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Abstract

Background: Consumption of very hot (> 65 °C) beverages is probably associated with increased risk of oesophageal
cancer. First associations were reported for yerba mate and it was initially believed that high content of polycyclic
aromatic hydrocarbons (PAH) might explain the risk. Later research on other beverage groups such as tea and coffee,
which are also consumed very hot, found associations with increased risk of oesophageal cancer as well. The risk may
therefore not be inherent in any compound contained in mate, but due to temperature. The aim of this study was to
quantitatively assess the risk of PAH in comparison with the risk of the temperature effect using the margin of
exposure (MOE) methodology.

Methods: The human dietary benzo[a]pyrene (BaP) and PAH4 (sum of benzo[a]pyrene, benzo[a]anthracene, chrysene,
and benzo[b]fluoranthene) exposure through consumption of coffee, mate, and tea was estimated. The oesophageal
cancer risk assessment for both PAH and temperature was conducted using the MOE approach.

Results: Considering differences in the transfer of the PAH from the leaves of mate and tea or from the ground coffee
to the infusion, and considering the different preparation methods, exposures may vary considerably. The average
individual exposure in μg/kg bw/day arising from consumption of 1 cup (0.2 L) of infusion was highest for mate
(2.85E-04 BaP and 7.22E-04 PAH4). The average per capita exposure in μg/kg bw/day was as follows: coffee (4.21E-04
BaP, 4.15E-03 PAH4), mate (4.26E-03 BaP, 2.45E-02 PAH4), and tea (8.03E-04 BaP, 4.98E-03 PAH4). For all individual and
population-based exposure scenarios, the average MOE for BaP and PAH4 was > 100,000 independent of beverage
type. MOE values in this magnitude are considered as a very low risk. On the contrary, the MOE for the temperature
effect was estimated as < 1 for very hot drinking temperatures, corroborating epidemiological observations about a
probable oesophageal cancer risk caused by this behaviour.

Conclusions: The temperature effect but not PAH exposure may pose an oesophageal cancer risk. Consumer
education on risks associated with consumption of ‘very hot’ beverages and policy measures to threshold serving
temperatures should be discussed.
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Background
Consumption of very hot beverages (> 65 °C) is probably
associated with an increased risk of oesophageal cancer
[1, 2]. The first associations were found for the beverage
mate (yerba mate). Mate is a herbal tisane-like beverage
widely consumed in some South American countries,
where the incidence of oesophageal squamous cell carcin-
oma (ESSC) is high, and notably higher than in other
Latin American countries [3–5]. Currently, mate con-
sumption is also gaining popularity worldwide. The infu-
sion is made from dried leaves of Ilex paraguariensis
A.ST.-HIL. [6]. Many mechanisms for carcinogenicity have
been put forward. These include thermal injury, hyper-
thermia induced endogenous formation of nitrosamines,
or impairment of mucosal barrier to entry of potential
carcinogenic substances such as polycyclic aromatic hy-
drocarbons (PAH) [7]. Later research on other beverage
groups such as Camelia sinensis tea and coffee, which
are also consumed very hot, resulted in reports of posi-
tive associations with increased risk of oesophageal cancer
as well [8–11]. Considering that there is little evidence
that these beverages contain high amounts of PAH [1], it
has become the prevailing hypothesis that the risk might
not be inherent to natural compounds contained in mate,
or to compounds produced during processing, but rather
due to a temperature effect. The first observations of asso-
ciations between cancer and mate consumption may be
explained by the fact that it is typically consumed ex-
tremely hot, with temperatures above 70–85 °C in some
countries and regions, and in these areas, consumption
levels are very high [1, 12]. For this reason, the Inter-
national Agency for Research on Cancer (IARC) modified
its evaluation from “hot mate drinking”, which was classi-
fied as probably carcinogenic (group 2A) since 1991 [13],
into “very hot beverages at above 65 °C drinking” (group
2A) during its recent monograph (Vol. 116) meeting in
2016 [1]. Nevertheless, an additional role for the PAH con-
tents in mate on oesophageal cancer risk cannot be com-
pletely discarded yet.
PAH belong to a large group of over 100 different

types of polyarenes that arise from incomplete combus-
tion of organic matter [14–16]. Besides tobacco smoke,
diet is the main source of PAH exposure in humans
[17]. PAH contamination in food results from processing
practices such as smoking, roasting, grilling, or drying
during preparation and also from environmental uptake
[18]. BaP is the traditional marker for PAH contamin-
ation but the European Food Safety Authority (EFSA) in
2008 recommended the use of both BaP and PAH4 (the
sum of benzo[a]anthracene, chrysene, benzo[b]fluoranthene
and BaP) as markers for the occurrence and toxicity of PAH
in foods [19]. The IARC classifies the compounds in the
PAH4 subgroup as follows: BaP is carcinogenic to humans
(group 1), while benzo[a]anthracene, chrysene and

benzo[b]fluoranthene are “possibly carcinogenic to humans”
(group 2B) [20]. PAH4 is useful for evaluation of products
that do not contain BaP. Following this, the EU estab-
lished a regulation for the maximum levels of PAH4 in
some food matrices [21]. However, limits for coffee,
mate and tea were not included in the regulation [21].
According to epidemiological findings, the consump-
tion of PAH contaminated food has been linked to the
occurrence of malignant tumours of various sites in-
cluding the oesophagus [3, 22–24].
To disentangle the role of PAH and high temperature,

comparative risk assessment of both is needed. The
EFSA has developed and recommends an approach
known as the margin of exposure (MOE), for which doses
of substances that have been observed to cause low but
measurable harmful responses are compared with relevant
substance specific dietary intake estimates in humans.
In this study, we used the MOE methodology to quanti-

tatively assess the risk of PAH from mate, tea, or coffee, in
comparison with the risk of high temperatures. We used
occurrence data of BaP and PAH4 compounds in coffee,
mate and tea (beans and leaves) and infusions to estimate
exposure arising from moderate and heavy consumption.

