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ABSTRACT

European Snacks Association (ESA) data on acrylamide in potato crisps from 2002 to 2019 (99704
observations) were analysed. Acrylamide levels have plateaued since 2011, although the lowest
mean so far was attained in 2018 at 353 + 2.7 ng g ': a 54% reduction since 2002. The 85", 90'" and
95t™ quantiles did show evidence of continued downward progress, the 90" quantile being lower
than the 750 ng g~' European Benchmark Level from 2017 to 2019. A smaller dataset from the
European Food Safety Authority (2124 observations) for 2011-2018 was also analysed. The yearly
means were higher than those of the ESA data but showed a fall in average acrylamide from
715+40.5ng g~ ' in 2015 to 505 + 28.5 ng g~ in 2018, as well as steep falls in the 85", 90" and 95"
quantiles. Nevertheless, even the 85" quantile remained above the 750 ng g~' Benchmark Level.
The ESA data showed a reduction in the proportion of samples with acrylamide exceeding 750 ng
g™, from over 40% in 2002 to 7.75% in 2019. Seasonality was evident, with highest acrylamide
levels from November to May. Crisp type had little effect except that thicker types had a higher
proportion of samples containing >750 ng g~ acrylamide. Analysis of the region of origin in Europe
of the final product revealed improvements in the east and north. Geographical factors combined
with seasonality continued to be problematic but was also an aspect in which progress was most
evident. The findings show that improvements have been made in reducing the number of samples
with very high levels of acrylamide, but do not suggest that mean acrylamide levels could be
reduced substantially below where they have been since 2011, or that levels could be kept
consistently below the current Benchmark Level.
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Introduction

Acrylamide (CH,=CHC(O)NH,) is a chemical
contaminant present in many common cooked
foods, in particular those derived from the grains,
beans, tubers and storage roots of plants (reviewed
by Raffan and Halford 2019). It is classified as
a processing contaminant, defined as a substance
that is produced in food during cooking or proces-
sing, is not present or is present at much lower
concentrations in the raw, unprocessed food, and
is undesirable either because it has adverse effects
on product quality or because it is potentially
harmful (Curtis et al. 2014). Acrylamide does not
form at detectable levels during boiling and is asso-
ciated predominantly with fried, baked, roasted or
toasted foods.

Acrylamide’s discovery in common foods in
2002 (Tareke et al. 2002) caused widespread con-
cern in the food industry, its suppliers and regula-
tory authorities because studies using laboratory

animals have shown it to be neurotoxic and carci-
nogenic, detrimental to male fertility and causal of
birth defects (reviewed by Friedman 2003;
European Food Safety Authority (EFSA) Panel on
Contaminants in the Food Chain (CONTAM
Panel) 2015). It is classified as a hazardous sub-
stance in the USA, a serious health hazard with
acute toxicity in the European Union, and
a Group 2A carcinogen (probably carcinogenic to
humans) by the International Agency for Research
on Cancer (IARC 1994).

The CONTAM Panel (2015) concluded that the
level of exposure to acrylamide from the diet was
insufficient to cause neurological, reproductive or
developmental effects, but that the margins of expo-
sure indicated ‘a concern for neoplastic effects’
(CONTAM Panel 2015). This conclusion was very
similar to that reached by the United Nations’ Food
and Agriculture Organisation (FAO) and World
Health Organisation (WHO) Joint Expert
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Committee on Food Additives (JECFA) in 2006
(JECFA 2006). The CONTAM Panel (2015) based
their opinion on the risk posed by dietary acrylamide
exposure on toxicological evidence, mostly acquired
from studies on rodents, because they considered the
epidemiological evidence to be too inconsistent to
support firm conclusions. It is fair to say that there is
still disagreement on the toxicology of acrylamide
and its metabolic derivative, the epoxide glycidamide.
Zhivagui et al. (2019), for example, identified a unique
mutational ‘signature’ linked to acrylamide and glyci-
damide in 184 liver tumours and 217 tumours of 15
other cancer types after analysing 1600 human
tumour genomes. Eisenbrand (2020), on the other
hand, reviewed the evidence for a genotoxic mode of
action for acrylamide/glycidamide and found that
‘compelling evidence is lacking’. He concluded that
any genotoxicity of acrylamide occurred at doses that
were irrelevant to dietary exposure, and that while
there was evidence for tumour formation in rodents
as a result of non-genotoxic action of acrylamide it
was ‘not likely predictive for humans’. Despite this
uncertainty, the data reported by the CONTAM Panel
(2015) and the conclusions drawn prompted the
European Commission to draft new regulations on
the presence of acrylamide in food, and Commission
Regulation (EU) 2017/2158 (European Commission
2017) came into force on 11 April 2018.

Whereas the CONTAM  Panel report
(CONTAM Panel 2015) expressed concern for the
potential neoplastic effects of dietary acrylamide,
Commission Regulation (EU) 2017/2158 used
stronger language, stating that the Panel’s assess-
ment had ‘confirmed previous evaluations that
acrylamide in food potentially increases the risk of
developing cancer for consumers in all age groups’.
The Regulation set Benchmark Levels for the pre-
sence of acrylamide, replacing the Indicative Values
that had been in place previously, with the
Benchmark Level for almost all product types
lower than the Indicative Value that it replaced.
For potato crisps, for example, the Indicative
Value of 1000 ng g ' was replaced with
a Benchmark Level of 750 ng g '. The justification
given for this reduction, which did not reflect any
change in the data on acrylamide levels in food
products, was that Benchmark Levels were perfor-
mance indicators, whereas Indicative Values had
been triggers for investigation.

Commission Regulation (EU) 2017/2158 also
contains an explicit threat that ‘Complementary to
the measures provided for in this Regulation, the
setting of Maximum Levels for acrylamide in certain
foods should be considered in accordance with
Regulation (EEC) No 315/93 following the entry
into force of this Regulation’. Regulation 315/93,
which came into force in February 1993, states that:
‘Food containing a contaminant in an amount which
is unacceptable from the public health viewpoint and
in particular at a toxicological level shall not be
placed on the market’ (European Commission
1993). At a meeting of the European Parliament’s
Environment, Public Health and Food Safety
Committee in January 2017 (European Parliament
2017), it was stated that the intention was to impose
Maximum Levels on sectors of the food industry that
do not show ‘sufficient progress’ in reducing acryla-
mide in their products.

Regulation (EU) 2017/2158 also includes annexes
in which mitigation measures to reduce acrylamide
formation in different product types are described,
from variety selection through crop management to
a range of measures that have been shown to be
effective during food processing. These are effec-
tively codes of practice, and the wording of the
regulation makes it clear that the adoption of these
measures is compulsory: food businesses ‘shall’
apply the measures that are set out. Another key
aspect of the regulation is the requirement for all
food businesses to monitor the levels of acrylamide
in their products, although businesses that perform
retail activities and/or directly supply only local retail
establishments are exempt from this requirement.
Member States are also required to ensure compli-
ance with the law.

