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1. Wastewater-based epidemiology

Wastewater-based epidemiology (WBE) profits from raw influent

wastewater samples that are collected routinely at the inlet of most sewage

treatment plants (STPs). In these “pooled urine samples”, the concentrations

of illicit drugs and their metabolites can be quantified to estimate the total

amount of drugs consumed by a community. This provides a non-invasive,

near-real-time analysis of drug use within the area of a sewer network con-

nected to a STP.

In the 1990s, liquid-chromatography coupled tomass spectrometry (LC-

MS) was initially used as a technique to monitor micropollutants, such as
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pharmaceuticals, personal care products and pesticides, and to study the

impact of treated and untreated liquid household waste in the environment.

It was, at that time, suggested to use the quantified data of pharmaceuticals to

estimate its consumption by the general public or in hospitals from a catch-

ment of a STP, and WBE had its first “official” mention in 2001 [1]. The

approach has rapidly developed over the last decade to monitor a myriad

of illicit drug residues in near-real-time with numerous methodological

and applied publications (>250, Keywords “sewage epidemiology” OR

“wastewater-based epidemiology” SCOPUS 14.2.2020). WBE has

established itself as a useful routine application in estimating temporal and

geographical trends in illicit drug use and strongly complements the various

sources of information on the drug situation, where each source has different

uses and strengths. In comparison with survey methods, wastewater analysis

is not subject to response and non-response bias. By formally testing waste-

water, this method is expected to be closer to the true spectrum of drugs

being consumed rather than relying on individual recollection or belief.

It also has the potential to provide timely information, within short time

frames, on geographical and temporal trends. However, it cannot provide

information on prevalence and frequency of use, numbers of users, types

of user and purity of the drugs. Triangulation of data from wastewater anal-

ysis with data obtained through other indicators is an important area of con-

tinuing work that will help establish the merits and validity of both.

WBE consists of five steps (see Fig. 1). (1) Representative daily compos-

ite samples of raw wastewater are collected. (2) Concentrations of selected

substances are quantified. (3) The concentrations are multiplied with the

wastewater volumes measured over the period of sampling to obtain loads

of drug residues in sewers. (4) Daily loads are divided by the number of peo-

ple present in the catchment area of the STP to facilitate comparison among

cities based on these population-normalized estimates. Finally, (5) the total

daily consumption of a drug is estimated by applying a specific correction

factor to the daily sewer loads. The correction factor considers the average

excretion rate of a given drug residue and the molecular mass ratio of the

parent drug to its metabolite, but can also take the stability or purity of a drug

into account. This final step is, however, optional and not needed if trends

are the desired outcome, or if for example excretion rates are not available or

reliable. Typically, results are reported up to step 4 or 5 and sometimes a

sixth step is also performed, i.e., number of doses.

To minimize uncertainties, it is recommended to follow best practice in

all steps:
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Sampling of wastewater. In most modern STPs, a sampling scheme to col-

lect samples on a routine basis is in place. It is typically used to quantify

removal rates for traditional compounds such as nutrients or commonly used

micropollutants. Ideally, samples are collected at least every 10min in a flow-

proportional mode over a 24-h period to obtain a composite sample ade-

quately representing the daily average concentration [2,3]. Alternatively,

a volume-proportional mode can be applied with a similar number of indi-

vidual samples collected over a day. Time-proportional modes may imply

more systematic or random uncertainties depending on the—typically

unknown—intra-day variations of concentration profiles [4]. Relevant

information on the catchment area and STP under investigation should

be collected and documented [5]. For small catchments or even outlets of

individual premises, e.g., schools or prisons, requirements are more stringent

because an individual toilet flush containing the substance of interest may

pass themonitoring station in less than 1min and are likely beingmissed with

traditional sampling equipment. Also measuring flow to calculate loads and

technical implementation of sampling is much more demanding [4,6].

Besides, especially when sampling small communities, ethical principles

should be considered to evade stigmatization of a particular group [7].

