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Abstract

The consumption of psychoactive substances is considered a growing problem in many
communities. Moreover, new psychoactive substances (NPS) designed as (legal)
substitutes to traditional illicit drugs are relatively easily available to the public through
e-commerce and retail shops, but there is little knowledge regarding the extent and
actual use of these substances. This study aims to gain new and complementary
information on NPS and traditional illicit drug use at six music festivals across Europe by
investigating wastewater and pooled urine. Samples were collected, between 2015 —
2018, at six music festivals across Europe with approximately 465.000 attendees.
Wastewater samples were also collected during a period not coinciding with festivals. A
wide-scope screening for 197 NPS, six illicit drugs and known metabolites was applied
using different chromatography-mass spectrometric strategies. Several illicit drugs and
in total 21 different NPS, mainly synthetic cathinones, phenethylamines and
tryptamines, were identified in the samples. Ketamine and the traditional illicit drugs,
such as amphetamine-type stimulants, cannabis and cocaine were most abundant
and/or frequently detected in the samples collected, suggesting a higher use compared
to NPS.

The analyses of urine and wastewater is quick and a high number of attendees may be
monitored anonymously by analysing only a few samples which allows identifying the
local profiles of use of different drugs within a wide panel of psychoactive substances.
This approach contributes to the development of an efficient surveillance system which

can provide timely insight in the trends of NPS and illicit drugs use.

Keywords: lllicit drugs, New Psychoactive Substances, Wastewater-based epidemiology,

Pooled urine, Wastewater, Music festivals.

3/34



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

1. Introduction

New psychoactive substances (NPS) are compounds designed to mimic effects of
traditional internationally controlled drugs. Since 2005, around 700 NPS have been
introduced into the European drug market (EMCDDA, 2015). This high number and the
potential health and social risks these new drugs present are considered to be of
alarming concern. NPS can be purchased through online vendors and smart shops, either
individually or as mixtures, where they are frequently sold without or with misleading
information about their effects and safety. Hence, users often do not know what they
really consume. Also due to the high number and rapid transience of substances, it is
difficult for healthcare professionals and toxicologists to assess the risks associated with
consumption.

There is little knowledge regarding the extent and actual use of NPS (EMCDDA, 2018a).
Data obtained from general population surveys on drug use, national Early Warning
Systems (EWS) and searches on the open internet or dark web provide valuable but
somewhat limited information. These data sources provide information on the dynamics
of the NPS market, but it is difficult to derive any measurement of the amounts used.
Understanding the actual use of each individual NPS is essential for correctly assessing
the risks, and facilitate harm reduction, prevention and law enforcement activities. This
highlights the need of applying alternative and complementary approaches to monitor
NPS consumption such as targeted surveys or drug testing services at specific settings.
The analysis of biological samples from individuals is expensive, time consuming and
requires consent. Wastewater and pooled urine analysis, however, can provide
anonymised, but comprehensive information on community-wide use of NPS and illicit
drugs (Archer et al., 2014a, 2013; Bade et al., 2017; Gonzalez-Marifio et al., 2016; Ort et
al., 2018). Pooled urine samples taken from portable urinals and/or toilets have the
advantage over municipal wastewater in that sample collection is carried out closer to
the point of actual excretion (Archer et al., 2014a), which reduces uncertainties
associated with in-sewer stability (i.e., during transport in the sewer system) and
dilution from water used in households, industry or surface runoff during wet weather.
Data derived from the analysis of wastewater can provide quantitative information on

substance use normalized to the population contributing to the sample (Ort et al., 2014;
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Zuccato et al., 2008). This information can integrate the existing epidemiological data
due to the unique ability to provide objective and updated information on the actual
drugs having been consumed at specific events (EMCDDA, 2016a; Ort et al., 2018). This
information is highly complementary with information on frequency of use, route of
administration, the type of users or the purity of the drugs that can be provided only
through other epidemiological drug use indicators (Lancaster et al., 2019). This
approach, known as wastewater-based epidemiology (WBE), has been embraced as an
additional drug use indicator by many scientists and organizations such as the European
Monitoring Centre for Drugs and Drug Addiction (EMCDDA)(EMCDDA, 2018b, 201643;
Gracia-Lor et al., 2017; Ort et al., 2018, 2014).

Monitoring NPS in pooled urine or wastewater is challenging because prevalence of use
is generally low and there is a lack of data on their biotransformation. Low use generally
translates to low concentrations of the NPS (and/or metabolites) in the samples, which
gives rise to analytical challenge. Advanced analytical instrumentation and updated
methodologies can be efficiently applied for the screening of a large number of NPS in
complex-matrix samples (Bijlsma et al., 2019; Hernandez et al., 2018), while targeting
sample collection settings at user populations increase the success rate of identifying
NPS and their metabolites. Studies focused on nightlife settings and festivities, such as
music festivals, have reported higher rates of drug use (Bijlsma et al., 2014b; EMCDDA,
2018b; Hoegberg et al., 2018; Mohr et al., 2018; Riley et al., 2001). Hence, music festivals
can be very suitable as targeted settings for the collection of pooled urine or wastewater
to assess the use of NPS and illicit drugs.