The predominant route for acrylamide forma-
tion during cooking and processing is from free
(soluble, non-protein) asparagine and reducing
sugars within the Maillard reaction (Mottram
et al. 2002; Stadler et al. 2002; Zyzak et al. 2003;
Mottram 2007). The most abundant reducing
sugars in crop plants are glucose, fructose and
maltose (Halford et al. 2011), but there is very little
maltose in potato tubers (Elmore et al. 2005). One
approach to reducing the amount of acrylamide
that forms in food is to reduce the concentrations
of these metabolites in crop products using genetic
(including biotech) and agronomic approaches



(reviewed by Raffan and Halford 2019). In potatoes,
which have a relatively high molar concentration of
free asparagine compared with reducing sugars, the
major factor determining acrylamide formation is
the concentration of reducing sugars, although free
asparagine concentration has been shown to con-
tribute to the variance in acrylamide formation in
some studies (Amrein et al. 2003; Becalski et al.
2004; Shepherd et al. 2010; Halford et al. 2012;
Muttucumaru et al. 2014). In addition, sugars
react with other free amino acids, as well as aspar-
agine, and kinetic studies on potato fries have
shown that the ratio of asparagine to other free
amino acids should also be taken into account
when considering factors affecting acrylamide for-
mation (Parker et al. 2012).

The other approach to the problem is to modify
processing methods, and such modifications have
been compiled in a ‘Toolbox’ produced by
FoodDrinkEurope, the latest update of which was
published in 2019 (FoodDrinkEurope 2019). Many
of the measures described in the Toolbox were
incorporated into the compulsory mitigation meth-
ods described in Regulation (EU) 2017/2158. Our
analysis of manufacturers’ data on acrylamide levels
in potato crisps in Europe from 2002 to 2011
showed that this approach was initially successful,
at least for that product, bringing about
a statistically significant downward trend for
mean levels of acrylamide from 763 + 91.1 ng g~
in 2002 to 358 + 2.5 ng g ' in 2011, a decrease of
53% (Powers et al. 2013). However, a later analysis
(Powers et al. 2017) showed that acrylamide con-
centrations levelled off in subsequent years, with
the mean concentration in potato crisps in 2016
being 412 + 3.8 ng kg_l, slightly higher than that
of 2011. This suggested that the most effective
methods to reduce acrylamide levels had already
been implemented by 2011 and further improve-
ment was turning out to be difficult to achieve
(Powers et al. 2017).

The problem of reducing acrylamide in food is
made more difficult by the fact that the Maillard
reaction is responsible for generating desirable attri-
butes in cooked food, including colour from mela-
noidin pigments and flavour and aroma from a wide
variety of compounds including pyrazines, pyrroles,
furans, oxazoles, thiazoles and thiophenes (Mottram
et al. 2007). These compounds give different cooked
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foods their signature flavours and aromas, define
product types and distinguish one brand from
another. Measures that reduce acrylamide forma-
tion, therefore, may well affect product quality as
well (Elmore et al. 2010), although the fact that
colour forms via similar pathways to acrylamide
means that colour has become an important quality
control parameter as an indicator of acrylamide for-
mation (Halford et al. 2012; Elmore et al. 2015).

Our previous analyses (Powers et al. 2013, 2017)
revealed another difficult problem for potato crisp
manufacturers in the form of a pronounced seasonal
effect on acrylamide levels, with acrylamide in the first
6 months of the year being much higher than in
the second 6 months. The effect arises from the fact
that European potatoes are harvested between July
and October, and for the rest of the year are used
from storage. Potatoes in storage are prone to cold
and senescent sweetening, caused by an increase in
vacuolar invertase (VInv) activity (Zhu et al. 2014;
Clasen et al. 2016; Wiberley-Bradford and Bethke
2018) and, in the case of senescent sweetening, the
breakdown of starch by phosphorylase L (PhL) and
the starch-associated R1 enzyme. Indeed, several stu-
dies have shown an effect of storage on the potential
for acrylamide formation in potatoes (De Wilde et al.
2005; Halford et al. 2012; Muttucumaru et al. 2014;
Elmore et al. 2015). Potato storage facilities have
typically kept potatoes to be used for crisping at 8.-
5-9.5 °C, and crisp manufacturers have been careful
to use potatoes within their optimum storage win-
dow, which differs between varieties. Regulation (EU)
2017/2158 (European Commission 2017) includes
these measures and stipulates a minimum storage
temperature of 6°C. However, storing potatoes at
temperatures high enough to avoid cold sweetening
has only been possible because of the use of chemical
sprout suppressants such as chlorpropham (CIPC;
isopropyl N-(3-chlorophenyl)carbamate), but the
European Commission’s Standing Committee on
Plants, Animals, Food and Feed has recently declined
to approve the renewal of chlorpropham’s authorisa-
tion for use as a sprout suppressant.

Our analyses also revealed a pronounced geogra-
phical factor, with potatoes grown in northern
Europe having a higher acrylamide-forming poten-
tial than potatoes grown elsewhere (Powers et al.
2017). The combination of seasonal and geographi-
cal factors meant that acrylamide levels in 30% of
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crisp samples from northern Europe exceeded the
current Benchmark Level of 750 ug kg™' for the
whole of the first half of every year from 2011 to
2016 (Powers et al. 2017). Even for the other
regions of Europe, the seasonality effect meant
that the ‘failure rate’ of crisps with respect to the
Benchmark Level exceeded 10% in some months.
Here, we analyse manufacturers’ data from 2017 to
2019, together with the 2002 to 2016 data, to enable
the trends over the whole period from 2002 to 2019 to
be considered. We examine the effects of seasonality
and geography, as well as crisp type, and compare the
manufacturers’ data with data compiled by EFSA.

Materials and methods

Analysis of data provided by the European snacks
association

European manufacturers’ data on acrylamide levels
in potato crisps from 2002, when the presence of
acrylamide in food was first reported, to 2019 were
supplied by the European Snacks Association. The
data covering the years 2002 to 2016 had been
analysed previously (Powers et al. 2013, 2017) but
were included to enable trends in the data to be
considered for the full period. These data will be
referred to as the ESA data set.

All analyses were carried out using procedures
based on liquid chromatography tandem mass spec-
trometry (LC-MS/MS) or gas chromatography mass
spectrometry (GC-MS) after derivatisation. All the
laboratories that conducted the analyses had carried
out validations on the methods used. The methods
were compatible with the Comité Européen de
Normalisation =~ (European = Committee  for
Standardisation) (CEN) standard methods: EN
16618:2015 (Food analysis — Determination of acryla-
mide in food by liquid chromatography tandem mass
spectrometry  (LC-ESI-MS/MS)), or  CEN/TS
17083:2017 (Foodstuffs — Determination of acryla-
mide in food and coffee by gas chromatography-
mass spectrometry (GC-MS) (https://www.cen.eu/
work/areas/food/Pages/default.aspx)). The data were
filtered to ensure that only data obtained using these
methods were retained, resulting in a dataset for ana-
lysis comprising 99704 observations.

The GenStat (2018, 19" edition, © VSN Inter-
national Ltd, Hemel Hempstead, UK) statistical

package was used for all analyses. SigmaPlot (version
14, © Systat Software Inc. San Jose, California, US)
was used for graphs. Excel (2016, © Microsoft
Corporation, US) was used to store the data. In
order to assess the overall trend over years and for
different types, analysis of variance (ANOVA) was
applied to the natural log (to base e) of the acryla-
mide data to test for an overall change in mean
acrylamide over years (F-test). The log transforma-
tion was applied to stabilise the underlying variance
in the data over the years so that the assumptions of
ANOVA (homogeneous underlying variance over
treatments, additivity of effects and a Normal distri-
bution) were met. Specific comparisons of pairs of
years of most interest were then enabled by applica-
tion of the least significant difference (LSD) value at
the 5% level of significance (p = .05).