Methods
Research on toxicity and occurrence data
Toxicity data on PAH were obtained by a computer-
assisted literature search by researchers with qualifications
in food science, chemistry, toxicology, epidemiology and
cancer risk assessment. Searches were carried out in the fol-
lowing databases: PubMed, Toxnet and ChemIDplus (U.S.
National Library of Medicine, Bethesda, MD), Web of Sci-
ence (Thomson Scientific, Philadelphia, PA), and IPCS/
INCHEM (International Programme on Chemical Safety/
Chemical Safety Information from Intergovernmental Or-
ganizations, WHO, Geneva, Switzerland). Searches on the
occurrence of PAH were carried out in August 2016 in the
following databases: PubMed (US National Library of
Medicine, Bethseda, MD), Web of Science (Thomson Sci-
entific, Philadelphia, PA), Google scholar (Google, NY,
USA) and SciELO - Scientific Electronic Library Online
(FAPESP - BIREME, São Paulo SP - Brazil) using the key
words ‘polycyclic aromatic hydrocarbons’ or ‘PAH AND
coffee’ or ‘PAH AND tea’ or ‘PAH AND mate’ or ‘BaP
AND coffee’ or ‘BaP AND tea’ or ‘BaP AND mate’ or
‘PAH4 AND coffee’ or ‘PAH4 AND tea’ or ‘PAH4 AND
mate’. Additionally, own analytical data of 28 tea, 26 coffee
and 9 mate samples were included. The samples were sub-
mitted between 2013 and 2016 as official samples in the
German Federal State Baden-Württemberg and were ana-
lysed using the German reference procedure [25].
Efforts were made to include all available studies; this

was accomplished by a hand search of the reference lists
of all articles for any relevant studies not included in the
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databases. The references, including abstracts, were
imported into Mendeley (Mendeley Inc., NY, USA) and
the relevant articles were manually identified and obtained
in full text. We did not identify any article, which was
available as abstract only or which we were not able to ob-
tain in full text. No unpublished study was identified.
To provide a meta analysis over all PAH studies, the

analytical data of all single studies were combined and
descriptive statistics were calculated. No weighting between
studies was conducted. The values of non-detectable results
were set at the limit of detection to obtain the final distribu-
tions. All distributions were separately calculated for the
analytical data based on beans/leaves as well as for data
based on infusion analyses (i.e. the beverages were analysed
after brewing in the final form to be consumed). The infu-
sion data for tea were insufficient to conduct such an ana-
lysis, however.
For data on temperature effect, the references cited in

IARC monograph Vol. 116 [1] were used and no add-
itional literature searches were conducted.

Approach for risk assessment
The risk assessment was conducted according to the
harmonised approach of the EFSA for the risk assessment
of substances that are genotoxic and carcinogenic [26].
The methodology for quantitative risk assessment was
based on previous studies for comparative risk assessment
of alcohol and drugs [27, 28]. Computation of exposure
scenarios considered the amount of leaves/beans used for
preparation of infusions in real life [6, 12, 29–31].
The MOE approach was used for the risk assessment

[26, 32]. The benchmark dose (BMD), derived from ani-
mal cancer data by mathematical modelling within the
observed range of experimental data, is recommended as
a standardized reference point. To obtain the MOE, the
Benchmark Dose Lower Confidence Limit (BMDL) of
10% was selected. The BMDL is an estimate of the low-
est dose that is 95% certain to cause no more than a
10% cancer incidence in rodents. In general, BMDLs are
used as the statistical lower confidence limits of bench-
mark doses to derive “safe” exposure levels [33].
The BMD doses for PAH are available in the literature,

and the following BMDL values were used as points of
departure for the cancer risk assessment: 70 μg/kg bw/
day for BaP and 340 μg/kg bw/day for PAH4 based on
the most recent EFSA report [19].
For temperature, no BMD modelling results were avail-

able in the literature so that own modelling was con-
ducted based on literature studies. No adequate human
data for dose-response modelling was identified. Two
co-carcinogenicity studies in mice and rats were avail-
able. The study in mice reported the incidences of
oesophageal lesions (hyperplasia, dysplasia, or oesophageal
tumours) induced by N-nitrosodiethylamine (NDEA) in

the presence of hot water (at 70 °C but not at 60 °C). The
mouse study, however, did not provide raw data results
suitable for BMD modelling. The study in rats reported
data on N-nitrosomethylbenzylamine (NMBA)-induced
oesophageal tumours, which was significantly increased at
65 °C versus 55 °C and the control group [34].
MOEs were calculated by dividing the reference point,

i.e. the BMDL, by the estimated human intakes, with low
MOE implying larger risks for humans. A threshold of
10,000 is often used to define public health risks, which
considers species differences, human variability and add-
itional uncertainties for substances that are genotoxic and
carcinogenic [26].
The BMD(L) values were either taken from the litera-

ture search, or additionally BMD and BMDL values were
calculated using the US EPA’s BMDS 2.6.0.1 software
(available at the US EPA website: http://www.epa.gov/
ncea/bmds/index.html). The exposures and MOE were
then calculated using the software package @Risk for
Excel Version 7.5.0 (Palisade Corporation, Ithaca, NY,
USA). Monte Carlo simulations were performed with
10,000 iterations using Latin Hypercube sampling and
Mersenne Twister random number generator. The dis-
tribution functions and detailed calculation methodology
is specified in Additional file 1: Tables S1-S2 online.