In this study, a novel approach was applied to generate more knowledge on the actual
use of psychoactive substances. By monitoring both NPS and traditional illicit drugs in
pooled urine or wastewater a unique picture was obtained about which psychoactive
substance were used during specific recreational occasions. This strategy has the
potential to reveal possible large scale substitution of illicit drugs by specific NPS and act
as a direct surveillance tool. To this aim, wastewater samples or pooled urine samples
were collected from six music festivals in six countries across Europe. Data acquisition
and processing was performed applying a strategic analytical workflow based on low-

and high-resolution mass spectrometry coupled to liquid chromatography. The results
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2. Material and methods

2.1. Chemicals and reagents

Thirty five psychoactive substances and 17 isotopically labelled analogues were used for
quantitative analysis. Reference standards were purchased from Cerilliant (Round Rock,
TX, USA) and Cayman Chemical Co. (An Arbor, MI, USA). The compounds selected were:
amphetamine, benzoylecgonine (BE, the main metabolite of cocaine), buphedrone,
butylone, cocaine, ethylone, ketamine, mephedrone, methamphetamine,
methcathinone, methedrone, methoxetamine, methylenedioxypyrovalerone (MDPV),
methylone, N-ethylcathinone, naphyrone, ephenidine (NEDPA), 3,4-
methylenedioxymethamphetamine (MDMA), 11-nor-9-carboxy-A9-
tetrahydrocannabinol (THC-COOH, the main metabolite of cannabis) 3,4-
methylenedioxy-N,N-dimethylcathinone (bk-MDDMA), 4-bromo-2,5-dimethoxy-N-(2-
methoxybenzyl) phenethylamine (25-B-NBOMe), 4-chloro-2,5-dimethoxy-N-(2-
methoxybenzyl) phenethylamine (25-C-NBOMe), 4-ijodo-2,5-dimethoxy-N-(2-
methoxybenzyl)phenethylamine  (25-I-NBOMe),  4-isopropyl-2,5-dimethoxy-N-(2-
methoxybenzyl)phenethylamine (25-iP-NBOMe), 4-methyl-a-
pyrrolydinopropiophenone (4-MePPP), a-pyrrolidinopentiophenone (a-PVP),
dimethylpentylone  (bk-DMBDP), p-methoxymethamphetamine (PMMA), 2-
phenethylamine, 3,4-dimethoxy-a-pyrrolidinopentiophenone (3,4-DiMeO-a-PVP), 3,4-
dimethylmethcathinone (3,4-DMMC), 4,4'-dimethylaminorex (4-4’-DMAR), 4-chloro-a-
pyrrolydinopropiophenone (4-chloro-a-PPP), 4-fluoromethcathinone (4-FMC) and 4-
methylethcathinone (4-MEC). More specific information on the isotopically labelled

analogues and chemicals used can be found in the supplementary information (Sl).

2.2. Sample collection

Wastewater samples or pooled urine samples were collected at music festivals across
Europe. Collecting samples from festivals is challenging and requires a good
communication between operators. The success usually depends on the willingness of
organizers, volunteers and wastewater treatment operators to provide samples,
therefore no restrictions were set to the type of sample which could be collected. As
agreed with the organizers and considering basic ethical principles (Hall et al., 2012;

Prichard et al., 2014), data on the name and location of the festivals was anonymised.
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Only their more relevant characteristics e.g. country, music genre and number of
attendees are reported (Table 1). Disclosure at a research ethics committee and the Data

Protection Agency was not required, since the study included anonymous data only.

2.2.1. Urine samples

Pooled urine samples were taken from portable urinals and/or toilets at three music
festivals in UK, Belgium and Norway during 2015, 2016 or 2017 (Table 1). Grab samples
were collected at several locations and time points (days or hours) throughout the
festivals. Samples were drawn within 12 h from internal storage tanks, connected to
male urinals or portable toilets with a 50 mL syringe. Samples were immediately placed
on ice, to minimize possible degradation, and were transported within 12 h to the
laboratory where they were stored in the dark at -20 °C. In total, 56 pooled urine

samples were collected and analysed.