Summary statistics were calculated for the whole
data set of 99704 observations and for assigned
types of crisp (standard, ridge/wave and thick cut)
over years. Seasonality in the acrylamide values was
considered by calculating summary statistics per
month over years, with ANOVA being applied to
test for overall statistical differences (p < .05, F-test)
between months. Means and standard errors for
all year by month combinations were also calcu-
lated, to consider both the variation in the season-
ality and the overall trend in the time series.

Geographical effects were considered by group-
ing the samples into subsets according to the region
of Europe (north, south, east or west) they had
originated from. Tables of means, standard errors
of means and numbers of observations were
derived for the region by year combinations using
the full set of data and then for each of the three
types of product separately.

Analysis of data provided by the European Food
Safety Authority (EFSA)

Data on acrylamide levels in potato crisps supplied
to EFSA by European Union Member States for the
years 2015 to 2018 were obtained through a public
access to documents request. The data comprised
1334 observations, but 113 of these were omitted
because they had been made without a classifiable
method of measuring acrylamide concentrations,
and another 55 were omitted because they had
not been made using a method deemed to comply
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with the CEN standards, leaving 1166 usable obser-
vations. These included 48 cases where the acryla-
mide value was missing due to it being below the
limit of quantification (LOQ) or limit of detection
(LOD) values. Acrylamide for these 48 observations
was set at the recorded LOQ to be conservative, and
to avoid exclusion of such important data. The 1166
usable observations from 2015 to 2018 were com-
bined with the 958 observations of potato crisp
acrylamide results from 2011 to 2014 that were
included in the previous analysis of EFSA data
(Powers et al. 2017) to allow trends over the
whole period from 2011 to 2018 to be considered.
The total number of EFSA observations for
2011-2018 was therefore 2124.

Summary statistics were calculated over years
and months and ANOVA was applied. Pearson
correlation was used to test (F-test) the strength of
association between the EFSA and ESA yearly
means overall.

Results
Acrylamide levels in potato crisps from 2002 to 2019

European manufacturers’ data on acrylamide levels in
potato crisps were provided for the period 2002 to
2019. The data set included observations from every
European Union country apart from Estonia,
Luxembourg, Malta and Slovenia, as well as observa-
tions from Switzerland and Norway. Only observa-
tions that had been obtained using LC-MS/MS or GC-
MS according to CEN standards EN 16618:2015 or
CEN/TS 17083:2017 were retained for analysis, com-
prising 99704 observations in total (Supplementary
File S1). Note that a potato crisp is defined here as
a thin slice of potato (Solanum tuberosum) tuber
which has been fried to a ‘crisp’ texture through the
absorption of hot oils into the potato base and the
reduction of moisture content to a specified level. In
American English, this is known as a potato chip.
For the full set of data, the means, SEs, numbers
of observations, 85", 90" and 95 quantile values,
maximum values and % of samples with more than
750, 1000 and 2000 ng g~ acrylamide for each year
are given in Table 1. The analysis showed that the
plateauing of acrylamide levels which was observed
previously for the period from 2011 to 2016
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continued through to 2019 (Figure 1(a)), with the
level in 2019 being slightly higher than that in 2011
(372 + 2.6 ng g ' compared with 358 + 2.5 ng g ).
However, the lowest mean observed so far was
attained in 2018 at 353 + 2.7 ng g ', representing
a 54% reduction since 2002. Despite the mean pla-
teauing from 2011 onwards, the 85™, 90™ and 95™
quantiles did show evidence of downward progress
(Figure 1(a)), the 90 quantile being lower than the
750 ng g~ Benchmark Level for potato crisps set in
Commission Regulation (EU) 2017/2158 for 2017
through to 2019. Previously it had only been below
the 750 ng g~' mark in 2011 and 2014, so this was
the first time it had been below the Benchmark
Level for consecutive years. It has been lower than
1000 ng g~* since 2010. The 95™ quantile ranged
from 819 to 863 ng g~ in 2017 to 2019, compared
with 2080 ng g ' in 2002 (a 60.6% decrease) and
870 ng g ' in 2011, the first year that it was below
1000 ng g '. The numbers of samples with more
than 1000 ng g ' and 2000 ng g ' were also
reduced, with only 17 of 9749 samples having
more than 2000 ng g’ acrylamide in 2019.
Nevertheless, the highest observed value in 2019
was 3000 ng g ', four-fold greater than the
Benchmark Level.

Analysis of variance (ANOVA) was applied
to the data on the natural log (to base e) scale
and revealed significant differences in acryla-
mide levels between the years (p < .001,
F-test) (Table 2). Looking at the data since
2011, the mean level of acrylamide was signifi-
cantly higher (p < .05, LSD) in years 2012-2017
when compared to the mean seen in 2011,
although the difference in 2017 was marginal.
The mean values in 2011 and 2018 were not sig-
nificantly different (p > .05, LSD), but there was
a statistically significant rise again in 2019 (p < .05,
LSD). It is clear that further reductions in acryla-
mide levels are proving hard to achieve, and while
that is the case we would expect fluctuations to
occur due to the inconsistent nature of potatoes
from one season to the next, so the data were
consistent with this expectation.

Data were also obtained from the European Food
Safety Authority (EFSA). European Union Member
States have been obliged to screen foods for the pre-
sence of acrylamide since 2007 and to send the data to
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Table 1. Acrylamide (ng g™") in samples of potato crisps over years, showing mean, standard error of mean (SE), number of
observations (n), 85%, 90% and 95% quantiles (Q85, Q90 and Q95), maximum levels, and proportion (%) of samples containing
greater than 750, 1000 and 2000 ng g~". (a) Data provided by the European Snacks Association (ESA), compiled from data supplied by
European manufacturers. (b) Data provided by the European Food Standards Agency (EFSA), compiled from data supplied by European
Union Member States. (c) The yearly means for the ESA and EFSA data shown together, and the fold-difference.

(a)

Year Mean SE n Q85 Q90 Q95 Max % > 750 % > 1000 % > 2000
2002 763 91.1 42 1306 1581 2080 2500 40.48 23.81 476
2003 573 27.3 136 883 976 1118 2080 25.74 8.09 0.74
2004 624 26.6 321 940 1168 1580 4450 23.68 12.77 1.25
2005 621 213 230 980 1085 1210 1780 30 13.48 0
2006 577 1.9 1151 910 1100 1350 2830 23.02 1.3 1.3
2007 570 7 3206 880 1000 1270 5900 21.65 9.98 0.87
2008 472 5.1 5692 770 903 1170 4300 15.79 7.54 0.77
2009 500 5.8 6493 861 1037 1400 6000 19.13 10.87 1.49
2010 435 4.1 10971 659 780 1020 12000 10.92 5.16 0.96
2011 358 25 12213 573 680 870 3090 7.71 3.16 0.22
2012 415 33 8656 645 784 1020 4500 10.91 5.2 0.23
2013 423 4.4 5371 690 830 1090 2635 12.44 6.16 0.28
2014 397 34 5710 630 740 920 2049 9.53 3.7 0.02
2015 422 3.8 6407 660 790 1020 2600 11.03 5.18 0.23
2016 412 3.8 7264 640 770 1018 3400 10.68 5.19 0.59
2017 362 3.2 7263 558 651 863 4100 7.35 3.07 0.21
2018 353 2.7 8829 561 654 819 3600 6.46 2.53 0.12
2019 372 26 9749 586 690 859 3000 7.75 2.66 0.17
(b)
Year Mean SE n Q85 Q90 Q95 Max % > 750 % > 1000 % > 2000
2011 621 49.5 223 1141 1453 1835 6719 25.11 17.49 4.48
2012 600 39.5 249 984 1263 1981 5140 23.69 14.06 4.82
2013 521 36.6 221 927 1325 1618 3340 19 14.48 2.72
2014 575 31 265 1024 1300 1653 3146 25.28 15.85 1.51
2015 715 40.5 254 1252 1383 1753 5887 36.61 20.87 2.76
2016 591 315 280 1052 1258 1566 3675 29.64 16.07 2.5
2017 493 31.1 337 1000 1199 1516 4000 19.88 14.84 2.671
2018 505 28.5 295 821 935 1337 4397 19.32 9.15 1.36
()
Year ESA EFSA Fold-difference Year ESA EFSA Fold-difference
2011 358 621 1.74 2015 422 715 1.69
2012 415 600 1.45 2016 412 591 1.44
2013 423 521 1.23 2017 362 493 1.36
2014 397 574 1.45 2018 353 505 1.43

