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Abstract
Acrylamide concentration in food products collected from the Tehran market was investigated by the aid of a dispersive liquid-
liquid microextraction (DLLME) system coupled with gas chromatography-mass spectrometry (GC-MS). Also, the dietary
exposure distribution and related potential risk for acrylamide ingestion were estimated by the Monte Carlo simulation
(MCS). The highest and lowest mean concentration of acrylamide was detected in coffee and roasted nuts samples as 549 and
133 μg/kg, respectively. The mean acrylamide dietary exposure values for children (3–10 years), adolescents (11–17 years),
adults (18–60 years), and seniors (61–96 years) were estimated to be 1.81, 1.02, 0.61, and 0.53 μg/kg body weight (BW)/day,
respectively. In all age groups, except children, the estimated exposure in men and boys was higher than that in women and girls.
Bread, despite containing low acrylamide content groups (157 μg/kg while compared with other, except roasted nuts), showed
with the highest contribution rate in all age groups due to its high consumption rate. The estimated incremental lifetime cancer
risk (ILCR) for all age groups was noted as greater than 10−4 indicating serious risk to the population. Moreover, the margin of
exposure (MOE) values based on carcinogenicity showed health concern to all age groups (< 10,000). Regarding the non-
carcinogenic risk, the target hazard quotient (THQ) was lower than 1, and MOE based on neurotoxicity was higher than 125
(safety thresholds), which represented negligible and ignorable risk in all age groups except in a small group of children and
adolescents.

Keywords Acrylamide . Dietary exposure . Monte Carlo simulation . Risk assessment . Contamination . Food products .

Dispersive liquid-liquidmicroextraction (DLLME)

Introduction

Acrylamide (2-propenamide), as a white crystal and odorless
substance with excellent water solubility, is a vinylic com-
pound with low molecular mass (71 Da) (Marconi et al.
2010; Altunay et al. 2016). It is a synthetic compound and,
in the structure of polyacrylamide, has widespread applica-
tions in different industries such as drinking water purifica-
tion, textile, cosmetics, paper processing, and mining
(Taeymans et al. 2004; Elbashir et al. 2014) as well as synthe-
sizing gel in electrophoresis (Oroian et al. 2015). Acrylamide
is generated during heat treatment (like frying, roasting, and
baking) of food products rich in proteins and carbohydrates at
temperatures greater than 120 °C. It is considered as a
Maillard reaction byproduct which is produced through the
interaction of reducing sugars (especially glucose and fruc-
tose) and the amino acid asparagine (Shahrbabki et al.
2018). However, in the case of raw or boiled foods, no
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acrylamide has been detected (Amrein et al. 2005; Eerola et al.
2007; Zokaei et al., 2020). The major segments of acrylamide
in human diet are potato- and cereal-based products as well as
roasted coffee. According to a European Food Safety
Authority (EFSA) statement, the acrylamide concentration
was found about 23 to 7095 μg/kg in bread and coffee prod-
ucts, respectively (EFSA 2015). Furthermore, moderate (5–
50 μg/kg) and higher (approximately 150–4000 μg/kg)
amounts of acrylamide were detected in protein and carbohy-
drate heated foods (Khoshnam et al. 2010). Food and
Agriculture Organization/World Health Organization (FAO/
WHO) reported that dietary acrylamide exposure could vary
between 0.3 and 0.8 μg/kg BW/day (WHO 2002a, b).

Long-term exposure to acrylamide through occupational
and accidental pathways can cause some damages in the cen-
tral and peripheral nervous systems of humans such as neural
destructions (Marconi et al. 2010). Furthermore, sufficient
evidence regarding neurotoxic, genotoxic, mutagenic, and
carcinogenic effects is reported among experimental animals
(Pacetti et al. 2015). After ingestion, acrylamide is rapidly
absorbed from the gastrointestinal tract and translocated to
all tissues and organs all over the body, and it can even enter
into breast milk. Subsequently, in the liver, acrylamide oxi-
dizes to an active epoxide named glycidamide (GA) via the
CYP 450 2E1 enzymatic system. GA is considered as the
main cancer-inducing metabolite of acrylamide (Alpözen
and Üren 2013; Ayvaz and Rodriguez-Saona 2015; Kim
et al. 2015). In this regard, the International Agency for
Research on Cancer (IARC) classified acrylamide as a prob-
able carcinogenic compound to humans (class 2A) (IARC
1994). Also, the WHO and the European Union (EU)
established the upper residue limit of 0.5 and 0.1 μg/kg for
acrylamide content in drinking water, respectively (Lim and
Shin 2014). There is no permitted legal limit for acrylamide
concentration in food products, although the EU set a bench-
mark level for some food products like potato chips and
French fries which are 1000 and 600 μg/kg, respectively
(Pacetti et al. 2015).

