups
The estimated median dietary AA intake across all studies summarized in Supplementary Table S1 ranged from 5.9 µg/day among 45–74 year olds in Japan [27] to 45 µg/day in a
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Swedish study where the participants aged 45–73 years were specifically selected to obtain
a wide variation in estimated AA intake [28]. The mean ranged from 6.8 µg/day among
40–69 year olds in Japan [29] to 55.1 µg/day among Iranian 11–17 year olds [30]. When
adjusting for bw, the median ranged from 0.02 µg/kg bw/day among Korean 65–80 year
olds [31] to 1.53 µg/kg bw/day among Iranian 3–10 year olds [30]. The mean ranged from
0.12 µg/kg bw/day among Japanese 60+-year-olds [32] to 1.68 µg/kg bw/day among
Turkish 1 year olds [33]. Several studies estimated the minimum dietary intake of AA to
be zero [34–39], while the same studies found maximum estimated dietary intake up to
261 µg/day [36] and 5.78 µg/kg bw/day [39]. The highest bw-adjusted estimated dietary
intake (6.41 µg/kg bw/day) was found among Turkish toddlers [33]. Thus, large variation
in estimated dietary AA intake was seen within studies. In comparison to the variation
within each study a smaller variation was seen between studies within the same country,
e.g., Sweden, Norway, the USA and Japan (Figures 3–5). The studies that deviated the most
from the country average/median, were based on selected groups, e.g., pregnant Japanese
women [25] had higher estimated AA intake (mean 19.6 µg/day and 0.34 µg/kg bw/day)
than the estimated intake of AA of the general Japanese population (Figures 5 and 6), and
Swedish hospital patients (mean AA intake: 44.5 µg/day and 0.56 µg/kg bw/day) [40]
as well as Swedish participants that were selected with the specific aim of obtaining high
intake variation (median AA intake: 45 µg/day) [28] had higher estimated AA intake than
the general Swedish population (Figures 3 and 4).
Generally, populations from Asia had lower estimated median/mean intakes compared to Europeans and Americans. Estimated intakes among Americans were slightly
lower than those among Europeans (Figures 3–6). Only one study used estimated dietary
AA intake data from both Europe and the USA, and they showed higher median intake
among Italian (28.2 µg/day) compared to American (up to 23.1 µg/day) pancreatic cancer
cases and controls [41].
All except one study on children estimated AA intake per kg bw. Children had estimated dietary AA intakes (per kg bw) that were up to three times higher than adults [30,42],
and estimated dietary AA intake was generally inversely associated with age, so that
elderlies had the lowest estimated intake and the youngest children had the highest estimated intake (Figures 7 and 8). However, there were a few exceptions. For instance,
one study reported that Norwegian children had lower estimated bw-adjusted dietary
AA intake compared to adults [43] (Figure 8). Furthermore, the estimated dietary AA
intake (per kg bw) among German infants (0.19 µg/kg bw/day) were lower than among
1–6-year olds (0.31 µg/kg bw/day) but comparable to the intake among 7–18 year olds
(0.20 µg/kg bw/day) [44], and Finnish 1 year olds had lower estimated AA intakes (approximately 0.4 µg/kg bw/day) compared to 3 year olds (1.01 µg/kg bw/day) [45]. In
contrast, Korean infants up to 2 years of age were found to have similar median AA
intake (0.12 µg/kg bw/day) to the 3–6 year olds (0.11 µg/kg bw/day) [46], and Turkish 1 year olds had higher mean AA intake compared to 1.5–3 year olds [33]. A study
from the USA also reported that infants below 2 years of age had higher mean AA
intake (1.42 µg/kg bw/day) as compared to the rest of the population >2 years of age
(0.36 µg/kg bw/day) [47] (Figure 8).
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Figure 3. Median/mean estimated daily acrylamide intake per kg body weight (µg/kg bw/day), based on dietary
questionnaire or both dietary questionnaire and dietary recall, by country.
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Figure 4. Median/mean estimated daily acrylamide intake (µg/day), based on dietary questionnaire or both dietary
questionnaire and dietary recall, by country.