EFSA for compilation. EFSA’s reports based on these
data (EFSA 2009, 2010, 2011, 2012; CONTAM Panel
2015) have informed the development of the
European Commission’s risk management measures
for acrylamide, including Commission Regulation
(EU) 2017/2158 (European Commission 2017).
A total of 958 observations of potato crisp acrylamide
results from 2011 to 2014 that were included in the
previous analysis of EFSA data (Powers et al. 2017)
were combined with the data for 2015-2018, making
a total number of 2124 observations for 2011-2018

(Supplementary File S2), giving a combined data set
that was much smaller than the ESA data set.

The data set included observations from 19
European Union countries, the Member States that
provided no data being Bulgaria, Croatia, Czech
Republic, France, Latvia, the Netherlands, Portugal,
Romania and Slovakia, although the origin of 53
observations was withheld. There were also data
from Norway but not Switzerland. The origins of
the data therefore substantially overlapped those of
the ESA dataset but were not identical.
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Figure 1. Overall mean acrylamide levels (ng g™") in samples of potato crisps shown over years, with standard errors and trends in 85%,
90% and 95% quantiles. (a) European Snacks Association data for years 2002-2019, compiled from data supplied by European
manufacturers. (b) European Food Safety Authority data for years 2011-2018, compiled from data supplied by European Union
Member States.

The means, SEs, numbers of observations, 85",  Previous analysis of EFSA’s data from 2011 to 2014
90" and 95™ quantile values, maximum values and ~ showed a consistently higher level of acrylamide
% of samples with more than 750, 1000 and 2000 ng  than for the ESA data (Powers et al. 2017). This
g ' acrylamide for each year are given in Table 1.  puzzling trend continued in the more recent data
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Table 2. Analysis of variance of European Snacks Association acrylamide data for samples of potato crisps from Europe for 2002 to 2019
to show differences between years. (a) Mean acrylamide (ng g_1) for each year on the natural log (to base e) scale and number of
observations (n). (b) Least significant difference (LSD) values on 99686 degrees of freedom at the 5% (p < .05) level of significance. The
value for a particular comparison of the means in Table 2 is given by reading along the appropriate row and up the appropriate
column.

(a)

Year Mean (on log, scale) n Year Mean (on log, scale) n
2002 6.3508 42 2011 5.6536 12213
2003 6.2165 136 2012 5.8191 8656
2004 6.2496 321 2013 5.8147 5371
2005 6.2855 230 2014 5.7999 5710
2006 6.1580 1151 2015 5.8454 6407
2007 6.1475 3206 2016 5.7959 7264
2008 5.9078 5692 2017 5.6803 7263
2009 5.8986 6493 2018 5.6574 8829
2010 5.8328 10971 2019 5.7321 9749

(b)

LSDs (5%, 99686 df)

2002 *

2003 0.22733 *

2004 021131 0.13176 *

2005 0.21609 0.1393 0.11125 *

2006 0.2023 0.11677 0.08129 0.09301 *

2007 0.20001 0.11275 0.07539 0.08791 0.04425 *

2008 0.19944 0.11174 0.07388 0.08661 0.04162 0.02844 *

2009 0.19935 0.11158 0.07363 0.08641 0.04119 0.0278 0.02338

2010 0.19909 0.11111 0.07292 0.0858 0.0399 0.02585 0.02104

2011 0.19905 0.11104 0.07282 0.08571 0.03971 0.02556 0.02067

2012 0.19919 0.11129 0.0732 0.08604 0.0404 0.02662 0.02198

2013 0.19949 0.11182 0.07399 0.08671 0.04183 0.02874 0.0245

2014 0.19944 0.11173 0.07387 0.08661 0.04161 0.02842 0.02412

2015 0.19936 0.11159 0.07366 0.08643 0.04123 0.02786 0.02346

2016 0.19928 0.11146 0.07345 0.08625 0.04086 0.02731 0.0228

2017 0.19928 0.11146 0.07345 0.08625 0.04086 0.02731 0.0228

2018 0.19918 0.11127 0.07317 0.08601 0.04036 0.02655 0.02189

2019 0.19914 0.1112 0.07305 0.08591 0.04014 0.02622 0.02148
2002 2003 2004 2005 2006 2007 2008

LSDs (5%, 99686 df)

2009 *

2010 0.02016 *

2011 0.01978 0.01694 *

2012 0.02114 0.01851 0.01809 *

2013 0.02375 0.02145 0.02108 0.02237 *

2014 0.02336 0.02101 0.02065 0.02196 0.02448 *

2015 0.02268 0.02025 0.01987 0.02122 0.02382 0.02344 *

2016 0.02199 0.01948 0.01908 0.02049 0.02317 0.02278 0.02207

2017 0.02199 0.01948 0.01908 0.02049 0.02318 0.02278 0.02207

2018 0.02105 0.01841 0.01799 0.01948 0.02228 0.02187 0.02113

2019 0.02063 0.01792 0.01749 0.01902 0.02188 0.02146 0.02071
2009 2010 20m 2012 2013 2014 2015

LSDs (5%, 99686 df)

2016 *

2017 0.02137 *

2018 0.02040 0.02040 *

2019 0.01996 0.01996 0.01892 *

2016 2017 2018 2019




(2015 to 2018) (Figure 1(b)). The means for the two
data sets and the fold-difference for each year are
shown together in Table 1, with the EFSA mean
ranging from 1.74 times the ESA mean in 2011 to
1.23 times the ESA mean in 2013.

The EFSA data did show an overall slight fall in the
average acrylamide over the years 2011-2018, and
ANOVA (Table 3) showed that from 2015, when
the mean was 715 + 40.5, there was a significant fall
in acrylamide (p < .05, LSD) to 2016 (591 + 31.5), and
again from 2016 to 2017 (493 + 31.1). A slight rise
from 2017 to 2018 (505 + 28.5) was only marginally
significant (p < .05, LSD). As with the ESA data, the
85™, 90™ and 95" quantiles decreased more notice-
ably; indeed, this was even more pronounced in the
EFSA data (Figure 1(b)). Nevertheless, even the g5
quantile remained well above the 750 ng g
Benchmark Level at 821 ng g~ in 2018.