Several studies have been focused on investigating
the formation, concentration, toxicology, and health di-
etary risk assessment of acrylamide in different food
products (Dybing and Sanner 2003; Hogervorst et al.
2007; Hogervorst et al. 2008; Pelucchi et al. 2011;
Olsen et al. 2012). Quantitative dietary acrylamide risk
assessment is one of the most important methodologies
for estimating exposure through diet and the probability
of carcinogenic and non-carcinogenic effects of acrylam-
ide in a defined population. The risk assessment find-
ings may also provide the required information for risk
managers to make effective decisions and some actions
like establishing the mitigation strategies (Xu et al.
2014). Additionally, three different methods are mainly
used to evaluate exposure to acrylamide which consist

of the point estimate (deterministic) procedure, the semi-
probabilistic method, and the probabilistic modeling
named Monte Carlo simulation (MCS) (Skog and
Alexander 2006). The latter one is the most promising
model due to its capability in identifying uncertainties
and variabilities in the long-term exposure estimations
as well as in performing risk predictions that are used
extensively in food science (Shahrbabki et al. 2018).

Therefore, the aim of this study was to investigate acryl-
amide concentration in the main heat-treated food products
collected from Tehran’s market. Furthermore, for the first
time, the acrylamide dietary exposure in Tehran, Iran, was
estimated using theMonte Carlo simulation. The carcinogenic
and non-carcinogenic risks also were assessed by the aid of
the margin of exposure (MOE), incremental lifetime cancer
risk (ILCR), and target hazard quotient (THQ) for different
age groups through dietary exposure to acrylamide.
Additionally, sensitivity analyses were performed to charac-
terize the accuracy of important input variables on predicted
risks.

Materials and methods

Sample collection

Different food samples, in total, 195 samples of food
products including 25 samples of traditional and indus-
trial bread, 42 samples of other bakery products (cakes
and biscuits), 26 samples of confectionery products
(pastries and chocolates), 50 samples of snacks (pota-
to-based and corn-based), 16 samples of coffee powder,
24 samples of roasted nuts (almonds, pistachios,
hazelnuts, peanuts, and edible seeds), and 12 samples
of fast foods (pizza, hamburger, and sausage), were col-
lected in 2017–2018 from randomly selected local su-
permarkets, stores, and restaurants all over Tehran. The
samples were transferred to the laboratory and preserved
at a refrigerator until the experiments. All experiments
were done in triplicate.

Acrylamide measurement

Pretreatment section

Regarding differences in sample types, the samples of bread,
bakery, and confectionery products were dried in room tem-
perature and then milled using a grinder to get a homogenous
refined powder. For samples rich in fat (like snacks, roasted
nuts, some fast foods, and bakery products), after grinding,
3 mL of n-hexane (in 2 stages) was added for removing fat
and was shook thoroughly and finally, the upper phase was
discarded.
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Sample preparation

This step was accomplished based on a former work
(Nematollahi et al. 2019). Briefly, 1 g of each food sample
was weighed and 200 μL of acetamide (internal standard) was
added. In the next step, 10 mL of potassium hydroxide
(1 M):ethanol (80:20) was added. After shaking and centrifug-
ing at 2683g for 5 min, the upper clear aqueous phase was
separated, and then its pH value was decreased to 3 with HCl.
Then, 1 mL of potassium hexaferrocyanide (Carrez solution I)
and 1 mL of zinc acetate (Carrez solution II) were added to
precipitate proteins and carbohydrates. After shaking and
centrifuging another time, the supernatant was separated.
Then, 2 mL of HCl (1 M) and 60 μL of xanthydrol were added
for derivatization of acrylamide. This solution was shaken
completely for 5 min and was stored in darkness at an ambient
temperature for 30min to complete the derivatization procedure.
After that, 2 mL of K2HPO4 (2 M) and 2 mL of KOH (2 M)
were added, and the pH value of the samples was changed to
approximately 7. Finally, the solution was centrifuged at
2683.2g for 5 min, and the upper cloudless aqueous part was
separated. In dispersive liquid-liquid microextraction (DLLME)
stage, 80 μL of extracting solvent (tetrachloroethylene) and
300 μL of dispersing solvent (ethanol) were used. After shaking
and centrifuging at 2683.2g for 5 min, the extracting solvent
containing acrylamide is gathered at the bottom of the volumet-
ric flask. Finally, 1 μL of this part is introduced to the GC-MS.