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Generally, populations from Asia had lower estimated median/mean intakes
compared to Europeans and Americans. Estimated intakes among Americans were
slightly lower than those among Europeans (Figures 3–6). Only one study used estimated
dietary AA intake data from both Europe and the USA, and they showed higher median
intake among Italian (28.2 μg/day) compared to American (up to 23.1 μg/day) pancreatic
cancer cases and controls [41].
All except one study on children estimated AA intake per kg bw. Children had
estimated dietary AA intakes (per kg bw) that were up to three times higher than adults
[30,42], and estimated dietary AA intake was generally inversely associated with age, so
that elderlies had the lowest estimated intake and the youngest children had the highest
estimated intake (Figures 7 and 8). However, there were a few exceptions. For instance,
one study reported that Norwegian children had lower estimated bw‐adjusted dietary AA
intake compared to adults [43] (Figure 8). Furthermore, the estimated dietary AA intake
(per kg bw) among German infants (0.19 μg/kg bw/day) were lower than among 1–6‐year
olds (0.31 μg/kg bw/day) but comparable to the intake among 7–18 year olds (0.20 μg/kg
bw/day) [44], and Finnish 1 year olds had lower estimated AA intakes (approximately 0.4
μg/kg bw/day) compared to 3 year olds (1.01 μg/kg bw/day) [45]. In contrast, Korean
infants up to 2 years of age were found to have similar median AA intake (0.12 μg/kg
bw/day) to the 3–6 year olds (0.11 μg/kg bw/day) [46], and Turkish 1 year olds had higher
mean AA intake compared to 1.5–3 year olds [33]. A study from the USA also reported
that infants below 2 years of age had higher mean AA intake (1.42 μg/kg bw/day) as
compared to the rest of the population >2 years of age (0.36 μg/kg bw/day) [47] (Figure 8).
Figure 7. Median/mean estimated daily acrylamide intake per kg body weight (µg/kg bw/day), based on dietary
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Figure 8. Median/mean estimated daily acrylamide intake per kg body weight (µg/kg bw/day) based on dietary recall in
studies including children, by country. * Dybing et al., 2003 [43] estimated AA intake in adults using DQ.
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Only three studies provided estimated intakes that were not adjusted for bw. One of
these studies reported that Polish 1–6 year olds had lower estimated AA intake (13.2 µg/day)
than adults (23.1 µg/day), whereas 7–18 year olds had almost the same intake as adults
(23.3 µg/day) [48]. An Australian study estimated that 2–6 year olds had slightly lower
estimated AA intake (19 µg/day) than the total population (22 µg/day) [49], and the last
study reported that Iranian 3–10 year olds had almost the same intake (43.9 µg/day) as
18–60 year olds (44.8 µg/day), whereas 11–17 year olds had higher estimated intakes than
all other age groups (55.1 µg/day) [30].
3.3. Dietary Assessment Methods
DQs were used in 57 studies and DRs were used in 33 studies; one study used DQs for
adults and DRs for children [43], six studies (five unique populations) compared the two
methods, and four studies (three unique populations) combined the two methods. In the
four studies that combined the two methods, one used a DQ, covering the past year, and
derived information about portion size from a 24 h DR [50], whereas the other three studies
did not describe the combination methods in detail [28,51,52]. In the five populations
in which separate estimates of dietary AA intake based on DQ and DR were provided,
two had higher estimates when using DQ compared to DR among adults (DQ vs. DQ
median, P99: 0.48, 1.83 vs. 0.41, 1.36 µg/kg bw/day [26] and DQ vs. DR geometric mean,
P10-P90: 24.7, 11.6–50.4 vs. 21.8, 7.1–59.5 µg/day [53]), two found lower estimates and less
variance when using DQ compared to DR among adults (DQ vs. DR median, min-max:
0.11, 0.05–0.26 vs. 0.18, 0.06–0.71 µg/kg bw/day [54]) and adolescents (DQ vs. DR median,
min–max: 0.17, 0.02–0.08 vs. 0.29, 0.00–5.78 µg/kg bw/day [39,55] and one found similar
results using the two methods [27]. Most studies evaluated dietary habits based on single
dietary assessments but a few used two repeated non-consecutive DRs [51,56] or DQs both
before pregnancy and in the third trimester [24].