Observations exceeding the Benchmark Level for
acrylamide of 750 ng g™’

The ESA data show a steady reduction in the
proportion of samples with acrylamide exceeding
750 ng g ', the Benchmark Level set for potato
crisps in Commission Regulation (EU) 2017/
2158 (European Commission 2017) (Table 1,
Figure 2(a)). In 2002, more than 40% of samples
contained more than 750 ng g~ acrylamide but
by 2011 the proportion had fallen to 7.71%.
Although the proportion rose again in 2012 to
2016, it fell again after that, with years 2017 to
2019 having the three lowest proportions
recorded (7.35%, 6.46% and 7.75%). The distri-
bution of the 2019 data with respect to the 750
ng g ' level is shown in Figure 2(b). Notably, the
mean of the observations greater than 750 ng g~'
for each year has not yet fallen below 1000 ng
g ! (it was 1006 + 10.9 ng g ' in 2019), so
a small number of very large observations of
acrylamide are still occurring.

The EFSA data, which only cover the more
recent period of 2011 to 2018, also show evidence
of progress, with 19.32% of samples over 750 ng g~
in 2019, compared with 25.11% in 2011, although
the lowest figure was 19.00% in 2013 (Table 1).
However, the most striking aspect of these numbers
is how much higher they are than for the ESA data
(Table 1).
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Seasonality

Considering the time series over years of the
month-by-month averages (Figure 3(a)) and aver-
aging over months for the years 2002 to 2019
(Figure 3(b)) for the ESA data, there was a strong
trend of higher acrylamide levels from November
to June, followed by lower acrylamide from July to
October, when new season potatoes start to become
available (Table 4). May was the month when acry-
lamide levels were greatest, while the lowest level of
acrylamide was attained in August (Figure 3(b)).
ANOVA revealed highly significant (p < .001,
F-test) differences between the months. Table 5
shows the monthly log. data means and LSDs for
their comparison. The mean for August was only
marginally statistically lower than the mean for July
(p < .05, LSD), but both of these were statistically
different (p < .05, LSD) from the mean for
September, being the month with the next lowest
acrylamide levels.

This seasonality illustrates very clearly the
problems caused by the natural variability in
the potatoes that represent the primary raw
material for the manufacture of potato crisps.
Inevitably, it affects the proportion of samples
each month with more than the Benchmark
Level of 750 ng g ', and this is shown graphi-
cally for the years 2017 to 2019 in Figure 3(c).
Hence, while the overall proportion of samples
with more than the Benchmark Level of acryla-
mide in those years was between 6.46% and
7.75%, the monthly proportions ranged from
2.70% in August to 10.31% in November.

Despite the greater variability in the EFSA data,
seasonality was still apparent (Table 4), with sum-
mer mean acrylamide levels lowest in July at
443 + 459 ng g~' and winter levels highest in
March at 721 + 38.3 ng g '. However, the pattern
did diverge from that seen in the ESA data in that
the levels observed in January and February were
relatively low at 427 + 43.4 ng g~' and 454 + 33.8 ng
g', respectively, these being the only 2 months
where the levels in the EFSA data were lower than
in the ESA data. A higher percentage of observations
were greater than 750 ng g_1 in every month except
February for the EFSA data, with a maximum of
34.04% being more than the Benchmark Level in
December. ANOVA revealed highly significant
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Table 3. Analysis of variance of EFSA acrylamide data for potato crisps from 2011 to 2018 to show differences between years. (a) Mean
acrylamide (ng g_1) for each year on the natural log (to base e) scale and number of observations (n). (b) Least significant difference
(LSD) values on 2119 degrees of freedom at the 5% (p < .05) level of significance. The value for a particular comparison of the means is
given by reading along the appropriate row and up the appropriate column.

Year Mean (on log, scale) n
2011 5.929 223
2012 5.987 249
2013 5.762 221
2014 5.98 265
2015 6.175 254
2016 5.947 280
2017 5.684 337
2018 5.85 295
LSDs (5%, 2119 df)
2011 *
2012 0.1832 *
2013 0.1886 0.1837 *
2014 0.1806 0.1754 0.181 *
2015 0.1824 0.1772 0.1828 0.1745 *
2016 0.1784 0.1731 0.1788 0.1703 0.1722 *
2017 0.1716 0.1661 0.172 0.1632 0.1651 0.1607 *
2018 0.1764 0.171 0.1768 0.1682 0.1701 0.1658 0.1585 *
2011 2012 2013 2014 2015 2016 2017 2018

(p < .001, F-test) differences between the months.
Table 6 shows the monthly log. data means and
LSDs for their comparison. The highest mean, in
March, was significantly greater (p < .05, LSD) than
the means in May and November.

Crisp types

Three crisp types were represented in the ESA data
set: standard, thick cut, and ridge/wave. The stan-
dard and thick cut types had been produced from
a slice of potato with a flat or straight surface on
both sides (the two largest surface areas) of the
slice. Slice thickness for the standard type was typi-
cally between 0.127 cm and 0.165 cm, while the
thickness of the thick cut type was from 0.165 cm
to 0.216 cm. The ridge/wave type had been pro-
duced from a slice of potato of the same thickness
as the thick cut type but had a wave-, ridge- or
crinkle-cut design on one or both sides of the slice.

The mean, standard error of the mean, number
of values, mean of log. data, Q85, Q90 and Q95
quantiles, maximum values and the proportion of

samples with more than 750 ng g~' acrylamide for
the three different types for each year (2002 to
2019) in the ESA data set are given in Table 7.
The average LSD (5%) for comparing the means
on the log. scale is 0.1716. The raw means and
standard errors for each year are plotted in Figure
4, showing that in recent years there have been no
major differences between the crisp types apart
from a spike in thick cut crisps in 2018. However,
the thick cut and ridge/wave types had a higher
proportion of samples containing more than 750
ng g~ acrylamide: 10.2% and 9.9%, respectively, in
2019, compared with 6.7% for standard crisps, and
22.2% and 10.9 %, respectively, in 2018, compared
with 4.9% for standard crisps (Table 7).

Geographical effects

The ESA dataset was subdivided according to the
region of Europe (north, south, east or west) from
which the samples originated. The assignment of
countries to regions is shown in Table 8. The mean,
standard error of the mean, number of values,
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Figure 2. (a) Proportion (%) of samples of potato crisps containing more than 750 ng g~' acrylamide (the Benchmark Level set for
potato crisps in Commission Regulation (EU) 2017/2158 (European Commission 2017)) in European Snacks Association data for years
2002-2019. (b) Histogram of data on acrylamide in potato crisps (ng g~') provided by the European Snacks Association for 2019,
showing frequencies of observations within 50 ng g~' bands. The Benchmark Level of 750 ng g~' set in Commission Regulation (EU)
2017/2158 (European Commission 2017) is indicated. The percentage of observations greater than 750 ng g~' is shown.
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Table 4. Number of observations (n), mean (ng g~'), standard error of mean (SE), 85%, 90% and 95% quantile (Q85, Q90 and Q95)
values and proportion (%) of samples containing greater than 750 ng g~ for acrylamide in samples of potato crisps from Europe for
each month. (a) Data from 2002 to 2019 provided by the European Snacks Association (ESA), compiled from data supplied by European
manufacturers. (b) Data from 2011 to 2018 provided by the European Food Standards Agency (EFSA), compiled from data supplied by

European Union Member States.