A 7890A GC system from Agilent Technologies (Palo
Alto, CA, USA) with a triple-axis detector equipped with a
split/splitless injector is used for GC-MS analyses. This sys-
tem was coupled with a 5975C inert MSD network mass se-
lective detector. Separation of chemical substances was car-
ried out by an HP-5 MS capillary column with 5% phenyl
siloxane/95% methyl polyorganosiloxane, with an interior di-
ameter and film thickness of 30 m × 0.25 mm and 0.25 μm,
respectively. The oven temperature programwas isothermal at
100 °C for 1 min, risen to 300 °C at 20 °C min−1, and again
isothermal for 10 min. Helium (He) gas was applied as a
carrier gas at a stable flow rate of 0.8 mL min−1. The injector
and auxiliary temperature were adjusted at 290 °C and 280 °C,
respectively. One microliter of the bottom phase of the solu-
tion was introduced in a splitless manner with a split propor-
tion of 1:50. The selected ion monitoring (SIM) achievement
form was utilized for the measurement of acrylamide and
acetamide (internal standard). The quantification procedure
was performed by supervising peaks at m/z 207 and 234 for
acrylamide and 180 and 239 for acetamide. The retention
times for acrylamide and acetamide were 10.27 and
9.95 min, respectively, and the ratio of acrylamide/acetamide
peak area was used in the calibration curve to calculate acryl-
amide concentration in the samples. Good separation and
clean chromatogram are presented in Fig. 1 in the absence of
food matrix interference.

Method validation

The present method (DLLME-GC-MS) was validated by con-
sidering linearity, recovery, repeatability (RSD%), enrichment
factor (EF), limit of detection (LOD), and limit of quantitation
(LOQ) under experimental conditions. The calibration curve
showed the linearity at the range of 5–500 ng mL−1. The corre-
lation coefficient (R2) calculated approximately 0.998. The LOD
and LOQwere defined as a chromatographic signal at the lowest
concentration of the analyte that can be shown 3 and 10 times
higher than the background noise, respectively. LOD and LOQ
were observed as 0.6 ng mL−1 and 2 ng mL−1, respectively. The
enrichment factor is defined as the ratio between the concentra-
tion of the compound in the organic phase and the initial con-
centration in the aqueous solution. The EF of the recommended
procedure was 116. The repeatability (RSDs), calculated based
on comparative peak areas of six replicate extraction methods
from snack samples and the associatedRSD,was calculated to be
4.5–12% while the reproducibility obtained was lower than 8%.
The recovery percentage of acrylamide was determined to be
95% by measuring up the level of acrylamide standard added
to the samples (50 ng g−1) with the level after themicroextraction
process. Also, a standard addition method has been used to ap-
prove the efficiency of the proposed method.

Food intake data

To assess the Tehran population acrylamide dietary exposure,
food intake data was taken from “The Tehran Lipid and
Glucose Study (TLGS).” This program is a society-based
forthcoming (cohort) study, accomplished on a sample of pop-
ulations in 13 regions of Tehran, Iran (Mirmiran et al. 2011). It
firstly planned to preclude non-communicable diseases
(NCDs) using a plan to support beneficial lifestyles and de-
crease the risk aspects of noted diseases, started in 1999, and
standard follow-up was carried out every 3 years. Of 7291
individuals (3354 men and 3937 women) aged 3–96 years,
the participants of the Sixth TLGS Program Survey were ran-
domly used for dietary assessment. These individuals
consisted of 228 children (3–10 years), 412 adolescents (11–
17 years), 5439 adults (18–60 years), and 1212 seniors (61–
96 years). The research method used was the Food Frequency
Questionnaire (FFQ) containing approximately 150 food
items in the period from 2017 April to April 2018. The food
consumption rate was extracted in grams/person/day.

Acrylamide dietary exposure estimation

Dietary exposure to acrylamide was estimated for different
age groups in both genders (children, adolescents, adults,
and seniors) in the Tehran population. Acrylamide dietary
exposure (DE) expressed as microgram/kilogram BW/day
for each age group was calculated as follows:
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DE ¼
∑
n

i¼1
Ci � IRi

BW� 1000
ð1Þ

where Ci is the concentration of acrylamide in food i (μg/kg),
IRi is the intake rate of food i (g/day) for each age group, and
BW is the body weight (kg) of each person according to the
age groups. Ci, IRi, and BW, which all followed log-normal
distribution, were used for acrylamide dietary exposure calcu-
lation by a probabilistic approach (Monte Carlo simulation
program) (Eq. 1) (Abtahi et al. 2018; Nabizadeh et al. 2018).

Based on food consumption and acrylamide concentration for
each food group (i), dietary exposure of food group (i) was
calculated, then summed and divided by BW× 1000 (correc-
tion factor) to achieve a reliable distribution for total food
groups (ED). For each age category, one Monte Carlo simula-
tion with 10,000 repetitions was done.

