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ABSTRACT

Aims 'l‘o perform wastewater analyses to assess spatial dili'erences and temporal changes of illicit drug use in a large

European population. Design Analyses of raw wastewater over a 1-week period in 2012 and 2013. Setting and

Participants Catchment areas of wastcwater treatment plants (WW'1‘PS) across Europe. as follows: 2012: 25 WWTPs

in 11 countries (23 cities, total population 11.50 million); 2013: 47 WWTPS in 21 countries (42 cities, total popula-

tion 24.74 million). Measurements Excretion products of five illicit drugs (cocaine, amphetamine, ecstasy, metham-

phetamine, cannabis) were quantified in wastewater samples using methods based on liquid chromatography coupled

to mass spectrometry. Findings Spatial differences were assessed and confirmed to vary greatly across European

metropolitan areas. ln general, results were in agreement with traditional surveillance data, where available. While

temporal changes were substantial in individual cities and years (P ranging from insignificant to <10“), overall means

were relatively stable. The overall mean of methamphetamine was an exception (apparent decline in 2012), as it was

influenced mainly by l'our cities. Conclusions Wastewater analysis performed across Europe provides complementary

evidence on illicit drug consumption and generally concurs with traditional surveillance data. Wastewater analysis can

measure total illicit drug use more quickly and regularly than is the current norm l‘or national surveys, and creates

estimates where such data does not exist.
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INTRODUCTION systems Questionnaire—based survey methods have

traditionally been an important component“ of the

Illicit drug usc is a covert and hidden activity that pre— approaches employed to monitor drug use, but it is rec—

sents methodological challenges for drug surveillance ognized that these methods are not sulficient to monitor
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trends in drug use adequately and quickly, and require

complementary data from other sources [1,2]. The analy-

sis of the excretion products of illicit drugs in wastewater

[wastewater analysis (WWA)] has been explored since

2008 as an additional approach for estimating illicit drug

use within specified regions, i.e. the catchment areas of

wastewater treatment plants (WWTP) [3,4]. While the

approach cannot provide information on the behaviour

of single users and on their demographics, there are a

number of ways in which WWA can complement other

survey methods and provide additional information to

understand the illicit drug situation more clearly. Waste—

water data can be obtained within short time-frames, are

not prone to response biases and can help in identifying

the spectrum of illicit drugs being used by a population.

This is pobentially important, given the emergence of new

psychoactive substances [5]. Drug users are often

unaware of the actual substance or mix of substances

they are consuming, which makes self-report data unre-

liable. Wastewater analysis is therefore a potential

approach to detect and estimate the use of new psycho—

active substances; however, it should be noted that

more information is necessary their

biotransformation pathways.

Wastewater analysis can provide information on daily,

weekly. monthly and annual variations in illicit drug use.

The weekly profile of cocaine and amphetamine—like

stimulants use has already been assessed by.collecting

regarding

consecutive daily wastewater samples, which revealed

higher use of these substances during weekends [6—12].

The monitoring of temporal trends in illicit drug con-

sumption over a longer period of time (months) by WWA

has been evaluated in three studies. and the major con-

clusions were that there was typically an increase of illicit

drug use during holiday periods [1 1,13,14]. Wastewater

analysis was further applied to detect yearly trends in

illicit drug consumption in Italy and Australia [1 5,16]. In

conclusion, this approach can provide important and

timer information on short- and long-term trends in

illicit drug use.

Wastewater studies in different countries have also

detected regional variations in illicit drug use [17—22].

The influence of urbanization on the use of illicit drugs

was evaluated in Oregon (USA) and South Australia and

Queensland (Australia), concluding that the use of illicit

drugs was higher in urban regions compared to more

rural areas [9,14.23]. Wastewater analysis has also been

applied to detect transnational differences in illicit drug

use. The consumption ol' five substances was evaluated

by analysing wastewater from 19 European cities for a

1-week period in 2011 [24]. Wastewater analysis can

thus complement survey methods for a clearer under—

standing of actual spatial differences and temporal

changes in illicit drug use.
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Wastewater data covering 24. 74 million people 1 339

However, until now no international study has been

performed covering multiple countries over multiple years

With a common protocol and adequate quality control

measures. Therefore, the aims of this study were to:

1 collect wastewater samples from multiple European

locations in 2012 and 2013;

2 calculate population-normalized mass loads of

benzoylecgonine [BE; as indicator for cocaine

(COC) use], amphetamine (AMP), methampheta-

mine (METH), ecstasy [3,4-methylenedioxy-

methamphetamine (MDMA)] and 11—nor—9-carboxy-

delta9-tetrahydrocannabinol [THC-COOH; as indicator

for tetrahydrocannabinol (THC) use]; and

3 perform analytical quality control through inter—

laboratory tests.