2.2.2. Wastewater samples

Wastewater samples were collected from the urban sewer network during three music
festivals in Portugal, Serbia and Spain during 2017 or 2018 (Table 1). 24-h composite
wastewater samples were collected using a time-proportional sampling mode (1L, every
hour). In addition, daily samples were collected during a one week control-period not
coinciding with the festivals. All samples were collected at refrigerated conditions (4 °C),
transported to the laboratory immediately, and stored in the dark at -20 °C. In total, 36

wastewater samples were collected and analysed.

2.3. Sample pre-treatment

The procedure used for urine samples was adapted from the literature (Matabosch et
al., 2014). Briefly, 1 mL of pooled urine was spiked with a mixed surrogate internal
standards and hydrolysed with 16 pL of B-glucuronidase from E. Coli K12 (140 Units / mL
at 37 °C), buffering the sample with 400 pL of phosphate buffer adjusted to pH = 7. After
incubating for 1 h at 55 °C with constant stirring, samples were frozen for 3 h in order to
remove proteins and lipids by precipitation. Finally, samples were centrifuged at 12000

rpm for 10 min and the supernatant was injected into the LC-MS systems.

All wastewater samples were pre-concentrated by performing Solid Phase Extraction

(SPE) using two types of cartridges (Oasis HLB and Oasis MCX), which resulted in two
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extracts. This allowed widening the number of substances investigated with different
physicochemical (acid, neutral or basic) properties i.e. NPS, traditional drugs and/or
potential metabolites. Briefly, 100 mL of influent wastewater sample was loaded on the
cartridges, previously spiked with a mixed surrogate internal standards and
subsequently centrifuged for 5 min at 6000 rpm. Oasis HLB cartridges were conditioned
with 6 mL of methanol and 6 mL of Milli-Q water, vacuum-dried for 10 min after sample
percolation, and eluted with 5 mL of methanol. For the extraction with Oasis MCX,
samples were acidified at pH 2. MCX cartridges were conditioned with 6 mL methanol,
3 mL Milli-Q water, and 3 mL acidified water (pH 2), and after percolation washed with
acidified methanol (pH2) and vacuum-dried for 10 min. The analytes were eluted with 5
mL of methanol (2% ammonia). Both HLB and MCX eluates were evaporated to dryness
under a gentle nitrogen stream and reconstituted to 1 mL with methanol:water (10:90
v/v). Finally, the two extracts were injected into the LC-MS systems for both qualitative
and quantitative analysis. More details on sample pre-treatment of wastewater can be

found elsewhere (Bade et al., 2017; Bijlsma et al., 2014a).

2.4. Chemical analysis

In this work, a notable number of samples from different festivals and countries were
analysed. In order to homogenize analytical procedures as much as possible, all analyses
were centralized in two laboratories, Mario Negri Institute (MNI) Milan, Italy and the
University Jaume | (UJI) Castellon, Spain. Both laboratories performed a qualitative
screening based on liquid chromatography (LC) coupled to high resolution mass
spectrometry (HRMS), using a Q-Orbitrap (MNI) or QTOF (UJI) mass analyser, as well as
a quantitative target analysis, based on LC coupled to tandem mass spectrometry
(MS/MS) with triple quadrupole (QgQ) mass analyser. The UJI performed analysis of all
pooled urine samples from the UK, Belgium and Norway, as well as wastewater from
Portugal and Spain. MNI analysed pooled urine from Norway, as well as wastewater
from Portugal and Serbia. Thus, the samples from Norway and Portugal were analysed

by both laboratories, and the rest of the samples just by one laboratory.

Qualitative analyses of pooled urine and wastewater samples (i.e. two SPE extracts, HLB
and MCX, in the case of wastewater) were performed using LC-HRMS with a Q-Orbitrap

or QTOF mass analyser. In the latter, ion mobility spectrometry (IMS) was also
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incorporated to improve the performance of the instrument. 197 NPS were screened
using an in-house database (Table S1). Information was collected by reviewing the EWS
reports most recently published from EMCDDA (EMCDDA, 2018c), the United Nations
Office on Drugs and Crime (UNODC)(UNODC, 2017), and the scientific literature. More
details on the analytical strategy, identification criteria, the database and a list of

references consulted can be found in the Sl and online (NPS-Euronet, 2018).

Quantitative analysis of the classical drugs and a selection of NPS (mostly synthetic
cathinones) was performed using LC-MS/MS. Table S2 show the limits of detection
(LOD) and limits of quantification (LOQ) for quantitative analysis of up to 35
psychoactive substances and metabolites in wastewater and pooled urine. The
guantitative procedures were adapted for the analysis of pooled urine, as the original
methods were developed for wastewater analysis. Specific information on analytical
methods can be found elsewhere: at UJI the analyses of drugs and NPS were performed
using the methodologies described by (Bade et al., 2017; Bijlsma et al., 2014a; Celma et
al., 2019) whereas at MNI the analyses of drugs and NPS were done using the

methodologies by (Gonzalez-Mariiio et al., 2016; Zuccato et al., 2016).