Carcinogenic risk evaluation

To evaluate carcinogenic risk correlated to acrylamide dietary
exposure, the margin of exposure (MOE) approach based on

Fig. 1 The chromatogram obtained by the proposed method (a) acetamide (internal standard) and (b) acrylamide
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experimental animal data has been used, although it is a com-
mon approach in risk characterization for substances that are
both carcinogenic and genotoxic. For the carcinogenic effect
of acrylamide, the Joint FAO/WHO Expert Committee on
Food Additive (JECFA) suggested two distinct values of
benchmark dose lower limit for a 10% increase in tumor ini-
tiation (BMDL10) as 310μg/kg BW/day for initiation ofmam-
mary tumors in female rats and 180 μg/kg BW/day for
Harderian gland tumors in mice (FAO/WHO 2011), whereas
the EFSA used the values of BMDL10 170 μg/kg BW/day for
neoplastic outcomes in mice (EFSA 2015). Thus, for
assessing a risk description of carcinogenic effects by acryl-
amide exposure, the MOE (dimensionless), based on Eq. 2,
was calculated for all age groups:

MOE ¼ BMDL10

DE
ð2Þ

where MOE (dimensionless) is the margin of exposure, DE is
the acrylamide dietary exposure (μg/kg BW/day), and
BMDL10 is the benchmark dose lower limit 10%
(μg/kg BW/day) (Fakhri et al. 2018; Atamaleki et al. 2019;
Fakhri et al. 2019a, b; Gholami et al. 2019).

Furthermore, the incremental lifetime cancer risk (ILCR)
proposed by the Environmental Protection Agency (EPA) re-
lated to acrylamide dietary exposure was calculated based on
Eq. 3:

ILCR ¼ Ci � IRi � ED� EF� SF� CF� ADAF

BW� AT
ð3Þ

where ILCR (dimensionless) is the additional possibility of
cancer over human lifetime, Ci is the concentration of acryl-
amide in food i (μg/kg), IRi is the intake rate of food i (g/day)
for each age group, BW is the bodyweight (kg) of each person
according to age groups, ED is the exposure duration (year)
(for children, adolescents, adults, and seniors; ED = 8, 7, 43,
and 36, respectively), EF is the exposure frequency (365 days/
year), SF is the slope factor of acrylamide (0.5 per [(mg/kg)/
day], CF is the correction factor (10−6 mg/μg), ADAF is the
age-dependent adjustment factor (dimensionless) (ADAF for
3–15 years is 3 and for ages greater than 16 is 1 (EPA 2010)),
and AT is the average time for carcinogens (25,550 days). We
considered Ci, IRi, and BW as log-normal distributions in Eq.
3 probabilistically.

Non-carcinogenic risk evaluation

MOE, also, for non-carcinogenic effects is used. A value of
BMDL10 of 430 μg/kg BW/day was proposed by EFSA for
neurotoxicity (peripheral neuropathy in rats) (EFSA 2015).
MOE for neurotoxicity effect is calculated by Eq. 2.

The target hazard quotient (THQ) is also used for non-
carcinogenic risk of dietary acrylamide exposure by Eq. 4

(Ali et al. 2019; Fakhri et al. 2019a, b):

THQ ¼ DE

RFD
ð4Þ

where THQ (dimensionless) is the target hazard quotient, DE

is the acrylamide dietary exposure (μg/kg/day), and RFD is
the oral reference dose for acrylamide (2 μg/kg/day) (EPA
2010).

Uncertainty analysis

The Monte Carlo simulation (MCS) method with 10,000 iter-
ations using the Crystal Ball (version 7.2., Oracle) was per-
formed to calculate the uncertainties in the risk characteriza-
tion step. The estimated results of acrylamide dietary exposure
and the related risk assessment showed the effects of input
parameters on the risk estimation (Shahsavani et al. 2017;
Fathabad et al. 2018; Keramati et al. 2018; Rahmani et al.
2018). So, a sensitivity evaluation was carried out to find the
most effective input factors on the estimated results (exposure
and risk) (Dadar et al. 2017). Rank correspondence between
every input parameter and the estimated risk (output) was
assessed, and afterward by squaring the risk variance and
standardizing it to 100%, the effect of each input parameter
on the output variance was calculated.

Results and discussion

Concentrations of acrylamide in foods

The concentrations of acrylamide in 195 food samples pur-
chased from the Tehran market are illustrated in Fig. 2. Based
on the food groups, the highest concentration of acrylamide
was found in coffee samples (549 μg/kg), followed by potato-
and corn-based snacks (465 μg/kg), confectionery products
(367 μg/kg), bakery products (199 μg/kg), fast foods
(192 μg/kg), and bread (157 μg/kg), whereas the lowest ac-
rylamide level was observed in roasted nuts (133 μg/kg).

The mean content of acrylamide ranged widely from 33 to
2029 μg/kg product. Figure 2 shows considerable variations
even between different food types and brands of the same
group. These observed differences were similarly reported
by many studies in Poland, the Netherlands, and Sweden
(Konings et al. 2003; Svensson et al. 2003; Mojska et al.
2010), whereas in these studies, the highest level of acrylam-
ide was found in potato chips. The calculated acrylamide con-
centration in this study was similar to that of the EFSA report
while the highest concentration of acrylamide was discovered
in coffee substitute (1499 μg/kg) and coffee powder
(522 μg/kg). High acrylamide amount, also, was detected in

30562 Environ Sci Pollut Res  (2020) 27:30558–30570



snacks (389 μg/kg) and other fried potato products
(308 μg/kg) (EFSA 2015).