4. Discussion
We reviewed 101 studies, covering more than 1,238,703 individuals, including
27,598 children from 70 different populations, and found that the central estimates of
dietary AA intake ranged from a median of 0.02 µg/kg bw/day among Korean 65–80 year
olds [31] to a mean of 1.68 µg/kg bw/day among Turkish 1 year olds [33]. The lowest central estimate of dietary AA intake in our review is, thus, lower than the 0.1 µg/kg bw/day
among Brazilian 11–17 year olds [57], reported as the lowest central estimate in 2011 by
JECFA [17], and lower than the 0.4 µg/kg bw/day, which EFSA found among German
adolescents and among adults from several European countries [5]. The highest central
estimates of dietary AA intake in our review is also lower than the 2.0 µg/kg bw/day
among children from the United Arab Emirates reported as the highest central estimate
by JECFA in 2006 [10], and it is lower than the 1.9 µg/kg bw/day found among Belgian
toddlers by EFSA [5]. The data on children from the United Arab Emirates and Belgium
were not included in our review because, to our knowledge, these results have not been
published in peer-reviewed papers. A number of countries have published data on dietary AA intake in national reports. Thus, the Norwegian Panel on Contaminants of the
Norwegian Scientific Committee for Food Safety carried out an AA exposure assessment
among 1635 1 year olds and found a mean (P95) intake of 0.9 (1.6) µg/kg bw/day [58],
which is higher than previously found among older Norwegian children [43]. In a Danish
report, children were found to have a mean (P95) estimated dietary AA intake of 0.21
(0.46) µg/kg bw/day while it was 0.39 (0.89) µg/kg bw/day among adults [59], which is,
in contrast to most of the studies included in our review, illustrating higher estimated AA
intake with lower age. Based on national data from New Zealand, the mean estimated
dietary AA intake ranged from 0.72 µg/kg bw/day among women of 25 years or older
to 2.22 µg/kg bw/day among 5–6 year olds, while toddlers had estimated intakes comparable to the 5–6 year olds (2.21 µg/kg bw/day), and infants had slightly lower estimated
intakes (1.77 µg/kg bw/day) [9]. Thus, the New Zealand children had higher estimated

Toxics 2021, 9, 155

13 of 24

intakes than any age group in any study population included in our review as well as in
the reports by JECFA and EFSA [5,10,17].
4.1. Country-Specific Differences in AA Intake and Food Groups Contributing to the Total AA Intake
Based on the studies included in this review, European studies generally had higher
estimated dietary intakes of AA than populations in other parts of the world, especially
compared to studies from Asia that reported the lowest mean/median estimates of AA
from diet, which might partly be explained by differences in study designs and methods
used but might also reflect real differences in the dietary habits. Among Americans above
the age of two, the main contributors to AA intake were breakfast cereal, French fries,
potato chips, cookies, crackers and coffee [47]. In Swedish adults, the major sources of
dietary AA were found to be crisp bread, coffee, fried potatoes, and other bread [40,60,61],
and in Finnish adults it was coffee, starch-rich casseroles, rye bread and biscuits [45].
Likewise, coffee was the most important contributor to AA intake in women from the
Netherlands, followed by Dutch spiced cake, French fries, potato crisps, and cookies [62],
and in Italian and French adults, the main contributors were fried/baked potatoes/chips,
coffee, biscuits, and bread [63,64]. Likewise, coffee, biscuits, and potatoes have been found
to be main contributors of dietary AA among Japanese adults, but other vegetables, meat,
and green tea were also important contributors [29,65], and in Chinese adults, vegetables
and cereals accounted for the majority of the dietary AA intake [66]. It could be that the
lower estimated AA intake among the Asian study populations compared to the European
study populations reflect that these Asian populations consumed less coffee, potato crisps,
soft breads and biscuits compared to other food products such as tea and raw foods.
Furthermore, they might eat relatively more foods cooked in a way that results in lower
AA formation, such as steaming instead of baking. However, due to differences in methods
used to assess dietary intake, direct comparison between studies is uncertain. Thus, further
studies using the same methods in populations with different food cultures are needed to
compare dietary AA intakes across populations from different countries.