M ETH0D5

Sewer system characterization

Relevant information for each WWTP catchment was

gathered systematically by means of a standardized ques-

tionnaire. An extended version of the questionnaire

developed for earlier studies [24,25] was used (Support-

ing information. Appendix Sl). lt comprises more than

50 questions classified according to importance. The

number of the most important questions per category is

indicated in brackets (year 2012/year 2013): General

information (1/ 1), Catchment and population (2/5),

Sewer system (2/2), WWTP influent (1/ 1), Sampling

(5/5), Flow meter (3/3). Sample handling (9/9), Monitor-

ing period (5/5).

Sampling and analysis

A 1-week period was targeted in 2012 (1 7—2 3 April) and

2013 (6—12 March). Daily 24—hour composite raw

wastewater samples were collected over 7 consecutive

days. Considering stability, metabolism and unambigu—

ous indication of drugs actually having been consumed,

the most suitable target residues were targeted: BE, AMP,

METH, MDMA and THC—COOH [4]. It should be noted

that the consumption of COC and THC was monitored

through the analysis of their main metabolite because of

higher concentrations and higher stability in wastewater.

Samples were spiked with isotope—labelled internal

standards, either filtered and extracted immediately on

solid-phase extraction cartridges or frozen at —20 °C until

analysis. Each laboratory used fully validated analytical

methods: target compounds present in the liquid phase of

the wastewater were quantified in final extracts or with

direct injection applying liquid chromatography coupled

to tandem mass spectrometry or high-resolution mass

spectrometry [2 5].
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For quality assurance, each laboratory participated in

yearly inter—laboratory tests (de Voogt et al., unpub-

lished). External quality control samples were evaluated

(one standard in methanol and two fortified raw waste—

water samples). A reliable estimation of the method limit

of quantification (LOO) was performed by evaluating the

signal—to—noise ratio in these samples. In 2012, one of 14

laboratories did not meet the requirements for any com—

pound in the inter-laboratory test and was excluded. In

201 3, only METH results of one of 1 5 laboratories had to

be excluded.

Calculations

Daily mass loads (g/day) of drug residues entering the

WWTPs were calculated by multiplying measured con-

centrations (ng/L) in daily samples with the correspond—

ing wastewater volumes (L/day). To compare cities of

different sizes, mass loads are normalized by the popula—

tion size of the catchment (mg/1000 people/day). The

estimated consumption of COC (section Benzoylecgonine)

was back—calculated from the population-normalized

mass loads of BE using a correction factor of 3.59 that

takes the urinary excretion rate of COC into account for

different dosages and routes of administration [2 5].

Uncertainty assessment

Mainly four components of uncertainty may affect the

estimation of population—normalized drug loads: sam-

pling (Us), chemical analysis (UC), flow rate measurement

(er) and population estimation (Up). Because the focus of

this study is on mass loads in wastewater, uncertainties

related to excretion rates and biodegradation in sewers

are not considered. When estimating the overall uncer-

tainty UT of a mean value over an n—day monitoring

period, uncertainty components that are random and

independent on every day will be reduced by sqrt(n). This

applies to Us, as each sample is collected physically inde-

pendent of the day before. All other components cannot

be reduced by sqrt(n): (i) population is only estimated

once, (ii) chemical analysis is carried out for all samples in

one batch, and (iii) if a flow meter measures flows system—

atically incorrectly, it will be in the same direction. every

day. All components can be considered as independent.

As long as Us, Uc and U..— 5 30% and Up 5 10% [relative

standard deviation (RSD)], an estimation of U'‚- is valid

with an approximative formula (eg. [2 6]). A Monte Carlo

simulation was used to avoid underestimating UT system-

atically because a conservative estimate of Up in our

study is 20% (see Supporting information, Appendix SZ).

RESULTS

Table 1 lists participating cities: in 2012, 25 WW' ‘Ps in

11 countries were included (23 cities, total population

@ 2014 Society for the Study of Addiction

11.50 million); in 2013, there were 47 WWTPs in 21

countries (42 cities, total population 24.74 million). For

comparison, 201 1 data [24] were also used (21 WWTPs

in 11 countries; 19 cities, total population 14.12

million). Figures 1—5 summarize all results. Countries

are ordered based on average loads over all years. The

numbers in brackets indicate cities’ overall ranks. While

absolute variability within 1—week periods (grey range) is

obviously higher for high loads, relative variability is not

substantially dilferent throughout the entire load range

and may vary from year to year, even within a location.