Population-based dietary intake assessment and exposure
scenarios
The EFSA harmonized approach has also been used for
the dietary intake assessment analysis [35]. The BaP
and PAH4 content of coffee, tea and mate were esti-
mated based on data from our literature review. Special
exposure scenarios were developed for light, moderate
and heavy drinkers. In order to assess individual expos-
ure scenarios, average daily consumption at 1 cup
(0.2 L) for light drinking, 2 cups (0.4 L) for moderate
drinking, and one and three litres for heavy and very
heavy consumers were considered. Figures of per capita
consumption for population-based assessments were
obtained from Ref. [1]. The PAH exposure due to bev-
erage consumption was then calculated considering
these different individual as well as population-based
exposure scenarios.

Results
Occurrence of BaP and PAH4 in coffee, mate and tea
The occurrence data regarding BaP and PAH4 in coffee,
tea and mate from 54 studies in total are summarized in
Table 1. The final distributions over all data are provided
in Table 2. The average contents of BaP in various
matrices were as follows: mate leaves 142.9 μg/kg, tea
leaves 8.71 μg/kg, coffee beans 4.12 μg/kg, mate infusion
0.072 μg/L and coffee infusion 0.004 μg/L; while the
average content of PAH4 was as follows: mate leaves
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Table 1 Literature data on BaP and PAH4 in coffee, mate and tea from the market and experimental studies

Matrix/Study/(Country) N Mean Median P90 P95 P99 Maximum LODa % >
LODa

1. Coffee beans (μg/kg)

This study (Germany) 26 0.03 /0.88 0 /0 0 /1.85 0 /2.28 0.68 /4.13 0.9 /2.4 0.3 4

[42] (Poland) 28 5.2 /25.2 19.5 /33.8 13.8 /105.6 19.5 / 119.9 31.06 /151.3 9.8 /162.2 0.27 50

[51] (Brazil) 8 0.5 /3.8 0.6/4.3 0.5 /4.5 0.5 / 4.6 0.5 / 4.6 0.51 /4.57 0.07 100

[61] (France) 5 0.028/ 0.066 0 /0.078 0.075 / 0.133 0.085/ 0.147 0.093 /0.159 0.096 / 0.162 0.0008 40

[62] (India) 4 24.6 /79.4 0 /0 68.8 /222.32 83.6 /270.0 95.4/308.1 98.3 /317.6 0.03 25

[63] (Nigeria) 4 25.7 / 31.1 0.03 / 0.73 72.04 /85.69 87.47 / 103.90 99.87 /118.5 102.9 / 122.1 0.03 25

[64] (Romania) 4 0.02 / 0.086 0.02/ 0.088 0.02 /0.1 0.02 /0.1 0.02 /0.1 0.02 /0.1 0.02 0

[19] EFSA 28 2.39 /12 – – – – – – –

[65] (Brazil) 5 0.52 / 1.66 0.43 / 1.49 1.04 /2.79 1.14 /2.91 1.211 /3.00 1.23 /3.03 0.07 80

[50] (Japan) 1 0.53 / 0.68 – – – – – – –

[44] (Brazil) 24 2.10 /− 1.49 /− 4.26 /− 4.47 /− 10.67 /− 12.52 /− 0.03 100

[43] (Portugal) 4 0.32 /6.16 0.29 / 6.23 0.54 / 8.09 0.57 /8.41 0.59 /8.67 0.6 /8.73 – –

[66] (China) 10 0.12 / 2.52 0.09 / 2.72 0.28 / 4.23 0.32 /4.30 0.35 /4.37 0.36 /4.39 0.031 100

[53] (India) 3 0.33; 2.11 0.28; 2.03 0.42; 2.23 0.44 /2.26 0.45 /2.28 0.46 /2.28 – –

[35] (France) 2 0 /2.06 – – – – – – –

[67] (USA) 13 7.1 / 186.1 4.9 / 143.4 13.9 / 334.7 15.8 / 236.5 18.0 /395.1 18.5 / 403.2 0.01 92

[49] (Denmark) 11 0.51 / 2.85 0.42 / 2.65 0.88 /4.5 0.94 /4.8 0.99 /5.0 1 /5.1 0.1 100

2. Coffee infusion (μg/L)

[41] (Brazil) 36 0.004 / 0.041 0 /0.033 0.012 / 0.058 0.014 / 0.076 0.016 /0.095 0.016 /0.099 0.006 11

3. Mate leaves (μg/kg)

This study (Germany) 9 6.8 / 39 7.6 / 37 9.0 / 57 9.2 / 65 9.4 / 73 9.4 / 74 0.3 100

[38] (not specified) 6 90.2 / 446.7 81.5 /330 150 /770 155 /785 159 /797 160 /800 – –

[37] (Brazil) 18 11.4 / 116.8 0 /113.2 37.4 / 251.9 44.4 / 257.9 52.6 / 266.6 54.7 / 268.8 0.5 30

[54] (Germany) 2 224.8 / 2117.7 – – – – – – –

[59] (Germany) 8 115.2 / 1075.7 88.0 / 517.3 201.4 / 1019.1 218.9 / 1047.4 233.0 / 1070.0 236.5 / 1075.7 0.01 100

[68] (Germany) 3 200 /800 240 / 940 272 / 1308 276 / 1354 279.2 / 1390.8 280 / 1400 – –

[69] (China) 1 542.3 / 2736.8 – – – – – – –

[39] (Brazil) 12 31.7 / 133.1 19.8 / 111.5 61.2 / 254.0 79.0 / 283.9 95.2 / 301.0 99.3 / 305.3 – –

[36] (Brazil) 8 50 / 355.7 40.1 / 319.2 52.7 / 368.3 53.0 / 383 53.2 / 394.8 53.3 / 397.7 – –

4. Mate infusion (μg/L)

[12] (Brazil) 20 0.13 / 0.39 0.04 / 0.24 0.24 / 0.93 0.42 / 1.08 1.05 / 1.61 1.22 / 1.74 0.0012 100

[46] (Brazil) 11 0.014 / 0.038 0.012 / 0.033 0.014 / 0.059 0.014 / 0.087 0.014 /0.110 0.022; 0.116 0.001–0.009 –