Most studies that report on the specific groups contributing to AA intake found that
potato crisps, fried potatoes and other potato products only contribute to half or less
than half of the total AA intake, and that other food items, such as breads and breakfast
cereals, that are generally considered to be healthier, are also major contributors to AA
intake [40,45,47,60,61,66]. These results illustrate that AA intake from the diet is not driven
only by unhealthy foods, but also by foods that are considered as being healthy. Thus,
AA intake can be associated with high fiber and essential micronutrient content, but
also with ‘junk food’ and ‘highly processed fast food’ with high salt and fat content, as
well as other unhealthy dietary patterns, such as low intake of healthy foods. Likewise,
AA intake can be associated with other unhealthy lifestyle factors, low socio-economic
status, and environmental stressors. Furthermore, factors associated with AA intake,
such as consumption of fruits, vegetables, and garlic, alcohol intake, smoking, and low
socioeconomic class may interact with AA intake/exposure, as well as providing protective
as well as synergistic effects. The differences in food contributions within and across
populations, e.g., the high crispbread contribution to total AA intake in Norway [26], make
the evaluation of potential confounding and effect modification of any adverse health
effects of AA by other dietary intake complex. This stresses the importance of conducting
epidemiological studies of the potential adverse health effects of dietary exposure to AA, as
experimental studies often rely on adding pure AA to water or food. Thus, the extrapolation
of findings from experimental studies do not capture the complexity of human diet.
4.2. Age-Related Differences in AA Intake and Food Groups Contributing to the Total AA Intake
As JECFA [10,17] and EFSA [5], we found that young children were more exposed
than adults, which is partly explained by their smaller body size and higher food intake
compared to bw, and partly by their dietary preferences. Even in studies that did not adjust
for bw, the estimated dietary intake among children and adolescents was similar to the
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intake among adults, indicating that children and adolescents consume more foods with
high levels of AA. Though children likely consume, for instance, less coffee, which is often
a main contributor to the total dietary AA exposure for adults, the consumption of, e.g.,
certain breakfast cereals and crackers may be more common in children than adults in
some populations [67]. Bread, pastries, and potato products have been identified as the
main contributors of AA among German children [44]. In Japanese children, the main
dietary sources of AA were confectionaries, other snacks, vegetables, potatoes, starches,
and cereal [32,68], and potatoes contributed more to the total AA intake in children aged
1–6 years (40%) compared to elderly (9%), whereas other vegetables contributed more
among elderly (25%) compared to the children (15%) [32].
AA and other Maillard reaction compounds have also been detected in infant milk
powder, as well as in breast milk, homemade baby food and commercial baby food, such
as vegetable purée and crackers [44,69–71], and the EFSA found jarred baby food and
follow-on formula to be the main contributors to total AA intake in infants [5]. Only one
study in our review provided separate AA estimates for infants younger than 1 year and
found lower estimated median dietary AA intake in German infants (0.19 µg/kg bw/day)
compared to 1–6 year olds (0.31 µg/kg bw/day) [44]. Likewise, a French total diet study
among non-breastfed infants aged 1–4, 5–6, 7–12, and 13–36 months found mean AA intakes
between 0.51 (1–4 months) and 0.74 (13–36 months) µg/kg bw/day, when replacing values
below LOD with the LOD and values below LOQ with the LOQ [72]. Thus, the French
infants had lower estimated AA intakes than the French 3–10 year olds included in this
review [73]. Furthermore, an Estonian study has estimated AA intake among infants from
commercial baby foods alone and found mean AA intakes of 0.15 µg/kg bw/day among
4–5 month olds and 0.65 µg/kg bw/day among 6–11-month-old infants [71]. As most
infants rely mainly on breastfeeding in the first months of life, their dietary intake of AA
may be difficult to capture using DQs and DRs alone. However, a Swedish study measured
AA directly in breastmilk and estimated that the mean AA intake among exclusively
breastfed infants aged 0–6 months was 0.04 µg/kg bw/day, and the mean AA intake in the
whole first year was 0.04–1.2 µg/kg bw/day, depending on the length of breast-feeding
and the choice of baby food [69].