The colour of the lines between the means indicate

whether the change from 1 week in 1 year to 1 week in

another year is significant (Wilcox, (x= 0.05). Table 2

summarizes overall means, separately for cities that par-

ticipated in all 3 years (cities in bold type in Figs 1—5) and

for all cities per year (excluding cities that exhibited

explainable anomalies, i.e. cities in italie type in Figs 1—

5). Concentration values that were <LOQ were treated as

follows: (1) if all values at a location for a certain com-

pound were <LOQ, loads were set to zero: (2) if at least

one value was >LOQ, values <LOQ were replaced with

0.5 X LOQ. Dashed grey lines indicate a population—

weighted overall mean for 201 3 (all cities except cities in

italics). When weekly patterns were evaluated in 2012,

previous findings were confirmed, i.e. higher loads on

weekends for BE, and MDMA and no substantial variation

for AMP. METH and THC-COOH [24] (see Supporting

information, Appendix S4).

Benzoylecgonine

The highest weekly mean BE loads in the period 201 1—1 3

were observed in wastewater from Amsterdam, Antwerp,

London and Zurich and were between 400—850 mg/

1000 people/day (Fig. 1). Leads were also relatively high

(between 200—550 mg/ 1000 people/day) in Barcelona,

Basel, Geneva, Utrecht and Eindhoven. The lowest values

(<100 mg/1000 people/day) were observed in locations

from northern, eastern and southern Europe. These

results suggest a clear geographical difference in COC

consumption, with higher use in western Europe. This is

further demonstrated when BE loads in locations from

Germany are evaluated. Loads in Dresden (eastern

Germany) are negligible, similar to the amounts seen in

the Czech Republic, while loads in Dortmund (western

Germany) are comparable to the loads observed in the

Belgian, Dutch and Swiss cities.

The overall population—weighted mean loads of BE for

the 16 locations included in all 3 years were almost iden-

tical (Table 2). This suggests a stable use of COC in the

investigated locations in the period 2011—13. Location-

specific results from 2011, 2012 and 2013 are generally

in agreement (Fig. 1): however, in some cases, variations

Addiction. 109, 1338—1 352
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occurred. An increase in BE loads from 2012 to 2013

was observed in the Belgian and Swiss locations, while a

decrease was observed in two Dutch locations (Utrecht

and Amsterdam).

Besides the high variation of mean BE loads observed

across Europe, this study also highlights differences

among locations within countries. Results from Belgium.

Czech Republic. Germany. Serbia, Slovakia, Sweden and

Switzerland suggest that the consumption of COC is

lower in smaller towns compared to larger cities (Table 1,

Fig. 1). Qualitatively, this is in agreement with studies

investigating more locations within a country [17—22].

although some of these rely on grab samples or single

days only. The difference between Dresden and

Dortmund, two cities of similar size, is attributable to

their geographie location within Germany, as discussed

previously.

The population-weighted mean COC consumption,

calculated from BE loads (see Calculations), for locations

included in all study years is similar between years and

varies from 887 mg/1000 people/day in 2013 to

912 mg/1000 people/day in 2012. With 366 million

people living in the urbanized regions of the European

Union and a mean purity of 39% [standard deviation

(SD) : 12%] [2 7,28], a rough extrapolation would imply

that 832 kg of street purity COC per day is consumed by

the urbanized population in the European Union in

201 3.

Amphetamine and methamphetamine

‘

Because AMP is a urinary metabolite of M J'l

AMP in wastewater could subsequently result from the

use of METH, loads of both substances in wastewater

have to be evaluated in parallel. Moreover, the use of

H and as

certain prescription drugs. such as selegiline, may also

result in traces of AMP and METH in wastewater follow—

ing its metabolism: however, prescription rates indicate

that any contribution would typically be <1% of the total

AMP signal [24,29]. The most frequent amphetamine—

lilce substance detected in the majority of the investigated

locations was AMP. The highest AMP loads were found in

Belgium and the Netherlands, followed by locations in

northern Europe and western Germany. 'i‘he locations

with the highest METH loads were found in the Czech

Republic, Slovakia, eastern Germany and northern

Europe, while the observed METH loads in the rest of the

studied locations was low to even negligible (Figs 2 and

3). The presented results suggest au apparent geographi—

cal diti'erence in the use of the amphetamine-like stimu-

lants. 'l‘he consumption of AMP is more widespread in

western Europe, while the use of METH is clearly shown

in northern Europe, Slovakia and Czech Republic. The

German results confirm the aforementioned trend in the

Addiction, 109. 1338--1 352

 



 

use of amphetamine—like substances. In Dülmen and

Dortmund (West), relatively high AMP and negligible

METH use was observed, while for Dresden (East, proxim—

ity to Czech Republic) the opposite was found.