Acrylamide levels in snack groups ranged from 116 to
1183 μg/kg while the corresponding values found in potato chips
and French fries were 510.63 μg/kg and 496.16 μg/kg, respec-
tively. However, based on previous investigations, among corn-
based snack samples, the concentration of acrylamide in potato-
based food products such as French fries and potato chips was the
highest (Konings et al. 2003;Mojska et al. 2010; Sirot et al. 2012)
which can be correlated with the presence of high levels of acryl-
amide reactants (reducing sugars and asparagine) in potato and
the use of high temperatures for processing such as frying. The
variations in the concentrations of acrylamide amongmost studies
can be associated with the type and variety of potato, as well as
processing time and temperature. It is reported that acrylamide
content in European countries has decreased in potato chips as a
popular snack from 2002 to 2011 that declined from 763 to
358 μg/kg (EFSA 2015).

Moreover, the acrylamide content in bread presented a
wide range from 77 to 415 μg/kg (Fig. 2), an indication that
the amount of acrylamide in traditional flatbreads (169 μg/kg)
was higher than that in industrial bread (97 μg/kg) due to
using flour with a high extraction rate and using higher tem-
peratures in the processing of the traditional bread
(Nematollahi et al. 2019). In Iran, traditional bread types such
as Sangak and Barbari are more popular than leavened indus-
trial types. In many studies, the acrylamide level in different
types of bread reported was lower than that in the current
investigation mainly due to differences in bread as well as

the methods used for baking (Mojska et al. 2010; EFSA
2015). Similarly, acrylamide concentrations in bread from
Syria were measured to be 119 to 263 μg/kg (Alyousef et al.
2016), while the average acrylamide levels in flatbread inves-
tigated in Italy and Turkey were higher than those of the cur-
rent study (230 and 225 μg/kg, respectively) (Cengiz and
Gündüz 2013). However, the acrylamide concentration of
bread samples in Poland was lower than that of our study
(3.6–163 μg/kg) (Roszko et al. 2020).

In the case of other bakery products, the acrylamide content
was reported in a range of 89 to 584 μg/kg, while in the case of
wafers, biscuits, crackers, cakes, and cookies, the acrylamide con-
tent levels were determined to be 234, 211, 191, 177, and
156 μg/kg, respectively (Fig. 2). These diversities in acrylamide
content levels could be attributed to differences in ingredients and
processing procedures, especially baking time and temperatures
(Nematollahi et al. 2019). Some similar findings were reported by
EFSA except in the case of wafers and biscuits (201 μg/kg),
crackers (231 μg/kg), and cakes (66 μg/kg) (EFSA 2015).

A range from 117 to 2029 μg/kg for acrylamide concentra-
tion was associated with confectionery products, including
different kinds of pastries and chocolate (Fig. 2), which can
be correlated with the variations in their formulation (using
ingredients rich in acrylamide precursors such as embryo of
wheat grain), high temperature employed in their production,
and processing methods. A similar result regarding the acryl-
amide content in pastry products collected from a Poland mar-
ket was demonstrated previously (198 μg/kg) (Mojska et al.
2010).

Fig. 2 Concentration of acrylamide in food samples
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A range of 33 to 251 μg/kg nominated to acrylamide con-
centrations in roasted nuts was demonstrated (Fig. 2), while the
concentrations of acrylamide in roasted almonds, pistachios,
peanuts, edible seeds, and hazelnuts were determined to be
177, 145, 131, 108, and 91 μg/kg, respectively. A few number
of studies considering the acrylamide concentration in roasted
nuts were published. Roasting as a heating process results in the
improvement of flavor, color, and texture of these kinds of
products. The highest amount of acrylamide in roasted almonds
could be attributed to the presence of higher amounts of aspar-
agine in comparison to other nuts (Nematollahi et al. 2020).
Our results were similar to some of the previous investigations
such as those of Chen et al. (2008).

Regarding coffee, a range of 106 to 1710 μg/kg was reported
based on different brands of coffee samples (Fig. 2), while the
acrylamide level in coffee samples of Syria (114–164μg/kg) was
lower (Alyousef et al. 2016), whereas in Romany, a higher level
from 48 to 6968μg/kg in an average of 1115μg/kgwas reported
(Oroian et al. 2015). According to an EFSA report, an average
acrylamide content of 522 μg/kg was demonstrated (EFSA
2015). These differences could be related to types of coffee and
differences in roasting time and temperatures.

The acrylamide concentrations in fast foods including ham-
burgers, sausages, and pizzas were detected to be 287, 165,
and 123 μg/kg, respectively, with a range of 50–386 μg/kg
(Fig. 2). In Italy, the measured acrylamide concentration in
hamburgers and pizzas was similar to the present study (90–
250 μg/kg and 127 μg/kg, respectively) (Altissimi et al.
2017), while a notable difference regarding the corresponding
values in the Netherlands was noted (less than 15 μg/kg)
(Konings et al. 2003). Similar to other food products, these
differences are derived from divergences in ingredients used
in formulation and processing operations.