5. Tea leaves (μg/kg)

This study (Germany) 28 10.5 / 30.1 4.9 / 16.4 15.8 / 41.1 19.2 / 51.4 96.9 / 249.3 125 / 321.4 0.3 100

[19] EFSA 30 8.38 / 42.67 – – – – – – –

[70] (India) 5 6.1 /6.1 0 /0 15.6 / 15.6 16.1 /16.1 16.5 /16.5 16.6 /16.6 – –

[50] (Japan) 8 14.8 /49.2 5.6 /25.6 33.9 / 107.6 53.3 /156.4 69.3 /195.4 73.2 /205.1 0.53 88

[71] (Germany) 18 3.59 / 13.59 – – – – – 0.26 –

[72] (China) 1 18.2 /32.8 – – – – – 0.001 100

[69] (China) 6 11.6 / 118.1 0 /18.7 34.7 / 332.8 47.8 /345.9 58.4 /356.4 61 /359 – –

[73] (China) 4 10.1 / 127.2 10.2 /126.0 12.0 / 172.2 12.3 /173.4 12.5 /174.5 12.6 /174.7 – –

[54] (Germany) 5 3.3 /57.7 3.14 /73.7 5.7 /95.0 5.8 /99.4 5.9 /102.8 5.9 /103.7 – –
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872.6 μg/kg, tea leaves 150.53 μg/kg, coffee beans
22.29 μg/kg, mate infusion 0.214 μg/L and coffee infu-
sion 0.041 μg/L (Table 2). Among the matrices of beans
and leaves, mate leaves contained the highest amount of
BaP and PAH4 while coffee beans had the lowest. The
low number of studies on infusions must be noted,
which may introduce bias especially as a majority of the
infusion studies reported were on tea (n = 4, with most
samples below the limit of detection making it impos-
sible to make a distribution estimate) compared to only
single studies on mate (n = 1) and coffee (n = 1).

Exposure assessment
The exposure for different individual and population-
based scenarios was separately calculated for the analyt-
ical data based on beans/leaves considering the extrac-
tion percentage (Table 3) and the data based on direct
analyses of infusions. The exposure scenarios are sum-
marized in Table 4. The full distributions are provided in
Additional file 1: Table S3.
Based on results for consumption of 1 cup (0.2 L)

using the data for beans and leaves analyses, mate had
the highest BaP exposures at 1.94E-03 μg/kg bw/day

Table 1 Literature data on BaP and PAH4 in coffee, mate and tea from the market and experimental studies (Continued)

Matrix/Study/(Country) N Mean Median P90 P95 P99 Maximum LODa % >
LODa

[59] (Germany) 25 8.0 /59.8 5.3 /38.6 17.0 / 147.9 18.7 /153.2 29.34 /224.6 32.6 / 246.8 0.01 100

[36] (Brazil) 1 4.24 /− - /− - /− - /− - /− - /− – –

[74] (Iran) 8 0 /97.9 0 /89.0 0 /216.5 0 / 279.1 0 /329.2 0 /341.7 – –

[75] (Argentina) 54 9.9 /51.2 7.7 /39 14.9 /74.9 18.2 /83.5 20.8 /90.3 21.5 /92 – –

[55] (France) 15 4.2 /79.7 2.8 /54.4 8.2 /178.7 13.0 /191.2 20.1 /212.6 21.9 /218 0.6 80

[42] (Poland) 22 0 /17.7 0 /15.5 0 /32.3 0 /43.1 0 /50.9 0 /20.9 0.3 0

[76] (Czech Republic) 36 14.3 /82.7 14.3 /82.7 20.3 / 109.3 21.0 /112.6 21.6 /115.2 21.8 /115.9 – –

[77] (China) 12 18.8 / - 10.3 / - 38.2 / - 52.1 / - 64.6 / - 67.7 / - 0.28 100

[48] (USA) 28 5.9 /116.3 3 /102.5 12.6 / 242.7 14.0 /362.5 25.0 /384.7 29.0 /426.0 0.01 100

[49] (Denmark) 10 12.8 /57.5 – – – – – – –

[63] (Nigeria) 9 18.2 /35.4 0 /27.2 48.9 / 72.0 93.0 /104.5 128.3 /130.6 137.1 / 137.1 0.03 11

[53] (India) 5 0 /1784.5 – – – – – – –

[68] (Germany)b 56 38.0/166.2 6.2/35.5 67.0/325 285/1050 388.5/ 1645 460/ 1700 0.05 100

6. Tea infusion (μg/L)

[78] (Spain) 7 0.01 /0.04 0.007/ 0021 0.018/ 0.0823 0.021/0.094 0.023/ 0.103 0.024/ 0.105 0.024 14.3

[68] (Germany) 14 < 0.005 / < 0.005 – – – – – 0.005 0

[55] (France) 10 0.1/1.1 0.1/0.8 0.1/1.7 0.1;2.2 0.1/2.6 0.1/ 2.7 0.6 0

[53] (India) 5 0/4.5 0/4.0 0/6.0 0/6.3 0/6.5 0/6.6 0.22 0

Values before and after / are for BaP and PAH4, respectively; values marked as (−) not calculable because raw data is not available; values reported in μg/kg for
leaves/beans and μg/L for infusions;
aLOD values are for BaP
bnot included in calculation due to data assignment error

Table 2 Meta-analysis on BaP and PAH4 occurrence in coffee, mate and tea

BaP (PAH4)

Matrix Data source(s) N Mean Median P90 P95 P99

Coffee beans [This study, 18,30–32,36–38,40,52–58] 180 4.12 /22.29 1.65 /12.34 10.39 / 48.55 12.64 /55.38 15.34 /62.83

Coffee infusion [41] 36 0.004 /0.041 0 /0.033 0.012 / 0.058 0.014 /0.076 0.016 /0.095