The weighted mean of METH loads for the cities that

were included in all study years declined by 45% from

2011 to 2013 (Table 2), due to some location-specific

changes, For AMP, the weighted mean of the cities

included in the 3 years is similar (Table 2). In contrast te

BE loads, the difference in AMP and METH loads between

smaller towns and bigger cities within a country is less

clear.

MDMA

The highest loads of MDMA were found in western Euro—

peau locations, while locations in northern, eastern and

southern Europe presented substantially lower MDMA

loads (Fig. 4). This pattern is comparable to BE and AMP.

as demonstrated by the locations within Germany, with

low MDMA loads in Dresden and higher loads in

Dortmund.

The weighted mean of MDMA loads for the cities

included in all 3 study years was stable (Table 2). No sub—

stantial changes in per capita MDMA loads between years

for the individual locations were observed, with some

exceptions (Fig. 4). The mass loads of MDMA from

Eindhoven in 2012 and 2013 were much higher com-

pared to 201 ]., and in Utrecht significantly higher loads

for MDMA were observed in 201 1 compared te 2012 and

2013. An explanation l‘or these high loads in Utrecht

(201 1) and Eindhoven (2012) is most probably a release

of unconsumed MDMA into the sewer system that was

confirmed by specific enantiomerie profiling of the waste-

water [30]. These outliers were not taken into account

when assessing temporal changes. MDMA loads are gen-

erally higher in larger cities compared to smaller towns.

as can be seen in different locations within Belgium.

Finland. Germany, Serbia and Slovakia. A notable excep—

tion is St Gallen in Switzerland, which showed MDMA

loads comparable to the larger city of Zurich.

THC-COOH

The determination of 'l‘HC-COOH in wastewater poses

some (pre-)analytical challenges, and as a result not all

laboratories could report results for this THC metabolite.

Furthermore, results from the performed inter—laboratory

exercises revealed that participating laboratories that

reported results for '. ‘HC—COOH have comparable analyti-

cal methods (Z-scores within the limits), but because of

some unknown pre-analytical losses, underestimations of

the absolute amounts are probably made (de Voogt et al.,

unpublished). in the present study, however, this is not a
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real issue, because the focus lies en the relative compari-

son of THC-COOH loads.

In contrast to the other investigated substances, no

clear geographical pattern could be observed for THC—

COOH loads in the different European locations (Fig. 5),

The values for Amsterdam were (expectedly) the highest,

as Amsterdam is known for its coffee shops and because

the Netherlands produces large amounts of herbal can—

nabis with a relatively high content of THC [31]. Also

notable are the high loads observed in the city of Novi

Sad, Serbia.

The weighted mean of THC-COOH loads for cities that

were included in all 3 years showed some subtle varia-

tion, pointing out a variable cannabis use (amount or

potency) between 201 1 and 201 3 (Table 2). No clear dif—

ference in THC—COOH loads between smaller towns and

larger cities could be observed from the gathered data.

DISCUSSION

Comparison of wastewater results with surveillance

data

Europe has an established multi-indicator system for

drug surveillance that is based on standardized demand

and supply information. as well as research and intelli—

gence sources [32]. Prevalence estimates are derived from

a mixture of survey results and indirect statistical

methods that try to estimate the unobserved cases from

registers of observed drug users, such as treatment

attendees or arrestees [33]. These methods can provide

information on the main classes of users, the frequency

and mode of use of a drug as well as en the purity of the

substances available on the market, while WWA can

provide objective and timely information on the total

amount of a drug used in a specific area. These methods

are highly complementary and, if used together, can sub-

stantially improve the quality of information on drug use

patterns.

In terms of prevalence at the population level, the

findings from WWA are broadly in agreement, with

respect to relative drug use levels, with existing estimates,

although they are not directly comparable. The wastewa-

ter data, however, highlight the need to consider the con—

tribution of high and low prevalence areas in the

estimates of total drug use within a population. Due to

differences in demographics, the ranking of the city-

based estimates reported in this study do not necessarily

have to agree with national survey—based estimates. This

points to the need to collect contextual information for a

meaningful interpretation of wastewater data. Future

monitoring campaigns should therefore (i) include more

cities with different demographies within a country and

(ii) evaluate monitoring design strategies to find an
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optimum among feasible logistics. sufficient quality

control and representativeness for an entire year [34].