Acrylamide dietary exposure

The mean intake rate of 7 food groups containing acrylamide
in different age groups of the Tehran population is presented
in Table 1. The highest and lowest intake rates (g/day) in all
age groups were observed for bread and coffee, respectively.
The highest amounts of bread, fast foods, snacks, and roasted
nuts consumption (g/day) were demonstrated in adolescents
with an average of 182.23, 27.33, 25.23, and 6.50 g/day, re-
spectively. However, children 3–10 years had the highest con-
sumption rate in the case of bakery (32.32 g/day) and confec-
tionery (8.12 g/day) products. The highest coffee consump-
tion rate (1.79 g/day) was reported for adults.

To estimate acrylamide dietary exposure, two types of data
were employed: concentration data (Fig. 2) and consumption
data (Table 1). The estimated dietary exposure to acrylamide
for each age group of the Tehran population is presented in
Table 2, while a significant difference (P < 0.05) was ob-
served among the 4 studied age groups. As it is clear, the

highest and lowest acrylamide exposure was estimated for
adolescents (55.06 μg/day) and seniors (37.11 μg/day), re-
spectively. As shown in Table 1, adolescents consume the
highest amount of food containing acrylamide while com-
pared with other groups. After calculating the acrylamide di-
etary exposure (μg/kg BW/day), the highest and lowest esti-
mated acrylamide dietary exposure was attributed to children
(1.81 μg/kg BW/day) and seniors (0.53 μg/kg BW/day), re-
spectively. The average acrylamide dietary exposure values
for adolescents and adults were estimated to be 1.02 and
0.61 μg/kg BW/day, respectively, which can be associated
with lower body weight of children and adolescents besides
the higher consumption rate of food containing acrylamide.
Our results, also, showed that in all age groups except chil-
dren, acrylamide dietary exposure was significantly (P < 0.05)
higher in boys and the male population compared with girls
and the female population, in good agreement with EFSA
reports, which reported that acrylamide dietary exposure
levels (P95) for adults and children were reported to be 0.2–
6.2 μg/kg BW/day and 1.4–5.2 μg/kg BW/day, respectively
(EFSA 2015), while the monitoring studies carried out by the
European Commission from 2007 showed that acrylamide
dietary intake for mean and high consumers (P90–P99) estimat-
ed to be 0.3–2 and 0.6–5.1 μg/kg BW/day, respectively
(EFSA 2012). Similarly, Mills et al. (2008) reported that ac-
rylamide dietary exposure values for English and Irish adults
were 0.61 and 0.59 μg/kg BW/day, respectively (Mills et al.
2008), although Zajac et al. (2013) estimated the mean and
high acrylamide dietary exposure to be 0.85 and
1.70 μg/kg BW/day, respectively (Zajac et al. 2013). Higher
amounts were estimated for Turkish and Lebanese (Ölmez
et al. 2008; Hariri et al. 2015). In contrast, in several investi-
gations, the estimated acrylamide dietary exposure was lower
compared with the current investigation (Svensson et al. 2003;
Chen et al. 2008; Mojska et al. 2010; Altissimi et al. 2017).

These differences in reported acrylamide dietary expo-
sure among different countries could be correlated with
the divergences in the concentration of acrylamide in
various foodstuffs. Another important reason is differ-
ences in diet habits and traditional food processing
methods among different cultures. Figure 3 exhibits the
contribution percentage of each food group in the dietary
exposure to acrylamide in 4 studied age groups of the
Tehran population. In all age groups, bread contributed
with the highest share proportion owing to the highest
consumption rate. Share percentages of bread in children,
adolescents, adults, and seniors were calculated as 49%,
53%, 63%, and 75%, respectively. Coffee, despite show-
ing the highest amount of acrylamide, due to the lowest
consumption rate per day, in all age groups, supplied
only 1–2% share proportion. After bread, snacks (potato-
and corn-based) occupied the second rank with given
share percentage in the range of 6% for seniors to 21%
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for children. Confectionery and bakery products showed
a similar contribution proportion in all age groups except
for children (5–9% for each product). The contribution
rate of bakery products in this group was approximately
twofold (15%) compared with confectionery products. In
contrast, in Norway, coffee supplied the highest contri-
bution percentage, followed by potato products,
completely vice versa with this study (Dybing and
Sanner 2003). In the USA, most acrylamide intake re-
sulted from potato chips, French fries, and bread
(EFSA 2012). In Canada, also, 50% of the contribution
rate were associated with French fries (Normandin et al.
2013). In China, surprisingly, vegetable products with
54% share percentage were the most important

acrylamide source in food in 2014, while, similar to the
present study, the share percentage of flour products in
acrylamide exposure was higher than that of other prod-
ucts (53%) followed by potato products (20%) (Chen
et al. 2008). In Turkey, similar to this study, bread sup-
plied approximately 50% of the share percentage in chil-
dren (Cengiz and Gündüz 2013). Furthermore, the acryl-
amide dietary exposure in the Polish population through
bread was 31% in the group of children, and 49% in the
adults followed by crisps and French fries supplied 14%
exposure to acrylamide around adults (> 19 years) and in
both children and adolescents (7–18 years) reported 42%.
Furthermore, unlike this study, in the Polish population,
coffee was an important source of acrylamide dietary