(a)

Month n Mean SE Q85 Q90 Q95 % > 750
January 7639 464 39 730 863 1090 14.07
February 7578 473 4 760 906 1150 15.23
March 8956 477 4.1 750 880 1140 14.97
April 8930 459 37 723 850 1090 13.65
May 9523 482 44 762 920 1200 15.48
June 8015 426 38 672 810 1070 11.73
July 8082 312 29 480 581 769 5.13
August 7988 298 2.7 450 533 695 4.16
September 8498 321 238 480 582 760 5.14
October 8107 380 29 600 700 880 8.18
November 9026 424 33 670 790 1010 11.30
December 7362 431 35 683 796 980 11.76
(b)
Month n Mean SE Q85 Q90 Q95 % > 750
January 82 427 434 773 833 1048 15.85
February 181 454 338 727 865 1330 14.36
March 321 721 383 1244 1428 1926 31.78
April 170 576 439 1085 1277 1792 25.29
May 196 632 47.4 1024 1375 1857 27.04
June 158 557 62.2 1039 1292 2011 20.25
July 102 443 459 683 816 1161 10.78
August 99 504 47.6 934 1189 1599 21.21
September 162 465 42.7 879 1041 1497 20.99
October 132 500 38.7 985 1219 1492 20.45
November 249 608 328 1064 1265 1712 29.32
December 47 599 68.9 1100 1353 1581 34.04

proportion of samples with more than 750 ng g~
acrylamide and mean of log. data for acrylamide in
crisps originating from each region for each year
are given in Table 9. The average LSD (5%) for
comparing means on the log, scale is 0.1266.

The raw means and standard errors are plotted
in Figure 5, revealing important trends over the
most recent years. Our previous analysis (Powers
et al. 2017) showed levels of acrylamide in the north
and east to be generally higher than in the south
and west, and despite the levels in the north and
east moving progressively towards those in the
south and west, those in the north remained higher
than in the other regions right up to 2016. Analysis
of the more recent data showed the north contin-
ued to have the highest average value in 2017, but
by 2018 and 2019 the south had the greatest average
value, due partly to a striking improvement in the

north and partly to values in the south rising
slightly.

The progress made in the north and east was also
reflected in the proportion of samples with more
than 750 ng g~ acrylamide, which fell in the north
from 59.15% in 2012 to just 4.86% in 2019 and in
the east from 48.11% in 2008 to 4.90% in 2018
(Figure 6). In contrast, the lowest proportion of
samples with more than 750 ng g ' acrylamide in
the south was achieved in 2011, at just 3.06%, but
this had risen to 15.75% by 2019 (Figure 6).

Geographical factors combined with season-
ality to exacerbate the problem for manufac-
turers, with the proportion of samples
exceeding 750 ng g ' acrylamide in the south,
for example, averaging 17.60% in January over
the period 2017 to 2019, and in the north aver-
aging 16.14% in November over the same
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Table 5. Analysis of variance of European Snacks Association acrylamide data for samples of potato crisps from Europe for 2002 to 2019
to show differences between months. (a) Mean acrylamide (ng g_1) for each month on the natural log (to base e) scale and number of
observations (n). (b) Least significant difference (LSD) values on 99692 degrees of freedom at the 5% (p < .05) level of significance. The
value for a particular comparison of the means is given by reading along the appropriate row and up the appropriate column.

(a)

Month Mean (on log, scale) n
January 5.9273 7639
February 5.9453 7578
March 5.9416 8956
April 59117 8930
May 5.9307 9523
June 5.8119 8015
July 5.5216 8082
August 5.4954 7988
September 5.5669 8498
October 5.7397 8107
November 5.8428 9026
December 5.8663 7362
(b)
LSDs (5%, 99692 df)
January *
February 0.02058 *
March 0.01977 0.01982 *
April 0.01979 0.01983 0.01899 *
May 0.01950 0.01954 0.01869 0.0187 *
June 0.02030 0.02034 0.01952 0.01953 0.01924 *
July 0.02026 0.0203 0.01948 0.01949 0.0192 0.02001
August 0.02032 0.02036 0.01954 0.01955 0.01926 0.02007
September 0.02002 0.02006 0.01923 0.01924 0.01895 0.01977
October 0.02024 0.02029 0.01946 0.01948 0.01919 0.02000
November 0.01974 0.01978 0.01894 0.01895 0.01865 0.01949
December 0.02073 0.02078 0.01997 0.01999 0.0197 0.02049
January February March April May June
LSDs (5%, 99692 df)
July *
August 0.02003 *
September 0.01973 0.01979 *
October 0.01996 0.02001 0.01971 *
November 0.01944 0.01950 0.01919 0.01943 *
December 0.02045 0.02051 0.02021 0.02044 0.01994 *
July August September October November December

period (Table 10). This is shown graphically in
Figure 7(a), illustrating how seasonality affects
all of the regions, with acrylamide levels rising
slightly earlier in the year in the south than in
the other regions. Figure 7(b) shows similar
data from the 2011 to 2016 period (Powers
et al. 2017). Comparing the two plots shows
how much progress has been made, particularly
in the north, where the average proportion of
samples exceeding 750 ng g-1 acrylamide in

May over the earlier period approached 50%,
and exceeded 30% over the whole of the first
half of the year.

Discussion

Previous analyses of data provided by the European
Snacks Association on acrylamide levels in potato
crisps showed a clear downward trend from 2002,
the year in which the presence of acrylamide in
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Table 6. Analysis of variance of EFSA acrylamide data for potato crisps from 2011 to 2018 to show differences between months. (a)
Mean acrylamide (ng 9_1) for each month on the natural log (to base e) scale and number of observations (n). (b) Least significant
difference (LSD) values on 1887 degrees of freedom at the 5% (p < .05) level of significance. The value for a particular comparison of
the means is given by reading along the appropriate row and up the appropriate column.

(a)

Month Mean (on log, scale) n
January 5.684 82
February 5.757 181
March 6.203 321
April 5.905 170
May 6.014 196
June 5.654 158
July 5.743 102
August 5.756 99
September 5.623 162
October 5.829 132
November 6.025 249
December 6.021 47
(b)
LSDs (5%, 1887 df)

January *
February 0.2602 *
March 0.2419 0.1817 *
April 0.2629 0.2088 0.1854 *
May 0.2571 0.2015 0.1772 0.2049 *
June 0.2661 0.2129 0.1900 0.2160 0.2090 *
July 0.2900 0.2420 0.2222 0.2449 0.2387 0.2483
August 0.2919 0.2444 0.2248 0.2472 0.2411 0.2506
September 0.2650 0.2114 0.1884 0.2147 0.2076 0.2186
October 0.2749 0.2238 0.2021 0.2268 0.2201 0.2305
November 0.2489 0.191 0.1651 0.1945 0.1867 0.1988
December 0.3577 0.3201 0.3053 0.3222 03175 0.3248

January February March April May June

LSDs (5%, 1887 df)
July *
August 0.2758 *
September 0.2471 0.2494 *
October 0.2577 0.2599 0.2292 *
November 0.2298 0.2323 0.1973 0.2105 *
December 0.3447 0.3463 0.3239 0.3321 0.3109 *
July August September October November December

food was first reported (Tareke et al. 2002), to 2011,
followed by a plateau (Powers et al. 2013, 2017).
The inclusion of more recent data in the present
study showed that the plateau continued through to
2019, although the mean for 2018 was the lowest yet
recorded at 353 + 2.7 ng g '. This represented
a 54% decrease from 2002. Despite the plateau in
overall means, there was evidence of downward
progress in the Q85, Q90 and Q95 quantiles, the
proportion of samples with more than 750 ng g~
acrylamide and the number of samples with very
high levels.