Mate leaves [This study, 4,5,50,59,51,60–62] 59 142.9 /872.6 78.2 /388.5 129.1 / 661.9 137.7 /685.1 219.3 /703.2

Mate infusion [12, 46] 31 0.072 /0.214 0.026 /0.137 0.127 / 0.495 0.217 /0.584 0.532 /0.860

Tea leaves [This study, 4,18,30,35–37,40,47,50,54,51,61,63–70] 330 8.71 /150.53 7.84 /50.66 18.52 / 131.33 25.63 / 148.52 37.95 /272.03

Tea infusiona [53, 55, 68, 78] 36 – – – – –

Values before and after / are for BaP and PAH4, respectively; values marked as (−) not calculable because raw data is not available; values reported in μg/kg for
leaves/beans and μg/L for infusions. aNo distribution calculated for tea infusion because most values were below LOD
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followed by coffee at 1.88E-04 μg/kg bw/day. Similarly,
PAH4 exposure was highest for mate, 1.11E-02 μg/kg
bw/day, and lowest for tea, 1.02E-03 μg/kg bw/day. For
infusion analyses, the BaP exposure was highest for
mate, 2.85E-04 μg/kg bw/day, and lowest for coffee
while PAH4 exposure was lowest for mate, 7.22E-04 μg/
kg bw/day as shown in Table 4. The per capita con-
sumption data are reported as amount of beans/leaves
only, so that for this approach only the analytical data
from beans/leaves were used. The per capita exposures
were as follows: coffee (4.21E-04 μg/kg bw/day BaP and
4.15E-03 μg/kg bw/day PAH4), mate (4.26E-03 μg/kg
bw/day BaP and 2.45E-02 μg/kg bw/day PAH4), tea
(8.03E-04 μg/kg bw/day BaP and 4.98E-03 μg/kg bw/day
PAH4) as shown in Table 4.

Benchmark dose (BMD) modelling for temperature
The Additional file 2: data appendix provided as supple-
mentary material shows the raw results of benchmark
dose-response modelling of a study in rats. The results
are summarized in Table 5. The BMD for NMBA-
induced oesophageal tumours was 64 °C and the BMDL
was 56 °C (Table 5).

Cancer risk assessment using the margin of exposure
(MOE) approach
The MOE values for the different scenarios are summa-
rized in Table 4. The full distributions are provided in
Additional file 1: Table S3.

Based on results for consumption of 1 cup (0.2 L) in
the matrices of beans and leaves, tea had the average
highest MOE from BaP at 4.50E+06 followed by coffee
at 4.48E+06 while MOE from PAH4 was highest for tea,
3.35E+06 and lowest for mate, 1.13E+06. For infusions,
the BaP MOE was highest for coffee 4.61E+06 and low-
est for mate 2.45E+06 while MOE from PAH4 was high-
est for mate, 6.85E+06 as shown in Table 4.
The per capita MOE was in the order of 1.97E+06,

1.39E+06, 4.91E+05 for coffee, tea and mate, respect-
ively, and at the 95th percentile the order of MOE does
not change (Table 4).
The margins of exposure for BaP (Fig. 1) and PAH4

(Fig. 2) for the different individual drinking scenarios are
compared to the MOE threshold of 10,000. Only the ex-
treme consumption of 3 L per day (meaning that the
complete daily liquid requirement is fulfilled with these
hot beverages) in worst-case scenarios (95th percentile
contamination) would lead to MOEs below this thresh-
old for all three beverages. Due to the high variance in
the distributions, no significant beverage-specific influ-
ence was detected. Figure 3 shows the margin of expos-
ure estimated for temperature. For 25 °C and 85 °C, the
MOE would be 2.3 and 0.7, respectively. Hence, the
MOE is below 1 at very hot temperatures.

Discussion
The competing role of PAH and hot temperatures in hot
beverages of widespread consumption has been hard to
disentangle. This study reports a comprehensive world-
wide systematic overview of the cancer risk assessment
for PAH in comparison with very hot (> 65 °C) coffee,
tea and mate. To our knowledge, this is the first study to
quantitatively estimate cancer risk of PAH in mate com-
pared to coffee and tea, and also to provide a compari-
son with the risk of the temperature effect using the
margin of exposure methodology.
Mate is traditionally consumed either as hot mate or

cold mate. The hot mate infusion consumed in South
America is made by placing 20–50 g of mate in a vessel
where very hot water (70–85 °C) is slowly poured over
the material and after each pouring, the water is sucked
through a special drinking straw fitted with a filter on
the end immersed in the mate infusion [6, 12, 31]. Cold
mate may be consumed in the same way or in a glass
like a regular drink, at 4–8 °C [12]. PAH in mate are
produced by fire or high temperature exposure during
traditional drying using direct fire and/or during roast-
ing of the mate leaves [36–40]. The commercial process-
ing of mate may involve two successive drying stages
namely an initial rapid drying process at 400–750 °C by
use of direct flames followed by final drying at 90–350 °C
in rotating cylinders heated by burning wood before
grinding [37].

Table 3 Extraction of PAH to beverage

Matrix % extractiona PAH Reference

Minimum Maximum Mean

Coffee 0.8 1 0.9 BaP [79]

Tea 3.6 5.5 BaP [80]

4.5 6.8 PAH4

Tea 0 0.52 PAH [68]

Coffee 0.6 26 5 BaP [81]

Tea 0 2.3 0.86 PAH4 [49]

Coffee (Dark roasted) 0 14 9 PAH4 [34]

Coffee (Medium
roasted)

5 9 7 PAH4

Mate 6 37 PAH [36]

50 BaP

Mate 2 6 [69]

Black tea 3 50 7.7 PAH [24]

Tea 1.1 3.1 BaP [50]

Tea 82 123 PAH [55]
aExtraction in this context means the transfer of PAH from the solid material
(beans or tea leaves) into the beverages during preparation. The data were
obtained from experimental studies in the literature
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PAH in the widely consumed beverage tea (Camellia
sinensis) may result from air pollution in tea farms and
during processing which may involve drying over burn-
ing wood, coal or oil [24]. Coffee is also another non-
alcoholic beverage consumed worldwide, and another
possible source of PAH that can form through roasting,

which is a crucial step in the processing of coffee for the
development of aroma, flavour and colour [35, 41–43]. In
green coffee, however, both absence and presence of PAH
have been reported [43–45] and the eventual presence has
been associated with air pollution rather than the high
temperatures used during drying of the seeds.