Quality of the data generated was supported by the analysis of internal quality controls
(samples spiked at different analyte concentrations) in each sequence. In the particular
case of illicit drugs in wastewater (amphetamine, methamphetamine, MDMA, BE, THC-
COOH), the laboratories participated and passed successfully the annual inter-

laboratory comparison exercises coordinated by SCORE (van Nuijs et al., 2018).
2.5. Wastewater data treatment

WBE consists of several consecutive steps that allow the quantification of drug
biomarkers in wastewater and the back-calculation of the amount of the corresponding
drugs consumed by the population served by a wastewater treatment plant (Castiglioni
et al., 2014; EMCDDA, 2016a; Zuccato et al., 2008). In the present study the amount of
each substance measured (either parent drug or metabolite) was used to assess the
consumption. These amounts of drug use (mass loads) normalized to the population were

calculated as follows:
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Normalized mass loads =

Normalized mass loads (mg/day/1000 population) = mass loads (g/day) normalized to the
population

C = concentration of each drug in wastewater sample (ng/L)

F = measured flow rates of wastewater (m3/day)

p = population contributing to the sample

Mass loads were normalised to the population using census data of the number of
inhabitants and census data on inhabitants plus festival attendees. The best practice
protocol available to perform WBE studies was used in order to keep results uncertainty
low and ensure reliability and comparability of results (Castiglioni et al., 2014; EMCDDA,
2016a; Gracia-Lor et al., 2017).
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3. Results

3.1. Psychoactive substances in pooled urine

Chemical analysis of urine samples was performed by using a quantitative LC-MS/MS
method, which included 35 compounds as target analytes. In addition, a complementary
set of data could be obtained by performing a qualitative screening of the samples for
around 200 NPS making use of HRMS. Although, it was not possible to correlate
concentrations with the number of attendees, calculate daily loads, or even establishing
unequivocal trends in use, due to the difficulties to know the total volume collected in
urinals/toilets and the number of persons contributing to the samples, interesting
information could be derived from the quantitative data obtained especially from
individual samples. Yet, this data should be considered as indicative only.

Figure 1 shows the concentrations measured for each drug and the sum of all NPS.
Detailed concentrations of each drug and NPS measured in the individual pooled urine
samples are reported in Tables $3-56. It is noteworthy, that urine samples from Norway
were collected from portable toilets used by both male and female visitors, whereas
urine samples from the UK and Belgium were collected from urinals designed for men
only, and thus does not represent all festival attendees.

The traditional drugs cocaine and its metabolite BE, MDMA (ecstasy) and the cannabis
metabolite THC-COOH were quantified in all pooled urine samples. In the samples
collected in the UK, high concentrations of cocaine were found showing some
unexpectedly high cocaine:BE ratios in several samples collected on 2015, which might
indicate direct disposal of cocaine (Bijlsma et al., 2012; Postigo et al., 2010; Van Nuijs et
al., 2009). MDMA was measured at highest concentrations in the UK and Belgium
compared to the other traditional drugs, such as cocaine and cannabis, whereas in
Norway, MDMA was found at lower concentrations compared to cocaine. Amphetamine
and methamphetamine were detected in all pooled urine samples, but their levels were
only sufficiently high in Norway to allow for accurate quantification, indicating a possible
different pattern of use for these substances in this country.

Concentrations of NPS in pooled urine were in general lower than those found for
traditional drugs. In the samples collected in the UK, no large differences were observed
between concentrations of NPS measured in 2015 and 2016, but in terms of number of
compounds and frequency of detection, more NPS were found in 2015 (Table 2 and
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Tables S$3-S4). Furthermore, although quantitative information from pooled urine
samples should be interpreted cautiously as indicated above, it seems interesting to
mention the increase of ketamine concentrations in 2016, a controlled drug, which is
reported together with the NPS in this study, as we wanted to distinguish it from the
traditional illicit drugs. In addition, methoxetamine, a ketamine analogue was also
detected in 2016. Overall, considerably fewer NPS were found in Belgium and Norway
(Tables S5-S6) compared to the UK (Tables $3-S4). This fact can also be easily deduced

from Table 2 by comparing the green boxes for the three countries.

3.2. Psychoactive substances in wastewater

Figure 2 shows the loads of the most prevalent substances measured over one week
during the festival week (solid line) and a normal week (dotted line). Tables $7-S12
report the mass loads (g/day) of each drug and NPS measured in the individual
wastewater samples.