4.3. DQs Compared to DRs
In our review we did not observe systematic differences between AA estimates obtained based on DQs and DRs when we compared the estimates in the studies that relied
on both methods. One study calculated no difference in estimated dietary AA intake [27],
while most studies calculated lower [39,54,55], and the others higher [26,53] estimated
dietary AA intake when using DQs compared to DRs. The EPIC study, which relied on
510 adults enrolled in different cohorts located in nine European countries, has reported
a low correlation between AA intake calculated from DQs and a 24 h DR [53]. DQs are
the most feasible methods to obtain detailed information on dietary habits over a long
period for a large number of people. However, due to the length constrains of DQs, specific
questions on portion sizes, preparation and cooking methods, as well as changes in intake
over time are often left out. Thus, DQs are not typically designed to, and thus cannot
effectively, estimate precise daily intakes of AA or any other foodborne contaminant at
an individual level. On a population level, however, the DQs can be used to rank the
participants into differential levels of intake. Another potential limitation, related to DQs
covering a long period of time, or asking about dietary habits earlier in life, is the potential
for recall bias and the impaired recollection of actual dietary habits, e.g., it has previously
been found that overweight individuals are more likely to under-report their energy intake [74,75]. In contrast, a limitation of DRs is that they often cover only short-term intake
and thus do not capture dietary habits over long periods. Furthermore, it is very labor
intense for both participants and researchers to process the data if the participants are
asked to consecutively report when, and how much, they eat and drink for several days
and how the food was cooked, at which temperature and for how long, etc. However, a
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Finnish study on children and adults did take food preparation into account [45], which
helps improve precision to some extent.
4.4. Limitations of DQs and DRs for Studies Estimating Total Dietary AA Intake
Most studies estimating dietary AA intake used data on the individual consumption of foods and drinks that were not specifically collected with the purpose of estimating AA, but for general purposes of the collection of overall dietary habits (Supplementary Table S1). A few studies used photographs or picture books to estimate portion
sizes [24,28,35,42,48,73,76–79], while most studies had to rely on assumptions on standard
portion sizes for the calculation of individual daily consumption. Likewise, most studies
used standard assumptions about composition of the foods. For home-cooked mixed meals,
the composition of foods might considerably vary, and thus the exact amounts of each
component, e.g., flour or potatoes are difficult to estimate based on standard DQs and
DRs [80]. Furthermore, when using DQs and DRs to estimate the dietary intake of AA, the
estimates will depend on the assumptions of AA concentrations in the foods and drinks
consumed. These concentrations vary across countries and regions [5], and the use of local
food monitoring data, as compared to international data, will thus provide more precise
estimates of the dietary intake of AA. Most of the studies included in this review relied on
AA concentrations, measured nationally or even regionally [23,24,63,73], but some studies
used AA estimates in food, based on international data [36,53,64,76,81–87]. Many studies
have used AA levels in food from previous research or national reports, while others conducted their own AA analyses of food items using LC/MS [73], LC/MS/MS [46,47,57,66],
HPLC/MS/MS [31], UPLC/MS/MS [88], GC/MS [30,33], or GC/MS/MS [48]. GC/MS
and LC/MS show good agreement and are both accurate in measuring AA [89]. However,
even when using appropriate analytical methods and measuring AA in local foods, the AA
concentrations may vary within the same kinds of foods. For instance, the AA concentrations in dry coffee can vary from 0 to 1115 µg/kg, based on the composition of the coffee,
as well as the roasting of the coffee beans, and the concentration in the consumed coffee
also depends on the preparation of the coffee [90]. Likewise, according to European data
compiled by EFSA, the concentration of AA in potato chips, also called French fries, varies
from 14.5 to 1888 µg/kg for fried, fresh or pre-cooked, analyzed as sold [5], as the concentration of AA depends on concentrations of asparagine, fructose and other precursors,
storage, and cooking methods. The variation in the actual frying temperature contributed
most to the variation in AA concentrations, followed by the variation in actual frying time
while no obvious effect of reducing sugars was found [91]. Similarly, for soft breads the
AA concentration varies from 0 to 203 µg/kg before toasting [5], and in biscuits, crackers
and crispbreads the AA concentration varies from 0 to 1600 µg/kg, again depending on
composition, types of crops, storage and cooking methods [12–14], which adds imprecision
to the use of DQs and DRs in assessing dietary AA intake, as detailed information on
origin, brands and cooking methods are seldom available. Furthermore, the use of probabilistic methods, in which the concentration range within the same food items is utilized by
modeling the intake based on the distribution of AA levels [92], can improve the validity
of the dietary assessment methods. Other studies multiplied the consumption data with
the median or mean levels of AA concentrations in foods and drinks. When conducting
epidemiological studies, examining health effects or the disease burden of dietary intake of
AA, it is recommended to also conduct sensitivity analyses using the 95th percentiles to
identify dietary intake in a worst-case scenario.