The progress made between 2002 and 2011 was
due to measures such as improved control of cook-
ing temperature and duration, blanching (removal
of sugars and other soluble metabolites in hot water
before frying), vacuum frying, control of moisture
levels in the finished product, selecting appropriate
varieties for specific end uses, which for crisps
meant very low-sugar varieties used only within
their optimum storage window, and the careful
control of potato storage temperature and condi-
tions, as well as post-frying quality control based on
colour. Manufacturers also introduced checks on
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Table 7. Mean (ng g_1), standard error of mean (SE), number of values (n), mean of log. data, Q85, Q90, Q95, maximum value and
proportion (%) of samples >750 ng g~ for acrylamide by type and year in samples of potato crisps from Europe 2002 to 2019.

Ridge/wave
Year Mean SE n Mean log, Q85 Q90 Q95 Max % > 750
2002 751 90.9 40 6.346 1175 1530 2100 2500 40.0
2003 580 27.8 131 6.232 876 988 1128 2080 26.0
2004 656 29.5 283 6.3 1000 1234 1594 4450 26.5
2005 629 22.1 208 6.303 980 1087 1201 1780 303
2006 555 12,5 993 6.118 870 1000 1299 2830 21.1
2007 558 73 2739 6.123 867 996 1246 4710 21.0
2008 468 53 5206 5.893 770 900 1170 4300 15.6
2009 506 6.5 5420 5.888 895 1080 1440 6000 203
2010 439 4.8 8838 5.824 670 798 1060 12000 11.5
2011 344 28 9084 5.609 560 660 840 3090 6.9
2012 401 36 6850 5.791 620 746 960 4500 9.6
2013 429 4.7 4646 5.829 700 840 1100 2635 12.8
2014 395 39 4122 5.798 630 740 910 1800 9.2
2015 417 43 4929 5.835 640 759 990 2600 10.1
2016 394 43 5305 5.758 600 736 980 3200 9.4
2017 345 3.7 5246 5.628 527 614 826 4100 6.3
2018 332 29 6747 5.602 522 605 749 3600 49
2019 354 3.0 6500 5.686 560 662 817 3000 6.7
Thick cut
2004 * * * * * * * *
2006 1044 159.4 21 6.701 1740 2280 2745 2800 61.9
2007 1322 298.0 19 6.85 2220 2560 4415 5900 63.2
2008 701 754 47 6.287 1390 1500 1815 1900 319
2009 473 235 406 5.9 641 889 1300 4000 12,6
2010 383 15.7 514 5.71 592 656 856 3000 7.2
2011 483 10.6 939 5.963 788 939 1136 2400 17.1
2012 511 15.1 653 6.008 869 1062 1417 2150 18.2
2013 508 17.8 289 6.063 807 944 1118 2100 18.7
2014 387 13.2 410 5.789 595 685 829 2049 73
2015 401 30.7 91 5.817 584 675 1220 1510 77
2016 450 20.8 185 5.943 698 800 928 1680 1.4
2017 382 16.6 161 5.805 580 620 686 1550 43
2018 637 459 36 6.377 855 1074 1287 1410 222
2019 422 220 127 5.904 626 757 896 1600 10.2
Ridge/wave

2002 1010 790 2 6.445 2116 2274 2432 1800 50.0
2003 394 130.0 5 5.819 758 910 1063 910 20.0
2004 385 248 38 5.876 526 554 688 840 2.6
2005 544 744 22 6.121 986 1125 1300 1300 273
2006 663 29.9 137 6.361 1119 1190 1301 1960 30.7
2007 611 173 448 6.269 943 1087 1364 2500 237
2008 493 143 439 6.044 777 919 1100 2400 16.2
2009 471 11.9 667 5.982 728 850 1033 2800 13.6
2010 434 6.8 1619 5.918 640 720 918 3900 8.8
2011 364 5.6 2190 5.706 548 656 847 2700 6.9
2012 443 9.5 1153 5.877 740 881 1169 2520 14.5
2013 31 14.1 436 5.497 462 538 701 2550 4.6
2014 407 79 1178 5.811 680 787 980 1600 13
2015 441 8.2 1387 5.884 740 849 1050 2100 14.5

(Continued)
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Ridge/wave
Year Mean SE n Mean log. Q85 Q90 Q95 Max % > 750
2016 461 8.7 1774 5.894 734 870 1200 3400 143
2017 408 6.5 1856 5.817 640 769 950 2900 10.7
2018 413 6.2 2146 5.815 672 779 978 2647 10.9
2019 406 4.9 3122 5.822 634 750 928 2841 9.9

*No data present

The average LSD (5 %) for comparing means on the log, scale = 0.1716 on 99654 degrees of freedom.
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Figure 4. Overall mean acrylamide levels (ng g™") in samples of potato crisps of different types (standard, thick cut and ridge/wave)

shown over years from 2002-2019, with standard errors.

Table 8. Grouping of 25 European countries into geographic
regions (north, south, east and west) that formed the basis of
the regional analysis of acrylamide levels. Note that there were
no observations from Estonia, Luxembourg, Malta or Slovenia in
the dataset.

North South East West
Denmark Cyprus Bulgaria Austria
Finland Greece Croatia Belgium
Lithuania Italy Czech Republic France
Latvia Portugal Hungary Germany
Norway Spain Poland Ireland
Sweden Romania Netherlands
Switzerland

United Kingdom

potato sugar concentration at harvest, during sto-
rage and at the factory gate. The progress made in
recent years in reducing the number of samples
with more than 750 ng g~ acrylamide and the
number with very high acrylamide levels, compared

with the plateauing of the overall mean, suggests
that improvements in quality control measures
were responsible, rather than changes to processing
that would lower the amount of acrylamide form-
ing per se.

Processing measures introduced by manufac-
turers in recent years include pulsed electric field
technology. Our analysis showed no evidence that
this has been effective in reducing overall mean
acrylamide levels, perhaps because it has not been
adopted widely enough due to its impact on pro-
duct quality. Indeed, there was no suggestion from
the data that the mean could be reduced substan-
tially below where it has been since 2011, or that
acrylamide levels could be kept at or below the
Benchmark Level of 750 ng g~' all of the time. We
have stated previously that further progress in
reducing acrylamide levels in potato products will
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Figure 5. Overall mean acrylamide levels (ng g™") in samples of potato crisps in the ESA dataset from different regions of Europe (north,
south, east and west; Table 9), shown over years from 2002-2019, with standard errors.

require a step-change in the composition of pota-
toes; in other words the development of potato
varieties with much lower concentrations of redu-
cing sugars and/or free asparagine, that can be
stored cold without accumulating reducing sugars.
Such varieties, Innate® and Innate® Generation 2
(USDA-APHIS 2013, 2014), produced by the
Simplot Company, are already on the market in
the USA. These are genetically modified to reduce
expression of a tuber-specific asparagine synthetase
gene, ASN1, a phosphorylase L gene (PhL) and
starch-associated R1 gene (RI), as well as a gene
(PPO5) encoding polyphenol oxidase, an enzyme
involved in bruising (Rommens et al. 2008; Chawla
et al. 2012). Innate® Gen. 2 also carries resistance to
late blight disease (Phytophthora infestans) and has
reduced expression of a vacuolar invertase gene
(VInv) (USDA-APHIS 2014), which is linked to
cold and senescent sweetening in potatoes. The
VInv gene has also been targeted using a genome
editing technique, TALENs (transcription activa-
tor-like effector nuclease) (Clasen et al. 2016).
However, there is currently no prospect of GM or
genome edited potatoes being grown commercially
in the European Union (Halford 2019).