In Portugal (Figure 2A, Tables S7 and S8) the increase in mass loads of THC-COOH, the
main metabolite of cannabis, during the festival was most notable (approximately 10
times). Furthermore, several NPS (3,4-DMMC; a-methyltryptamine; buphedrone,
mephedrone, methcathinone and ketamine) were identified in wastewater and another
four substances (2-phenethylamine; 25-E-NBoMe; 4-chloro-a-PPP; DOiP) were detected
but their identity could not be confirmed due to the absence of a reference standard or
the low concentrations present in the samples (Table 2). Only four out of the six
compounds confirmed could be quantified, i.e. their concentrations were above the LOQ
of the method. (Table S7). It is noteworthy that NPS were found in wastewater only
during the music festival. Thus, the wastewater samples collected during six days that
did not coincide with a festival or other special event did not contain any of the NPS
investigated. (Table S8).

In Serbia (Figure 2B, Tables S9 and $10) MDMA is clearly the most prevalent substance
during the festival, whereas mass loads of amphetamine and cocaine were in the same

I”

order of magnitude as during the “normal” week. The highest mass loads of MDMA were
actually determined on Sunday, two days after the festival. This is rather unexpected,
taking into account its relatively short half-life of MDMA. A possible explanation for the

high mass loads of MDMA in the weekend just after the festival could be that festival
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attendees stayed over for the weekend and organized after-parties or entered night life
together with the local residents. However, there is no evidence to support this
hypothesis. Furthermore, MDA was also found. MDA is available on the illicit market and
could be present due to the consumption of this drug. However, it is also a known minor
metabolite (7% of a dose) of MDMA (Castiglioni et al., 2008) and was therefore also
related to increased consumption of MDMA during another festival (Bijlsma et al.,
2014b). Unfortunately, THC-COOH was not analysed in these samples, and despite the
Serbian festival being the largest festival sampled within this study, only a few NPS were
found and at low concentrations (resulting in low loads).

In Spain (Figure 2C, Tables S11 and S12), the use of MDMA, cocaine and ketamine

IH

considerably increased during the festival compared to the “normal” week. High weekly
loads, especially for MDMA and cocaine, were also observed in wastewater during
another Spanish music festival back in 2008 (Bijlsma et al., 2014b). This might indicate

little or no shift in the types of drugs consumed over the years.

3.3. Overall number of NPS detected

The presence of 197 NPS and metabolites (Table S1) were screened by HRMS in the
pooled urine samples and wastewater samples collected. In addition, several other NPS
and metabolites ie. ethylone, 5-APB, dehydronorketamine, hydroxynorketamine,
dihydromephedrone and 2 metabolites of a-PVP (M-264 and M-234) were investigated
retrospectively. Retrospective analysis consists into reprocessing the accurate-mass full-
spectrum acquisition data obtained by HRMS to search for new substances, without the
need to carry out new analysis, but with the assumption that substances were recovered
during sample treatment, at least partially. This permits the screening to be further
widened when new information is available or in order to gain more confidence of the
presence of certain compounds e.g. by screening for their metabolites (Bijlsma et al.,
2013). In this way, ethylone was retrospectively detected by UHPLC-IMS -QTOF. It could
also be confirmed, since a reference standard was obtained, but not quantified because
at the time of analysis the quantitative method was not fully validated for this NPS.
When applying wide-scope screening methodologies, false negatives cannot be
discarded, as the method cannot be validated/tested for all compounds monitored. On

the contrary, the value of the accurate-mass full-spectrum for the reliable identification
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of the compounds detected in samples notably decreases the chance to report false
positives. Table 2 gives a complete overview of the NPS identified in the samples. Most
of the NPS found in pooled urine and wastewater were already included in the target
LC-MS/MS methods applied, and therefore their reference standards were available in
our laboratories. In this way, the confirmation of the identity of the compounds found
was feasible for the great majority of them (green boxes). In some cases, however, the
low analyte concentration prevented the confirmation because only one of the MS/MS
transitions, commonly the most abundant (Q, quantification transition), was observed
(blue boxes) (see Table S2 for LODs and LOQs of the quantitative methods applied). The
in-parallel application of HRMS screening to the same samples did allow to confirm most
of findings reported by the LC-MS/MS methodology, and additionally to identify other
NPS not included in the target quantitative analysis such as 25-E-NBoMe, a-

methyltryptamine and DOIP.
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4. Discussion

4.1. Main findings

Wastewater and pooled urine analysis permitted the investigation of NPS and traditional
illicit drugs use during music festivals across Europe. The most prevalent substances
were cocaine and especially MDMA, which was measured at high concentrations in
pooled urine from the UK and Belgium and in wastewater from Serbia and Spain. Specific
local patterns of use were observed in Norway, where amphetamine and
methamphetamine were found at the highest concentrations. In fact, they were the only
pooled urine samples where these two drugs could be quantified. Results from
wastewater analysis showed a notable increase in mass loads of the cannabis biomarker
during the festival week in Portugal (around 10 times higher than the week that did not
coincide with the festival; see Tables $7 and S8 for comparison). A similar behaviour was
observed in Spain, although the increase in loads was not so evident (around 3 times
higher, see Tables S11 and S12). An increase in ketamine loads was also observed in
Spain during the festival. Mass loads of the cannabis and cocaine biomarker remained
high well after the festival, specifically in Portugal. This may due to the delay in excretion
or a longer in-sewer residence time of the sample.