Another limitation is that DQs and the software used to estimate consumption data
may have grouped multiple foods that have different AA concentrations, and the DQs may
also lack questions about some foods containing AA. For instance, AA can be detected in
drinking water [93] and cow milk [94] and, although these concentrations are generally
low, there could be foods and drinks that contribute to AA intake that are ignored.
Future studies of AA intake from diet could benefit from more detailed consumption
data collected from DQs and DRs with a higher degree of details about food preparation
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methods, browning, and portion sizes. New methods of collecting data through smart
phone or tablets, such as photos of foods, are encouraged to better capture variation in
food preparation.
An additional limitation relates to the fact that most studies relied on the assessment
of dietary habits only once, and variation over time has not been considered. A Norwegian
study evaluated the AA intake of pregnant women and their children at 3 and 7 years of
age but did not report the estimated AA intake among the children [22]. A recent Japanese
study, evaluating the AA intake twice within one year using a combination of DQ and
12 days DR, reported that the ratios of intra- and inter-individual variation were 3.2 for
men and 4.3 for women [95]. Preferably, future studies of adverse health outcomes that
have a long latent time, such as cancer, would benefit from consumption data collection
using DQs that covers long-term food habits that are assessed multiple times to evaluate
intra-individual variation over time.
4.5. DQs and DRs Compared to Other Methods of Estimating Dietary AA Intake
Using DQs and DRs to obtain information on the individual consumption of different
foods and drinks, combined with measured AA levels in local foods, is a cheaper method
of estimating the total dietary intake of AA, as compared to measurements of AA concentrations in foods and drinks, as done in duplicate diet studies or analyses of biomarkers in
urine or blood. In duplicate diet studies, AA is measured in duplicate portions of all foods
and drinks consumed by the study participants. This method is more precise in estimating
the dietary intake of AA, compared to DQs and DRs, but the use of duplicate diets is only
feasible over a relatively short time period and, even so, it is much more expensive than
DQs and DRs. Thus, duplicate diet studies are not practical when covering dietary habits
over longer time periods in large study populations. In a Dutch study validating an AA
database (n = 122), a very strong (r = 0.82) correlation was found between estimated dietary
AA intake, as assessed by duplicate diet and DR, where both the duplicate diet and the DR
covered 24 h [96]. Thus, DRs may be a good and cheaper alternative to analyses of duplicate
diets for the estimation of AA intake. However, duplicate diet studies may be useful to
estimate the precise intake of AA for a small number of individuals at an individual level.
Such precise estimates are useful for linkage with biomarkers of early health effects to
better understand the biological pathways underlying the toxicity of dietary AA intake
and interactions with other dietary intakes, that can interact with the bio-activation and
metabolism of AA, such as alcohol [97] and garlic [98,99].
For the evaluation of internal AA exposure, the urinary analysis of biomarkers of
AA and related metabolites can provide an alternative method to estimate AA from all
sources, and when combined with analysis of biomarkers specific to exposure to tobacco
smoke, as well as data on dietary habits, it is possible to estimate the AA intake from
the diet. Urinary biomarkers has been used to provide a snapshot of exposure over the
previous day from diet in a hand-full of studies with humans, and among Norwegian
pregnant women (n = 119) weak positive correlations (r = 0.19–0.34) were found between
the amount of AA excreted in urine as mercapturic acid metabolites and total AA intake,
as assessed by DQ and DR, with the correlations being strongest after bw adjustment [26].
Furthermore, among employees at the Norwegian Institute of Public Health (n = 53), the
urinary excretion of AA metabolites was weakly moderately correlated (r = 0.35–0.57) with
the intake of aspartic acid, protein, starch and coffee, as assessed by a 24 h DR [78], but not
correlated with the concentration of hemoglobin (Hb) adducts of AA [100].