Fig. 1 Key steps for estimating drug consumption at the community level based on

raw wastewater collected at the inlet of a sewage treatment plant (Constot ¼
C∙F
P
∙
1
m

mg 1000p�1 d�1
� �

, where C is the concentration [ng/L], F the flow rate [m3

d�1], P the population [�] and m the metabolism [excretion rate in %]. Modified from

K. V. Thomas, L. Bijlsma, S. Castiglioni, A. Covaci, E. Emke, R. Grabic, F. Hernández, S.

Karolak, B. Kasprzyk-Hordern, R.H. Lindberg, M. Lopez de Alda, A. Meierjohann, C. Ort, Y.

Pico, J.B. Quintana, M. Reid, J. Rieckermann, S. Terzic, A.L.N. van Nuijs, P. de Voogt,

Comparing illicit drug use in 19 European cities through sewage analysis, Sci. Total

Environ. 432 (2012) 432–439. https://doi.org/10.1016/j.scitotenv.2012.06.069.
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Selection of biomarkers. The selection of specific drug biomarkers is not an

easy task, since an ideal target drug residue needs to fulfil specific require-

ments to ensure the reliable application of WBE. An appropriate biomarker

is (i) excreted as a high fraction of the consumed dose, (ii) a human metab-

olite specific for consumption to differentiate from unconsumed drugs (e.g.

disposal), (iii) stable during in-sewer transport and (iv) detectable in raw

wastewater.

Estimation of population size. An important uncertainty when estimating

per capita consumption of illicit drugs by means of wastewater analysis

relates to the size and variability of the de facto population in a catchment

[5,8]. Several methods based on census data, mobile device data and mea-

suring hydrochemical parameters or specific substances in wastewater are

currently employed to estimate the population [5,8,9]. The most reliable

procedure would be to use all possible information and weight it according

to certainty of individual estimates. With the refinement of the other con-

tributors, population size has become one of the largest uncertainties in

wastewater analysis [5,10].

Analytical methods. The chemical analysis of urinary biomarkers of illicit

drugs in untreated wastewater is an analytical challenge. Drug residues are

often present at very low concentration levels (ng/L) and wastewater is a

complex sample matrix that contains particulate matter and compounds that

may interfere with the analysis of the target analytes. Hence, a sample treat-

ment step, which consists in a filtration step and solid phase extraction (SPE)

is typically applied prior to analysis, in order to remove matrix interferences

and to pre-concentrate target biomarkers.

LC coupled to tandemMS (LC-MS/MS) with triple quadrupole (QqQ)

mass analyzers is currently the most popular analytical technique for the

quantitative determination of illicit drug residues in wastewater samples.

These instruments have a wide dynamic range, reach high sensitivity and

selectivity, are relatively easy to operate, and allow multi-residue analysis

in a single run, which permits reducing analysis time and costs. The QqQ

instruments operate in MS/MS mode, where at least two specific

precursor-to-product ion transitions for each target analyte should be mon-

itored [5]. A quantification transition, most often the most sensitive one to

favour the quantification at lower concentrations, and a confirmation tran-

sition. It is generally accepted that for a reliable positive finding in the sam-

ple, both transitions need to show a chromatographic peak at the same

retention time as the reference standards as well as the compliance of the

ion ratio between the two transitions [11]. Moreover, the use of isotope-
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labelled internal standards (ILIS) for each target analyte is pivotal for waste-

water analysis and added to the sample prior to sample treatment (i.e. as sur-

rogate), to correct for matrix effects and compensate for potential errors

associated with sample preparation. The performances of the analytical

methodologies need to be fully validated for all target analytes in terms of

linearity, accuracy, precision and limits of quantification (LOQ), and it is

imperative to analyse internal quality controls (QCs) for daily method var-

iations and perform regular checks of external QCs to guarantee the

reporting of reliable WBE data. The latter can be done by participating

in inter-laboratory exercises, such as those that are yearly organized by

SCORE (www.score-network.eu) [12,13].