NPS concentration levels were far lower than cocaine and MDMA levels in all the
samples. In pooled urine, most NPS were detected in the UK. Thus, several compounds
such as 4-FMC, 4-MEC, a-PVP, butylone, ethylone and MDPV were only found in these
samples. In wastewater, NPS were mainly found during the days of festivals indicating a
recreational use that increases during specific events. Yet, the use of NPS seemed less
widespread, this may be due to the high number of substances sold on the recreational
market and the difficulty to identify them, but can also highlight the actual use of specific
substances in cases where consumers are not perfectly aware of what they are taking
as known for festivals goers. The combination of different drug-use indicators in future

investigations would be very useful to clarify this issue.

4.2. Comparison with other sources
Relatively high concentrations of MDMA (ecstasy) were measured in pooled urine,
especially in the UK and Belgium, compared to biomarkers of other drugs such as cocaine

and cannabis. This indicates a higher consumption of this ‘party’ drug at these
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recreational settings, which is in line with the high concentrations of MDMA in urine
samples observed during a large dance festival in Belgium in 2015 (Gremeaux and
Plettinckx, 2017). The relatively high mass loads of MDMA could be, in part, also
explained by the high purity of seized ecstasy tablets (Gremeaux and Plettinckx, 2017).
Furthermore, higher MDMA consumption was also linked to a big dance party in the
Netherlands (van der Aa et al., 2013).

The relatively high mass loads found for ketamine in wastewater from Spain during the
festival week is worth to notice. This compound was also detected in wastewater from
Portugal, although the low analyte concentrations did not allow its quantification.
Ketamine is getting more popular in special events, and its presence was reported
during a street festival in the Netherlands (Causanilles et al., 2017) and in Italy, where
mass loads in Milan increased from 1 to 3.6 g/day in 2008 - 2014 (Castiglioni et al., 2015).
Furthermore, it was found in almost all pooled urine samples analysed in this work. The
high prevalence in Spain, the larger proportions found in Belgium by Gremeaux and
Plettinckx (Gremeaux and Plettinckx, 2017) and the increased concentrations found in
pooled urine from the UK, might indicate an upcoming trend of this drug, especially in
these recreational settings.

In Portugal, the increase in mass loads of cannabis biomarker (approximately 10 times)
in wastewater coincided with information obtained from a survey undertaken during
the same festival. Among the interviewed attendees (n = 887), 8.5% admitted to have
consumed cannabis within the last 48h, whereas only 4% and 3% admitted having
consumed cocaine and MDMA, respectively (Calado et al., 2017). The prevalence of NPS
use was less than 1% i.e. 3 persons claimed to have taken synthetic cannabinoids and
only 1 person reported the use of piperazine in the last 48h. There was no self-reported
use of phenethylamines or synthetic cathinones, yet up to 10 NPS were identified in
wastewater, of which 6 NPS could be confirmed and 4 quantified (i.e. 3,4-DMMOC,
buphedrone, methcathinone and mephedrone). This suggests a certain prevalence in
the consumption of these substances.

Several NPS were detected in pooled urine samples collected from portable urinals.
However, methiopropamine (MPA) and 5-(2-aminopropyl)benzofuran (5-APB) were not
found in this study, whereas they were consistently identified in other pooled urine

samples from the UK, including a music festival in 2014 (Archer et al., 2014b; Kinyua et
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al., 2016). This might be related to the legal response to NPS in the UK, where a special
Psychoactive Substances Act was established in 2016 (EMCDDA, 2016b) and might also
explain the absence of the cathinones 4-FMC, 4-MEC, ethylone and MDPV in 2016.
However, NPS are quickly replaced by new substances, which might not have been
included in our database and consequently missed in the screening. Furthermore,
mephedrone has been detected in this study, although the EMCDDA reports that its use
in the UK had been decreasing for some years prior to this legal response (EMCDDA,
2018d, 2016b). Overall, considerably fewer NPS were found in pooled urine from
Belgium and Norway compared to the UK. This information could indicate lower use of
NPS, which is in line with reports of the Global Drug Survey (GDS, 2016). Belgium
implemented in 2014 lists of tightly defined ‘generic’ groups of substances, rather than
individual drugs, to broaden the coverage of their existing drug laws (EMCDDA, 2016b).
Moreover, data on the prevalence of NPS use in Belgium and Norway, coming from a
drug survey, also confirms the residual levels of use (EMCDDA, 2018d).