Table 4 Exposure and margin of exposure of BaP and PAH4 in different exposure scenarios

Matrix Light drinking (1 cup -
0.2 L)

Moderate drinking (2
cups - 0.4 L)

Heavy drinking (1 L) Very heavy drinking (3 L) Daily per capita

BaP PAH4 BaP PAH4 BaP PAH4 BaP PAH4 BaP PAH4

Mean/P95 Mean/P95 Mean/P95 Mean/P95 Mean/P95 Mean/P95 Mean/P95 Mean/P95 Mean/P95 Mean/P95

A. Exposure (µg/kg bw/day)

1. Coffee

Beans 1.88E-04/
5.95E-04

1.85E-03/
5.77E-03

3.77E-04/
1.19E-03

3.70E-03/
1.15E-02

9.42E-04/
2.97E-03

9.26E-03/
2.89E-02

2.83E-03/
8.92E-03

2.78E-02/
8.66E-02

4.21E-04/
1.32E-03

4.15E-03/
1.28E-02

Infusion 1.71E-04/
5.21E-04

1.00E-03/
3.10E-03

3.41E-04/
1.04E-03

2.01E-03/
6.20E-03

8.54E-04/
2.61E-03

5.02E-03/
1.55E-02

2.56E-03/
7.82E-03

1.51E-02/
4.65E-02

2. Mate

Leaves 1.94E-03/
6.10E-03

1.11E-02/
3.47E-02

3.87E-03/
1.22E-02

2.22E-02/
6.94E-02

9.68E-03/
3.05E-02

5.54E-02/
1.73E-01

2.90E-02/
9.15E-02

1.66E-01/
5.20E-01

4.26E-03/
1.44E-02

2.45E-02/
8.10E-02

Infusion 2.85E-04/
8.62E-04

7.22E-04/
2.18E-03

5.70E-04/
1.72E-03

1.44E-03/
4.35E-03

1.42E-03/
4.31E-03

3.61E-03/
1.09E-02

4.27E-03/
1.29E-02

1.08E-02/
3.26E-02

3. Tea

Leaves 1.65E-04/
5.12E-04

1.02E-03/
3.26E-03

3.30E-04/
1.02E-03

2.04E-03/
6.52E-03

8.26E-04/
2.56E-03

5.11E-03/
1.63E-02

2.48E-03/
7.68E-03

1.53E-02/
4.89E-02

8.03E-04/
2.78E-03

4.98E-03/
1.68E-02

Infusion – – – – – – – –

B. Margin of exposure

1. Coffee

Beans 4.48E+06/
7.98E+06

2.18E+06/
4.07E+06

2.24E+06/
3.99E+06

1.09E+06/
2.04E+06

8.97E+05/
1.60E+06

4.35E+05/
8.14E+05

2.99E+05/
5.32E+05

1.45E+05/
2.71E+05

1.97E+06/
3.48E+06

9.70E+05/
1.72E+06

Infusion 4.61E+06/
8.21E+06

5.01E+06/
6.72E+06

2.30E+06/
4.11E+06

2.51E+06/
3.36E+06

9.21E+05/
1.64E+06

1.00E+06/
1.34E+06

3.07E+05/
5.48E+05

3.34E+05/
4.48E+05

2. Mate

Leaves 4.97E+05/
7.54E+05

1.13E+06/
6.83E+05

2.49E+05/
3.77E+05

5.67E+05/
3.42E+05

9.94E+04/
1.51E+05

2.27E+05/
1.37E+05

3.31E+04/
5.03E+04

7.56E+04/
4.56E+04

4.91E+05/
3.74E+05

2.31E+05/
4.32E+05

Infusion 2.45E+06/
4.97E+06

6.85E+06/
9.34E+06

1.22E+06/
2.48E+06

3.43E+06/
4.67E+06

4.89E+05/
9.93E+05

1.37E+06/
1.87E+06

1.63E+05/
3.31E+05

4.57E+05/
6.23E+05

3. Tea

Leaves 4.50E+06/
8.96E+06

3.35E+06/
7.15E+06

2.25E+06/
4.48E+06

1.68E+06/
3.58E+06

9.00E+05/
1.79E+06

6.71E+05/
1.43E+06

3.00E+05/
5.97E+05

2.24E+05/
4.77E+05

1.39E+06/
2.47E+06

1.13E+06/
1.83E+06

Infusion – – – – – – – –

Table 5 Toxicological thresholds of PAH and temperature

Agent Species Effect BMD BMDL Reference

BaP Mice, 2 year study Tumours of the alimentary tract 0.13–0.14 mg/kg bw/day 70 μg/kg bw/day EFSA [19]

PAH4 Mice, 2 year study Tumours of the alimentary tract 0.60–0.61 mg/kg bw/day 340 μg/kg bw/day EFSA [19]

Temperature Rats, 20 week study NMBA-induced oesophageal tumours
(mean number of tumours)

64 °C 56 °C Own modellinga based on
data from Li et al. 2003 [34]

Temperature Rats, 20 week study NMBA-induced oesophageal tumours
(mean volume of tumours)