There was more evidence of progress when the
data were broken down into regions, with the north
and east regions showing strong improvement both
in the overall mean and in the proportion of sam-
ples below the 750 ng g~' Benchmark Level. On the
other hand, there was a suggestion of a slight
increase in levels in the south. The improvement
in the north in recent years was particularly strik-
ing. Previously, we have suggested that potatoes
grown in the north of Europe could be higher in
acrylamide-forming potential than those grown in
the other regions (Powers et al. 2017), with potato
composition perhaps being affected by the rela-
tively long day length of the northern summer, or
the shorter growing season, with potatoes being
harvested while still immature. The recent improve-
ment suggests that improved varieties have become
available, or that crisp manufacturers have switched to
imported potatoes. Alternatively, it is possible that
new technologies and more stringent quality control
measures have enabled manufacturers in the north to
compensate for the problems presented by the com-
position of the potatoes they use. The origin of the
potatoes used in the production of the samples that
were analysed was only provided in a very small
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Figure 7. Proportion (%) of samples in the ESA dataset with more than 750 ng g~" acrylamide each month for geographic regions of
Europe over periods. (a) 2017-2019. (b) 2011-2016 (Powers et al. 2017).

proportion of the total, so it was not possible to con-
clude which, if any, of these explanations accounted
for the improvement.

Seasonality continued to exacerbate the problem
for manufacturers, as a result of the entirely natural
tendency for potatoes to accumulate glucose and

fructose in response to cold storage (cold sweetening)
and the emergence from dormancy (senescent sweet-
ening), caused in both cases by an increase in vacuolar
invertase (VInv) activity (Zhu et al. 2014; Clasen et al.
2016; Wiberley-Bradford and Bethke 2018). Senescent
sweetening also involves starch breakdown by
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Table 10. Proportion (%) of samples of potato crisps with more
than 750 ng g~ acrylamide for each month for the period 2017
to 2019.

Month North South East West
January 5.64 17.60 11.60 8.44
February 12.94 13.10 9.35 8.87
March 8.42 11.86 7.90 7.08
April 11.48 11.49 3.67 6.42
May 14.41 12.36 5.68 6.23
June 6.83 11.01 3.35 7.95
July 5.13 9.09 1.85 333
August 5.15 6.86 0.47 2.11
September 4.40 14.47 4.40 2.30
October 8.96 15.15 7.08 4.5
November 16.14 15.79 11.75 7.75
December 5.11 14.40 9.14 7.34

phosphorylase L (PhL) and starch-associated RI.
Potato storage in the European Union has recently
been made more difficult by the loss of the storage
industry’s preferred sprout suppressant, chlorprop-
ham (CIPC; isopropyl N-(3-chlorophenyl)carba-
mate), which did not gain re-approval for use from
the European Commission’s Standing Committee on
Plants, Animals, Food and Feed in 2019. CIPC was
used together with maleic hydrazide, another growth
regulator applied as an in-field foliar spray. An

effective alternative to CIPC, 1,4-dimethylnapthalene
(DMN), which has been used in the USA for many
years, has been approved at EU level but has not
received national registration in all EU Member
States as yet. Another possible alternative is ethylene,
which is effective in cold storage but becomes ineffec-
tive as soon as the potatoes are removed from the
store. Previously it has been used for French fry
but not crisping potatoes. Another alternative is
spearmint oil, the active ingredient of which is
a terpenoid, R-carvone (C,oH;40), but spearmint oil
is relatively expensive compared with CIPC, less effec-
tive, particularly for medium and long-term storage,
and has a strong aroma with the potential for tainting
the final product.

It may take some time for the storage industry to
come to terms with the loss of CIPC (Paul et al.
2016), and it is possible that some of the progress
made in reducing acrylamide levels in potato pro-
ducts may be reversed until it does. In any case,
seasonality will remain a problem and must be
taken into account if changes to the regulatory
situation are being considered.

The combination of geographical and seasonal
factors continued to have a profound effect on the
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Figure 8. Correlation between yearly means for ESA and EFSA data (r = 0.458, n = 8, p = .254, F-test). The pairs of means are plotted

with standard errors and labelled by year.



proportion of samples exceeding the 750 ng g '
Benchmark Level for acrylamide, with the propor-
tion reaching almost 18% in the south over the 2017
to 2019 period. However, this aspect of the data
showed perhaps the most striking illustration of
progress when compared with the 2011 to 2016 per-
iod, during which the proportion of samples exceed-
ing 750 ng g ' acrylamide in the north was more
than 30% for the whole of the first half of the year,
peaking at almost 50% in May.

In 2017 we reported that the type of crisp, i.e.
standard, thick cut, or ridge/wave, had little effect
on the level of acrylamide that forms (Powers et al.
2017). Acrylamide levels were higher in the thicker
types of crisp in the first years for which data were
available, despite the thicker types (thick cut and
ridge/wave) having a lower surface area to volume
ratio, but the difference had disappeared by 2016,
suggesting that manufacturers had devised and
applied measures to counterbalance any effects of
the different crisp designs. The present study
showed that this continued from 2017 to 2019,
but did reveal that the thicker crisp types had
a higher proportion of samples with more than
the 750 ng g ' Benchmark Level than standard
crisps. Notably, the proportion of thick cut crisp
samples that exceeded the 750 ng g~ Benchmark
Level in 2018 was 22.2%.

In previous studies (Powers et al. 2013, 2017) we
noted a marked discrepancy between the data pro-
vided by ESA and the data compiled by EFSA. The
trend of levels of acrylamide in the EFSA data being
consistently higher than in the ESA data continued
through the 2017 to 2019 period. The Pearson
correlation between EFSA and ESA mean data is
not strong, r = 0.458 (n = 8, p = .254, F-test), but the
plot of the pairs of means (Figure 8) shows general
positive correspondence over the years apart from
2011 and 2013. In particular, the two most recent
years where data were available for both organisa-
tions, 2017 and 2018, conform somewhat better,
albeit of course with the discrepancy between the
overall magnitudes. We have suggested previously
(Powers et al. 2017) that the discrepancy could be
partly explained by the fact that the EFSA sampling
is not carried out evenly throughout the year, with
relatively few samples coming from July to
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September, when acrylamide levels would be
expected to be at their lowest. However, comparing
the monthly means for the two datasets (Table 4)
shows the EFSA mean to be higher than the ESA
mean for every month except January and
February, so sampling time can be ruled out. The
ESA data were supplied entirely by companies that
are members of the European Snacks Association
(ESA), and awareness of the FoodDrinkEurope
Toolbox measures (FoodDringEurope 2019)
amongst those companies is high. However, if that
were the explanation, the gap between the ESA and
EFSA means might be expected to narrow as more
non-ESA manufacturers adopted the measures
described in the Toolbox. The EFSA data set is, of
course, a fraction of the size of the ESA data set, and
therefore more likely to show statistical bias, and
that could be part of the explanation. We therefore
strongly recommend that the EFSA data set should
not be the only one to be taken into consideration
when important decisions on regulations or other
risk management measures are made. However,
one aspect that both data sets shared was the
decline in the Q85, Q90 and Q95 quantiles, illus-
trating the progress that has been made in reducing
the number of samples containing very high levels
of acrylamide.
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