In general, NPS were detected at much lower concentrations compared to traditional
drugs, and mainly cathinones, phenethylamines and tryptamines were found. Other
studies on NPS use during music festivals also reported the detection of synthetic
cathinones and phenethylamines as the most commonly consumed NPS categories
(Archer et al., 2014b; Kinyua et al., 2016). Synthetic cannabinoids, despite being the
largest class of NPS reported (EMCDDA, 2018d), and synthetic opioids, such as fentanyl
derivatives, were not found. For synthetic cannabinoids, this may be due to the
extensive metabolism in the human body and the limited knowledge of the metabolites
excreted with urine (Erratico et al., 2015; Shevyrin et al., 2014; Wintermeyer et al., 2010;
Znaleziona et al., 2015). Also, less frequently consumed NPS or those used at very low
dosages, such as synthetic opioids, tryptamines and other hallucinogenics, are less easily
detected resulting in reporting possible false negatives. Moreover, considering the
changing nature of the NPS, it is possible that new substances are missed during the
chemical analysis, a fact that would affect all the types of matrices, e.g. wastewater,

urine, blood and oral fluids.
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4.3. Strengths and limitations

Advanced analytical instrumentation can be efficiently applied for the screening of a
large number of psychoactive substances in complex-matrix samples i.e. wastewater
and pooled urine. However, different analytical challenges such as the generally low
concentrations present in the samples and the quick replacement by new substances,
makes it pivotal to have sensitive and updated methodologies (Bijlsma et al., 2019;
Hernandez et al., 2018).

Interpretation of data among the different festivals or countries requires caution,
because of the different nature of the festivals, variations in population, years, matrices
and sampling. A drawback of pooled urine data is that it mainly gives a snapshot of the
substances consumed. Although quantitative analysis is feasible, the number of
individuals contributing to the samples cannot be predicted and concentrations alone is
less informative. It principally gives an indication of the extent of use for a drug
compared to the other substances quantified in the same sample. Moreover, an evident
bias of data reported may occur when the urinals are differentiated by gender (e.g. the
data obtained from the UK and Belgium in this work are only representative of use by
male populations). Furthermore, a critical question may rise on the representativeness
of grab samples. In this context it should be emphasized that possibly only a fraction of
a drug dose is collected, since substances have different excretion rates, for example
cannabis has a much longer excretion rates compared to substances like MDMA. The
true value and advantage of pooled urine samples is, therefore, that they are less diluted
compared to wastewater resulting in higher concentrations, which facilitates drug
detection. This is especially interesting for substances with low prevalence of use such
as NPS, or for drugs that are extensively metabolized and therefore the amount of
biomarker excreted in urine is very low. The strength of wastewater on the other hand
is the representativeness of 24-h composite samples, and which analysis provides
population-normalized quantitative information on NPS and illicit drugs use. This allows
comparing the pattern of use during the festival period and during a “normal” week in
order to better reveal the contribution of the event.

The analysis of pooled urine and wastewater samples is thus complementary to obtain
comprehensive information on community-wide use of NPS and illicit drugs. Ideally,

both type of samples should be collected from the festivals at the same time. However,
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collecting samples from festivals is challenging and depends on the willingness of
organizers, local authorities and wastewater treatment operators to offer collaboration.
This was particularly difficult in the present study because it was performed
internationally including different festivals in different country with their own rules and
bureaucracy. Thus, sampling both pooled urine and wastewater during the same festival
was not feasible here. Despite this limitation, the information provided separately by
either pooled urine or wastewater, is still very useful. The analyses of urine and
wastewater offer timely information and a high number of attendees are monitored
anonymously by analysing only a few samples which allows identifying the local profiles
of use of different drugs within a wide panel of psychoactive substances. In future
studies, an effort will be made to collect simultaneously both pooled urine and

wastewater to compare directly results.

4.4. Future applications

The main outcome of this study is not just providing a list of the identified substances
consumed, but also suggesting a comprehensive strategy for continuous surveillance of
the appearing NPS. The lack of self-report on the use of NPS in Portugal, despite
contradictory evidence from wastewater analysis, indicates that either there was
inaccurate self-reporting, or the NPS were consumed outside the festival terrain but
within the wastewater catchment area. In the case of inaccurate self-reported drug use,
this can stem from a too low participation rate (< 2% of the festival attendees), active
denial, or indeed from the user being unaware of the exact drug they have used.
Consumer awareness is important for ensuring safe user habits.