(63 °C)b (26 °C)b Own modellinga based on
data from Li et al. 2003 [34]

aSee data Additional file: appendix provided as supplementary material for raw results of benchmark dose-response modelling
bNon-significant difference from control group according to original reference (Li et al. 2003) [34]
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Our finding of MOE values of more than 100,000 for
PAH and less than 1 for very hot temperatures provides
quantitative confirmation that “very hot” drinking tem-
peratures are probably causally related to oesophageal
cancer whereas low temperature mate is not. The very
high MOE for PAH, which suggests that the human dos-
age is considerably below the lowest effective dose in an-
imals, also makes the assumption implausible that PAH
and temperature may act synergistically. Moreover, the
very similar PAH exposure levels from mate and tea
consumption offer indirect further support for IARC’s
evaluation. In countries, such as the UK, where tea is

consumed typically at lower temperature than the one of
mate consumption in South America, increased rates of
oesophageal cancer have not been observed. Also, it
might be a matter of temperature dosage, mate drinkers
might be drinking many more drinks per day than tea
drinkers that possibly drink 1–2 cups per ‘session’,
whereas a hot mate drinker can easily drink 1 l worth of
water in a ‘session’, thus exposing the oesophagus many
more times to very hot temperatures. Our assessment
excludes assumptions of a beverage-specific effect, and
confirms the limited epidemiological evidence that sug-
gested a risk for very hot beverages independent of type.

Fig. 1 Margin of Exposure for benzo[a]pyrene calculated for different exposure scenarios for drinking mate, tea and coffee (calculated as average
for data based on leaves/beans and infusion analyses, mean with 5th percentile as error bar are shown)

Fig. 2 Margin of Exposure for PAH4 calculated for different exposure scenarios for drinking mate, tea and coffee (calculated as average for data
based on leaves/beans and infusion analyses, mean with 5th percentile as error bar are shown)
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The mechanism of carcinogenicity of very hot beverages
deserves further studies.
A limitation of our study is the fact that for some juris-

dictions only a sparsity of data was available for PAH.
Apart from Germany where data for all the beverage cat-
egories was available, most studies in other countries fo-
cused on only one type of beverage probably due to high
prevalence of consumption in those countries. There were
only extremely limited studies on PAH in infusions avail-
able, for mate and coffee only one single study. Due to the
lack of data, even such single studies were included in our
meta-analysis, specifically because we judge such direct
beverage analyses more meaningful than bean/leaves ana-
lyses. However, we note that the same limitations gener-
ally apply to the assessments of the international agencies
EFSA and Food and Agriculture Organization/WHO Ex-
pert Committee on Food Additives (JECFA), whose ap-
proaches we specifically followed.
In some samples, the occurrence of BaP was reported

to be zero or below the limit of detection and this neces-
sitated the use of the LOD value in order to calculate
descriptive statistics. The sensitivity of the analytical
methods used could explain the different LOD values re-
ported. Analysis of PAH in foods such as coffee, mate
and tea is complex due to the many compounds present
in such food matrices, requiring sample preparative proce-
dures such as liquid-liquid extraction (LLE), solid phase
extraction (SPE), liquid phase microextraction (LPME),
membrane assisted solvent microextraction, solid phase
microextraction (SPME) and stir bar sorptive extraction
(SBSE) [46]. The extraction processes not only make the

analysis expensive but may also compromise on recovery
of PAH [14]. Coupling the preparation step with analytical
equipment is feasible such as SPME-HPLC or head space
SPME-HPLC [47]. Separation and quantification of the
PAH in infusions is by liquid chromatography with fluor-
escent detection (LC-FLD) [12, 41, 48] or by GC-MS [49],
while in ground coffee LC-FLD [44, 50], isotope dilution
GC-MS [51], GC-MS/MS [52], or LC-UV [53], and in tea
leaves, LC-UV [53], or GC-MS [49] have been utilized.
The substitution of “non detectable” data with LOD is

a conservative approach taken and therefore the risk
would have been overestimated (in relation to the ap-
proach of setting such values as 0). Some studies had
limited sample sizes as low as 1 and this could skew
meta-analysis results. Nevertheless, we think our distri-
butions are robust. For example, no different judgments
would arise with the calculation method of setting non
detectable values as 0 (data not shown).
Most studies report the occurrence of PAH in mate

and tea leaves and coffee beans (n = 48; 89%). However,
since the raw leaves and coffee are usually not directly
ingested, estimation of PAH concentrations in the bever-
ages is necessary for exposure estimation. The differ-
ences in the manner of processing of the leaves for mate
and tea and coffee beans and preparation of the beverages
influences the levels of PAH in the beverages. The contri-
bution of individual PAH to the total PAH concentration
is dependent on its solubility. While the physicochemical
data suggest that BaP and PAH are poorly soluble in
water, the literature reports very variable extraction per-
centages from zero to above 50%. Furthermore, it must be

Fig. 3 Estimation of Margin of Exposure for drinking temperature between 25 and 85 °C (calculated as point estimate based on BMDL from a
co-carcinogenicity study in rats. No error bars available due to lack of data. No distribution available for BMDL because only one single study
for modelling)
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considered that hot mate is typically consumed by pouring
hot water on the same leaves repeated times, and very
often replacing some of the leaves by fresh ones to keep
the mate ‘strong’, therefore, the actual amount extracted
from the leaves might be higher for mate than for the
other beverages that are extracted only once. The actual
preparation processes also influence the levels of PAH
found in the drink, for example, low levels were found in
cold mate compared to hot mate infusions [12]. Literature
reports extraction of BaP and PAH4 in the range 0.6–50%
and 0–123% respectively (Table 3). The high transfer in
tea reported has been linked to its high contents of essen-
tial oils, which may act as co-solvents that alter the phys-
ical and chemical properties of the water used for tea
making and increase the affinity of PAH for the aqueous
infusion [54, 55].
An investigation by Lin et al. [24] to identify the fac-