Table 2 Dietary acrylamide
exposure of the Tehran
population by Monte Carlo
simulation

Age
groups

x ± SD (μg/day) x ± SD (μg/kg/
day)

P5 (μg/kg/
day)

P50 (μg/kg/
day)

P95 (μg/kg/
day)

Children (3–10 years)

Girls 43.90 ± 25.08a* 1.81 ± 1.14a* 0.64 1.51 4

Boys 43.92 ± 23.66b 1.77 ± 1.09b 0.67 1.52 3.76

Total 43.94 ± 24.53A** 1.81 ± 1.14A** 0.65 1.53 3.90

Adolescents (11–17 years)

Girls 47.31 ± 25.33a* 0.94 ± 0.56a* 0.33 0.79 2.02

Boys 62.44 ± 32.35b 1.15 ± 0.70b 0.40 0.98 2.47

Total 55.06 ± 29.52B 1.02 ± 0.64B 0.35 0.86 2.24

Adults (18–60 years)

Female 39.44 ± 24.26a* 0.58 ± 0.38a* 0.20 0.48 1.32

Male 50.17 ± 27.27b 0.63 ± 0.37b 0.23 0.54 1.31

Total 44.77 ± 26.90C 0.61 ± 0.39C 0.21 0.51 1.35

Seniors (61–96 years)

Female 32.13 ± 21.78a* 0.48 ± 0.35a* 0.14 0.38 1.14

Male 41.90 ± 26.97b 0.57 ± 0.38b 0.18 0.47 1.28

Total 37.11 ± 24.97D 0.53 ± 0.37D 0.16 0.43 1.22

*Lower case letters have shown statistically different within age groups (P < 0.05)

**Capital letters have shown statistically different between age groups (P < 0.05)

Table 1 Intake rate of food groups containing acrylamide in the Tehran population (g/day)

Food groups Children, 3–10 years (n = 228) Adolescents, 11–17 years
(n = 412)

Adults, 18–60 years
(n = 5439)

Seniors, 61–96 years
(n = 1212)

Mean ± SD Min–max Mean ± SD Min–max Mean ± SD Min–
max

Mean ± SD Min–max

Bread 135.29 ± 115.02 3.94–662.57 182.23 ± 120.08 0–802.60 171.39 ± 113.84 0–1003 174.47 ± 118.89 1.55–793.05

Bakery products 32.32 ± 30.18 0–206 26.83 ± 29.14 0–258.98 17.73 ± 23.49 0–286.37 9.61 ± 15.84 0–128.68

Confectionery
products

8.12 ± 8.23 0–64 7.98 ± 9.15 0–75.68 7.77 ± 13.31 0–501.48 6.56 ± 10.94 0–250.29

Snacks 20.84 ± 23.36 0.30–215.10 25.23 ± 29.82 0.02–304.83 11.44 ± 15.76 0–254.21 4.44 ± 11.85 0–221.48

Fast foods 16.77 ± 22.15 0–170.33 27.33 ± 39.59 0–398.91 16.49 ± 26.26 0–467.76 8.35 ± 31.51 0–455.26

Roasted nuts 3.31 ± 3.61 0–28.51 6.50 ± 14.76 0–197.68 4.18 ± 8.36 0–292.50 3.22 ± 9.10 0–201.35

Coffee 0.47 ± 1.70 0–13.16 0.85 ± 2.03 0–13.16 1.79 ± 4.63 0–65.80 0.66 ± 2.68 0–56.40
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exposure (27% in adults) except for children (1–6 years)
(Mojska et al. 2010).

Risk assessment

The incremental lifetime cancer risk (ILCR) was estimated to
evaluate the extra possibility of human cancer during life
(70 years for carcinogenicity). The cumulative probability
and frequency distributions of ILCR for all age categories in

Tehran are presented in Fig. 4. The mean values of ILCR in
children, adolescents, adults, and seniors were predicted to be
3.1 × 10−4, 1.3 × 10−4, 1.89 × 10−4, and 1.37 × 10−4, respec-
tively. For high consumers (P95), the estimated ILCR values
were 7.07 × 10−4, 2.79 × 10−4, 4.17 × 10−4, and 3.17 × 10−4

for noted age groups, respectively.
An ILCR of 10−6 or fewer indicates the level of risk is

acceptable and insignificant, an ILCR more than 10−4 implies
serious health risk, and an ILCR between 10−6 and 10−4 shows

Fig. 4 Cumulative probability and frequency of dietary incremental lifetime cancer risk for the Tehran population

Fig. 3 Contribution percentage of different food groups in Tehran diet
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potential and considerable risk (Xia et al. 2010). Therefore,
according to estimated ILCR, a serious risk in all age groups
particularly in children was noted.