Analyses of Hb adducts from AA can provide an indication of the internal dose of
AA and related exposures accumulated in the blood during the last 4 months [101]. More
than 70 studies have evaluated Hb adducts from AA in humans and the large number
of studies demonstrates that it is feasible to integrate this biomarker in epidemiological
studies [102]. The correlation between total dietary AA intake and Hb adducts from AA
has been reported to be none-to-low in some studies [53,100,103,104], while moderate
correlations up to 0.39 [21,28,40,52,105] have been reported in other studies. Individual
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food and drink groups that are rich in AA have also been positively associated with Hb
adduct levels in almost all studies reporting on diet but, compared to exposure to tobacco
smoking, the correlations were weaker and less consistent across studies [102]. In a study
from Sweden, the dietary AA explained 13% of the variation of the Hb adducts from AA
in non-smokers and 25% in smokers, while 32% was explained by diet and smoking [28].
In a National Health and Nutrition Examination Survey (NHANES) study from the USA,
which included children, adolescents, adults and seniors, the estimated AA intake from
DRs [106] and a combination of DRs and DQs [50] have been associated with higher Hb
adduct levels from AA. In this population, 34% [106] and 46% [50] of the variability in the
Hb adduct levels from AA was explained by the estimated AA intake and the covariates in
the models [50,106]. In a study of Canadian teenagers, a total AA intake, estimated through
a DQ covering the months before blood donation, was associated with higher Hb adducts
from AA, while no association was observed for the intake of dietary AA based on the diet
two days before [55].
In addition to being able to measure the individual exposure, uptake and absorption
of AA through analyses of internal dose more accurately, the inter-individual differences of
AA metabolism that may be attributed to the activity and/or genetic polymorphisms of
metabolic enzymes in individuals with different race, gender, age, smoking, dietary and
alcohol status are taken into account when biomarkers of AA are analyzed [107]. Ideally, to
better evaluate variation in the biomarkers of the internal AA such as Hb adducts from
AA related to diet, simultaneously measurement of Hb adducts specific to smoking, e.g.,
ethylene oxide [108], and comprehensive analyses of diet is recommended.
The within-individual variation in background Hb adducts levels of AA has shown
a relatively good agreement (correlation coefficient of 0.8) for blood samples collected
1–3 years apart (n = 45) [105]. A Swedish study of Hb adducts from AA measured three
times in blood collected every 8 months over 20 months in 13 non-smokers found that the
Hb adducts differed more between individuals (six-fold) than within the samples from
the same individuals (two-fold) [52]. The variation in AA intake between individuals was
larger when estimated from DQs than from Hb adduct levels indicating that it is more
difficult to rank individuals at group levels according to AA intake based on DQs alone.
It is, therefore, recommended that results from analyses of Hb adducts are integrated in
the assessment of AA intake derived from well-designed DQs and well-characterized AA
concentrations in food.
Analyses of biomarkers are costly and not feasible for very large study populations. In
contrast, DQs and DRs allow estimation of AA intake for large study populations, which is
needed in epidemiological studies assessing small increases in risk. Such epidemiological
studies are needed as the extrapolation of findings of adverse effects of AA observed in
animal studies is uncertain.
4.6. Limitations to Our Review
In this review we included all peer-reviewed scientific publications indexed by
PubMed, in which AA intake was assessed from individual consumption data through
DQs or DRs. We have not systematically reviewed all data available from national reports
and non-peer-reviewed publications, but we included estimates available online from
reports written in English in the discussion.
It should be noted that the reviewed studies consist of study populations that are not
fully representative of the general population. Many of the studies consisted of individuals
that are eligible and willing to participate in cohort studies and, although most of the
cohorts were population based, selection bias cannot be ruled out. Some studies involved
hospital patients [40,64,81], pregnant women [21,24,25] elderlies [29,109–111], and some
were limited to employees at certain institutions [78] or individuals selected due to a
high intake of food that is rich in AA [28]. Hospitalized patients are likely to have less
homemade food and a different consumption compared to at home without disease, and
pregnant women may have a lower intake of for instance coffee as compared to women in
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general [26]. Cohort studies that require the participants to complete long questionnaires
may have an underrepresentation of individuals with less resources, and these individuals
may have a different diet and higher AA exposure. However, although selection bias could
be an issue in epidemiological studies evaluating the associations between dietary AA
intake and health effects, the exposure misclassification of AA intake from the diet is a
much greater concern of bias.