Future applications of the presented strategy, especially to night time economy settings
(nightclubs, city centres or entertainment districts) and music events (concerts,
festivals) may contribute to develop an efficient surveillance system to gain more insight
in the prevalence of use and to better understand the diffusion of NPS and illicit drugs.
Based on wide-scope HRMS monitoring, new drugs can also be identified alerting on
new trends or substances appearing in the market.

Data triangulation with traditional indicators, such as targeted surveys, online forums
(e.g., Reddit), data of drug testing services, hospitals and police data, is pivotal and will

ensure a more accurate picture of drug use in these recreational settings. In this context,
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the potential of and complementary information provided by WBE has previously
demonstrated its value (Bade et al., 2018; Been et al., 2016; Zuccato et al., 2016). The
information obtained from different sources, including wastewater and pooled urine
analysis, may help to orientate and evaluate prevention strategies at future events and

to ensure an effective public health response.
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Supplementary Information

In this section, information can be found related to the chemicals and reagents used,
psychoactive substances selected for quantitative analysis, database built for screening
(including the references consulted), instrumentation used for qualitative suspect
screening and the analytical strategy and identification criteria applied. Furthermore, 12
tables, S1: NPS and metabolites included in the in-house database, S2: LODs and LOQ
for quantitative analysis of wastewater and pooled urine, S3-S6: Concentration data
(ug/L) of drugs and NPS measured in pooled urine samples of UK 2015, UK 2016, Belgium
2017 and Norway 2016, respectively, S7-S8: Loads (g/day) of drugs and NPS measured
in wastewater samples of Portugal (2017), S9-S10: Loads (g/day) of drugs and NPS
measured in wastewater samples of Serbia (2017), S11-S12: Loads (g/day) of drugs and
NPS measured in wastewater samples of Spain (2018), are included to have supportive
visual information on the written text. Supplementary information can be found in the

online version to this article.
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Table 1: Characteristics of the music festivals investigated.

Festival No. 1 2 3 4 5 6

Country UK Belgium Norway Portugal Serbia Spain

Year 2015 and 2016 2017 2016 2017 2017 2018

Type of music Electronic Electronic Pop/rock Pop/rock Pop/Rock Electronic
No. of attendees 70.000 80.000 20.000 50.000 215.000 30.000

No. people connected | - - - 425.000 300.000 54.000

to the wastewater

treatment plant

Type of sample Pooled urine Pooled urine Pooled urine Wastewater Wastewater Wastewater

(male urinals)

(male urinals)

(male/female
portable toilets)

(24h composite)

(24h composite)

(24h composite)

No. of samples 20 and 24 9 3 7 + 6 of not 7 + 2 pooled 7 +7 of not
festival week samples of not festival week
festival week
Locations 10and 12 1 1 1 1 1
Days 2 3 3 13 / 3 festival 9 / 3 festival 14 / 4 festival
(time frames; hours) (16h, 20h, 24h) days days days
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Table 2: Overview of NPS detected in samples collected during the festivals (number in cells is the % of positive samples)

NPS Pooled Urine Wastewater
UK 2015 UK 2016 Belgium 2017 Norway 2016 | Portugal 2017 Serbia 2017 Spain 2018
(n=20) (n=24) (n=9) (n=3) (n=7) (n=7) (n=7)

2-Phenethylamine 67 100
25-E-NBoMe 14
25-iP-NBoMe 14
3,4-DMMC 14
4-4’-DMAR 28
4-chloro-a-PPP 67 71
4-FMC 20
4-MEC 45
a-methyltryptamine 14 14
a-PVP 100 96
Buphedrone 57
Butylone 10 4
DOiP 14 28
Ethylone 65
Ketamine 100 100 100 67 57 86
MDPV 5
Methcathinone 100 57 57
Mephedrone 25 17 11 100
Methoxetamine 13 33
Methylone 20 8 56 28
NEDPA 14

Confirmed

Detected

Not detected
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Figure captions

Figure 1:

Figure 2:

Boxplots representing concentrations (ug/L) of psychoactive substances
measured in pooled urine samples collected at music festivals in the UK 2015
and 2016, Norway 2016 and Belgium 2017. Note that y-axis of Norway 2016
is adapted.

Population-normalized loads of psychoactive substances in wastewater
samples collected in Portugal (A), Serbia (B) and Spain (C). TOP: represent the
substances with highest loads. Samples were collected during one week which
coincided with music festivals (continuous line) and on week without any
festivities (dotted line). For Serbia (B) only two pooled wastewater samples
were analysed during the week without festivities, i.e. weekdays (pool of
Tuesday, Wednesday, Thursday) and weekend days (pool of Saturday, Sunday,
Monday).
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