Results of Dybing and Sanner (2003) compelledwith those of
our study (6 × 10−4). Chen et al. (2012) reported the ILCR of
approximately 10−5–10−6 for acrylamide intake through fried
potato products in adolescents 13–18 years (Chen et al. 2012).
Eslami et al. (2018) demonstrated a serious risk for children and
adults due to potato Tah-dig consumption (ILCRmore than 10−3

and 10−4, respectively) (Shahrbabki et al. 2018).
MOE using BMDL10 reported by EFSA and JECFA was

based on tumor induction in mice and rats, while in the current
study, it is calculated to evaluate the carcinogenic risk of ac-
rylamide intake (FAO/WHO 2011; EFSA 2015). Figure 5
displays the estimated MOE based on (a) BMDL10 =
170 μg/kg BW/day, (b) BMDL10 = 180 μg/kg BW/day, and
(c) BMDL10 = 310 μg/kg BW/day based on neoplastic effects
in mice, Harderian gland tumors in male mice, and mammary
tumors in female rats, respectively. As shown in Fig. 5, MOE
values related to carcinogenicity effects in experimental

animals within all of the age groups are far lower than the
safety limit of 10,000. The reported results of several pub-
lished studies were similar to the values of the present study
(Sirot et al. 2012; Normandin et al. 2013; Wyka et al. 2015;
Esposito et al. 2017).

The non-carcinogenic risk of dietary acrylamide exposure
was calculated by the MOE values based on BMDL10 =
430 μg/kg BW/day recommended by EFSA. Furthermore,
THQ based on a reference dose of 2 μg/kg BW/day for acryl-
amide was calculated to assess the non-carcinogenic risk. The
estimated MOE and THQ for the Tehran population are pre-
sented in Fig. 6. If the values of MOE for neurotoxicity are
lower than 125 (safety threshold) and THQ values are higher
than 1, a potential concern and considerable risk of non-
carcinogenicity can be expected (EFSA 2015; Shahrbabki
et al. 2018).

As illustrated in Fig. 6 for all age groups, the estimated
MOE and THQ were higher and lower than safety concerns
(125 and 1, respectively) except for P95 children and adoles-
cents. Therefore, the non-carcinogenic risk (neurotoxicity) of

Fig. 5 Margin of exposure (MOE) values for carcinogenicity of acrylamide based on BMDL10 (a) 170 μg/kg BW/day (b) 180 μg/kg BW/day, and (c)
310 μg/kg BW/day
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acrylamide dietary exposure in the Tehran population is neg-
ligible. Our results are in good agreement with previous stud-
ies (Sirot et al. 2012; Esposito et al. 2017).

Sensitivity analysis

Figure 7a–d shows the sensitivity analysis results concerning the
impressions of food intake, acrylamide concentration, and peo-
ple’s body weight on estimated ILCR for children (3–10 years),
adolescents (11–17 years), adults (18–60 years), and seniors (61–
96 years), respectively. The most effective variable that contrib-
uted to the estimated risk is the intake rate in all age groups. The
effect of intake rate in adults and seniors (61–65.1%) is more
than that in children and adolescents (48.1–48.3%). In children
and adolescents, BW has the most influence after intake rate
(27.6–36%), whereas in adults and seniors, acrylamide concen-
tration is in the second place concerning effect (24.9–26%).
Therefore, based on the sensitivity analysis, the accuracy and
precision of the health risk assessment could be expanded by

developing the accuracy of intake rate, concentration, and body
weight, particularly the accuracy of intake rate.

Conclusion

Acrylamide concentration was determined in 7 important
groups of heated foods collected from Tehran’s market, while
the mean contents of acrylamide ranged from 33 to
2029 μg/kg. Acrylamide dietary exposure distributions are
estimated by the Monte Carlo simulation for all age groups
of the Tehran population. The highest and lowest acrylamide
exposure is calculated for children and seniors to be 1.81 and
0.53μg/kg/day, respectively. Obviously, the estimated dietary
exposure to acrylamide is approximately threefold in children
compared with adults, due to their lower weight. Bread, de-
spite having low amounts of acrylamide, is the most important
contributor in all age groups (more than 50%). Our results
showed that all age groups are in serious carcinogenic risk

Fig. 7 Sensitivity analysis results on dietary incremental lifetime cancer risk for the Tehran population: (a) children, (b) adolescents, (c) adults, and (d)
seniors

Fig. 6 Non-carcinogenic risk of dietary acrylamide exposure (a) margin of exposure (MOE) values based on neurotoxicity and (b) target hazard quotient
(THQ)
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while the risk of non-carcinogenicity is negligible except in a
small group of children and adolescents (P95). Concerning
health due to acrylamide dietary exposure, especially in chil-
dren, there is a need for further control and modify diet habits
and food processing to lower acrylamide exposure mainly
through Iranian traditional bread.
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