The number of food and drink items and the levels of details in the dietary methods varied markedly from study to study. Some studies included AA values for meatballs [34,45,60,112], sausages [34], and peanut butter [62,113], while others did not take
these into account. Furthermore, the individual consumption data used in the different
studies covered periods from 1976 [114,115] to 2018 [30], and the central estimates and
measures of variance reported were not the same across all studies. Some studies reported
both means and medians and found that the two central estimates were fairly close [116],
while others showed large differences between means and medians [48].
All of these differences across studies makes the comparisons uncertain, but despite
the limitations, we found that the variation across studies within the same country was
relatively limited (Figures 2–5), and studies that did deviate were most often studies
performed on highly selected groups.
4.7. Perspectives
In the past 20 years, following the discovery of AA formation in a range of commonly
consumed foods and drinks more than 100 studies on estimated dietary intake of AA has
been published. A similar impressive number of experimental studies, method development studies and risk assessments have been performed across the world and large
amounts of resources are also being spent on monitoring AA in foods and drinks as well as
taking actions towards reducing AA concentrations in foods and drinks and controlling
that these mitigations are taken. Nevertheless, as for now, it remains unknown if the dietary
intake of AA affects human health or not, and it is impossible to say what level of dietary
AA intake can be deemed safe, if any, as the assessment of AA from diet is uncertain.
AA is neurotoxic in animals and in humans, following occupational exposures [117–120],
and dietary AA intake has been associated with a mild cognitive decline over a four-year
period in non-smoking Chinese, elderly men, but not in women [109]. Furthermore AA
crosses the human placenta [121], and the maternal intake of AA during pregnancy has
been associated with restriction of intrauterine growth indicated by low birth weight,
small-for-gestational age, and reduced birth head circumference [21,23,25,122]. Adverse
effects on reproduction, growth and development including neurodevelopmental effects
have been observed after gestational AA exposure in rodents, but the adverse effects of
AA from the diet on the developing brain has, to our knowledge, not yet been studied
in humans [120,123]. To date, the majority of epidemiological studies have focused on
AA intake during adulthood and the potential link with cancer [5]. Studies of exposure
during prenatal life and early infanthood are sparse, and more data are needed to elucidate
the dietary AA intake in these vulnerable groups. Studies of other health effects than
cancer are also needed, and studies of the health effects of exposure to AA from diet during
critical windows of development and growth, such as during early life and puberty, are
encouraged. In order to identify the associations with health outcomes, exposure to AA
during the critical windows for these outcomes needs to be studied, and future dietary AA
studies should focus on covering critical windows of exposure and vulnerability, as well as
a broader range of outcomes. There is, especially, an urgent need for further research to
elucidate whether dietary AA intake during early life might impair neurodevelopment,
adversely affect neuro-function postnatally, and cause poor mental health and other adverse
health effects later in life in humans.
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5. Conclusions
Well-designed DQs and DRs are valuable methods to obtain information on individual
dietary habits of large populations and linkage with well characterized AA food monitoring
data can enable estimation of dietary AA intake in large study populations. The results of
our review of the peer-reviewed studies on AA from total diet illustrate that these methods
are capable of detecting variation between individuals and populations. Study populations
of young children have relatively higher AA intakes per kg bw compared to adolescents
and adults. The results suggest that the AA intake of individuals from European countries
is higher than those elsewhere; however, the estimation of the AA intake is uncertain
and the methodological differences between the studies hinder the direct comparison
of AA intake between studies. It is, therefore, recommended that results from analyses
of Hb adducts and information about the specific dietary patterns of foods and drinks
contributing to AA are integrated into the assessment of AA intake derived from welldesigned DQs or DRs, and validated AA food monitoring data. Dietary questionnaires can
be used for a large population and provide information about dietary factors that might
interact with the AA exposure, while the more expensive Hb adducts could be used for a
subgroup within the population to provide more precise information about the effective
dose of AA.
In conclusion, this overview shows that AA exposure is widespread, and that children
are generally more exposed than adults, relative to their bodyweight. However, the large
variation in estimated AA intake, across and within populations, highlights the potential
for reduced AA intake among the highest exposed individuals.
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