The spatiotemporal data en drug use data reported are

largely, but not totally, in line with what is observed from

surveys and other sources. The stable levels of COC sug—

gested by the presented wastewater data dilfers from

other demand and supply data, which report a decline in

COC use [3 5]. With WWA, it is currently not possible to

differentiate between smaller number of people using

larger amounts or vice versa, or even evaluating differ-

ences in consumption due to changes in purity. The

analysis on METH and AMP accords with other data

sources. The use of METH is long established in the Czech

Republic, Slovakia and eastern Germany [36], and more

recently supply—side data point to an increased use of

METH elsewhere, especially in Scandinavian countries

where it has, at times, displaced AMP. The situation

appears quite dynamic and largely supply-side—driven.

The wastewater data reported here accords with. and

complements, the existing analysis of this situation.

For both MDMA and cannabis use, the picture is less

clear. High levels of MDMA and THC-COOH might be

expected in the Dutch cities sampled. but it is surprising

that MDMA stands out so prominently with respect to

some of the other European cities. The most recent

supply-side data suggest that there is more MDMA avail—

able on the European market, and it is interesting to note

that there is no evidence of this from the wastewater data

reported here. The findings for TI—lC-COOH in Amsterdam

are not too surprising, as it is known for its large non-

resident population using cannabis.

Uncertainty assessment

Details on estimating Ug can be found in [3 7,38]. Apply-

ing the same scenario as in [2 5]——i.e. 1% of users in the

population with two relevant, substance—related toilet

flushes—results in a maximum of 20% for a daily value of

Ug. An objective assessment of De was derived from inter-

laboratory tests and does not exceed 30% (de Voogt et al.,

unpublished). Operational accuracy of flow meters (Up)

still proves to be a challenge, and in this study was

assumed conservatively to be 20% [39]. Despite advances

in estimating Up [40] it remains difficult to obtain a site-

speciiic estimate. and in our study we assume 20% (RSD)

as an average [25,40]. A conservative estimate of overall

uncertainty for a 7—day average based on WWA is

approximately 46% (RSD) for all substances and loca—

tions (see Supporting information. Appendix SZ for more

details). A sensitivity analysis reveals that reducing all

four uncertainty components U, by approximately one-

quarter (Us = U.: = Up= 1 5%, Up= 23%) has the same effect

as trying to eliminate only one U, (eg. U,; : 0%); in both

cases the overall uncertainty would be around 33%.

© 2014 Society for the Study of Addiction

In areas with leaky sewers the results from WWA may

tend towards an underestimation of actual illicit drug

loads. A certain fraction of the wastewater and illicit drugs

diseharged from households may not arrive at the WWTP.

Information en the potential amount of exfiltration can be

found in Table 1. Furthermore, in cases where population

size is estimated from nutrient loads in the wastewater

stream, the population could be overestimated if indus—

trial contributions are not properly subtracted. This would

lead to an underestimation of population-normalized

drug loads. In contrast, WWAresults may tend towards an

overestimation of population-normalized drug loads if the

residential population only was used for normalization,

but a net increase en workdays is effective due to commut—

ers. This and additional information is provided in Table 1

and Supporting information, Appendix S3 for further

data interpretation.

CONCLUSIONS

By successfully increasing the number of participating

cities to 42 in 2013 (2011: 19. 2012: 23). this is now the

biggest application of WWA covering 24.74 million

people. The wastewater from approximately 8 million

people was analysed for BE, AMP, METH and MDMA

during a 1—week period over 3 consecutive years (approxi-

mately 4 million for THC—COOH). As such, this study pro-

vides the most actual evidence for the quantitication of

spatial differences and temporal changes in the consump-

tion of illicit drugs across European regions. Relatively

stable loads for all investigated substances were observed.

except for METH (apparent decline in 2012). In general,

spatial dilferences were in agreement with surveillance

data, where available. Wastewater analysis provides the

possibility to collect. and report, measurements more

quickly and regularly than is the current norm for

national surveys. Wastewater analysis provides a unique

opportunity to obtain near-real—time data en illicit drug

use and for future comparison with other surveillance

data, er particularly where such data are missing. There-

fore, it should be considered for implementation on an

annual or even more frequent basis. Systematically gath-

ering information on catchment characteristics (sewer

system and population) seems as indispensable as inter-

laboratory tests for a meaningful comparison of waste-

water data. which requires concerted efforts of numerous

partners and disciplines.
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