tors affecting the transfer of PAH singled out tea variety,
tea/water ratio, and brewing time to affect the levels.
The transfer average of all studies was 27% (which is
very similar to the value of 26% used by EFSA for coffee
[19]), but due to the probabilistic calculation method,
the whole range of literature data was taken into account
in our case. Another problem is the variety of brewing
methods and amounts of tea leaves or coffee beans used
per L of water. This may considerably vary depending
on brewing method and individual preferences (e.g. see
overview of brewing methods in [1]). For this reason, we
have defined reasonable minimum and maximum values
and used “no-knowledge” distributions in the probabilis-
tic calculations to randomly consider the whole range of
brewing methods. The appropriateness of this approach
has been indirectly validated because the resulting ex-
posure data are in reasonable agreement between both
calculations methods (based on direct infusion analyses
and recalculated from beans/leaves), so that we decided
to average the values from both methods for the final
data presentation (Figs. 1 and 2).
The higher average content of PAH and consequently the

exposures due to mate and tea could be due to the similar-
ities in processing of leaves that involve roasting over wood
and that the leaves have larger surface areas that accumu-
late PAH from air [56]. The age of the raw leaves collected
from the farms also influences the level of PAH with the
older cultivated mate having higher PAH as a result of lon-
ger exposure to environmental contamination [9].
Low amounts of low toxicity PAH have been identified

in green coffee, mostly due to exposure to air pollution
during sun drying of the beans. The roasting methods
can also affect PAH formation in coffee. Drum roasters
over direct fire enables uneven and higher temperatures
in some parts of the beans while in fluidized bed roasters,
frequently used currently, roasting temperatures do not
exceed 240–260 °C, never reaching the temperature used

for scorching mate. In general, the amount of PAH in cof-
fee beans tend to increase in very dark roasts, only, when
the beans are almost carbonized [43]. Due to their low
solubility, PAH concentrations in the beverage should be
low. Paper filter should retain lipophilic compounds as op-
posed to extraction methods that do not use such filters
such as espresso, Italian (Mocha), Turkish and Scandi-
navian boiled coffee [57]. Higher amounts of PAH, how-
ever, have been identified in torrefacto coffee (roasted
with sugar) [58]. There was lack of data for PAH4 in some
studies besides BaP; and in one study, occurrence of
chrysene in tea leaves was reported as a sum of chrysene
and triphenylene due to lack of resolution between the
two PAH [59]. However, this did not lead to higher values
of PAH compared to other studies. Nevertheless, it could
have contributed to risk overestimation in tea.
Compared to the large number of studies on PAH in

hot beverages, and also to the toxicity data on PAH
available, there is a sparsity of data on the temperature
effect.
The weak data basis for thresholds for temperature are

because temperature effect studies rely on self-reporting
and there is subjectivity in the notion of different tem-
peratures [5]. The human epidemiological data provide
evidence of a probable association between very hot bev-
erages and oesophageal cancer, suggesting ~ 2-fold in-
crease with various hot drinks [1, 2]. Importantly, a large
pooled analysis was conducted that reported estimates
of association between mate drinking and oesophageal
cancer stratifying by temperature and showed little evi-
dence of association when mate was consumed warm,
regardless of the amount consumed, thus supporting a
role of very hot temperatures and not mate per se [3].
Only two animal experiments were judged by IARC

as adequate for evaluation, but they are only co-carcino-
genicity studies. However, the animal experiments provide
excellent corroborating evidence into a threshold, and the
BMD of the animal experiment is in excellent agreement
with the judgment of the IARC experts, that “very hot
beverages” leading to a concern for oesophageal cancer,
may start above 65 °C. However, there exists the problem
of risk extrapolation from animal to human data especially
in this case. The animals in the Li et al. [34] study received
very hot water with an amount of 1 mL/kg for 5 times per
week. Extrapolated to a human with a bodyweight of
60 kg this would amount to 60 mL of very hot beverage,
which is not an unreasonable assumption, even less than
one cup size. For this reason, we think that the
temperature threshold of the animal study may be directly
transferrable to humans. The normal practise in regula-
tory toxicology would be to add safety factors of 10 for
both inter-species extrapolation and for intra-species dif-
ferences to suggest acceptable daily intakes (ADI). In this
case, we do not believe that it would make any sense to
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add safety factors for example to the BMD of 64 °C to de-
rive such an ADI, because the ADI would clearly lie in a
temperature zone (room temperature and below) that is
perceived as being completely without risk. Till better
studies become available, we think it is currently sensible
to use the threshold value of IARC of 65 °C as “acceptable
temperature”, which is also in excellent agreement to the
BMD of 64 °C calculated in this study.

Conclusion
PAH are ubiquitous contaminants present in air, soil,
water, foods; therefore, their role in carcinogenesis can-
not be overlooked. The PAH exposure arising from con-
sumption of coffee, mate and tea to cumulative exposure
is rather small, according to EFSA, less than 10% of the
combined exposure from all food groups. Nevertheless,
contamination regulations usually demand that PAH con-
tamination should be as low as technologically achievable;
therefore, any amount of contamination in beverages
should be avoided. Considering the limitations of the toxi-
cological data but in light of the epidemiological evidence,
the authors believe that risk management should be prior-
itized regarding the temperature problem rather than the
PAH problem. Potential measures may include consumer
education to drink at lower temperatures. However, simi-
larly to alcohol consumption, changing behaviours about
beverage temperatures might be difficult due to cultural
traditions and preferences, since consumers may be
more willing to tolerate higher risks for intentional be-
haviours (such as high temperature drinking) than for
unintentional risks (such as PAH contamination) [60].
Considering the increasing use of commercial hot bev-
erage preparation machines, policy measures regarding
serving temperatures (e.g. maximum temperatures for
commercial hot beverage preparation machines) could
also be effective.
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