Nowadays, applying WBE for estimating cocaine, amphetamine, meth-

amphetamine and MDMA use is well established and the related uncer-

tainties are well known [5]. However, when applying it for estimating

the use of cannabis, several specific challenges need to be carefully consid-

ered. In the following sections, an overview of the applications will be given,

the utility and potential of WBE for cannabis, but also the limitations and

bottlenecks with particular emphasis on the analytical methodology applied.

2. Cannabis biomarkers

Δ9-Tetrahydrocannabinol (THC), the psychoactive ingredient in

cannabis can be absorbed by diverse routes of administration such as

smoking, oral, oromucosal, rectal, transcutaneous, and intravenous, while

elimination from the body is equally diverse such as faeces, urine, sweat, oral

fluid, and hair [14]. THC pharmacokinetic processes are dynamic and may

be affected by a person’s frequency and magnitude of use. THC is metab-

olized by microsomal hydroxylation to 11-hydroxy-THC (THC-OH)

which is both a potent psychoactive metabolite and an intermediate for fur-

ther metabolism to 11-Nor-9-carboxy-THC (THC-COOH) by liver

alcohol-dehydrogenase enzymes (Fig. 2) [15]. THC is a highly lipophilic

compound with storage in the body in adipose tissue, the extent to which

appears to be determined by the frequency of use, leading to different detec-

tion windows in biological matrices among types of user [16]. Although

there are more positive urine tests for cannabinoids than for any other drug

class in workplace drug testing, a scarcity of urinary excretion data from con-

trolled clinical studies of cannabis exist [17]. As noted above, there are a vari-

ety of routes of administration, and major differences exist in the ratio of the

concentration of metabolites depending on these routes [15].
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Khan and Nicell identified 19 suitable studies that reported on various

relevant aspects of THC excretion [18]. These studies involved a large range

of doses, frequency of use, routes of administration, and numbers of partic-

ipants, yielding a large range in the excretion profiles of the original THC

dose in either/both urine and faeces. THC-COOH is the primary urinary

metabolite and final point in the metabolization process and although a sig-

nificant fraction of urinary THC-COOH is excreted as the glucuronide

conjugate, conversion back to free THC-COOH in wastewater is expected

due to sewer conditions and microbial activity in the conveyance system

[18–20]. Hence, from aWBE perspective, THC-COOH is most frequently

selected and determined in wastewater (see also Section 3 and Table 3).

THC and THC-OH have been detected at a high rate in sewage sludge

[21] owing to their more lipophilic nature, but THC-COOH is not

expected to sorb onto wastewater influent suspended solids, and almost

the entire faecal load of THC-COOH is expected to partition into the aque-

ous phase [18]. As will be discussed in later sections, THC-COOH can still

be problematic to quantify compared to other drugs of abuse, because even

in the carboxylated form, its lipophilicity in terms of Log D is still greater

(Table 1) than drugs such as amphetamine LogD¼�0.79 at pH 7.4 [22].

Several criteria have to be met for a biomarker to be suitable for WBE

studies [23]. Besides that, a biomarker must be unique to human activity and

excreted in substantial amounts, it must also be stable in wastewater during

in-sewer transport and during storage until analysis.

The hydraulic residence times in the sewers can be from tens of minutes

to nearly 24h. The conveyance system consists of gravity sewers with an air

column above the water surface and/or pressurized sewers. These contain

biofilms with different microbial communities. Once the wastewater

reaches the entrance to the treatment plant, a sample is collected and may

spend up to 24h in a container as a representative composite is obtained.

Auto sampler containers are typically maintained at 4 °C. An aliquot is

obtained from the composite and then either analysed immediately or more

Fig. 2 Chemical structures of THC, THC-OH and THC-COOH.
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often frozen at �20 °C and processed days, weeks or even months later.

McCall et al. provide a literature review and found only a handful of studies

that have investigated the stability of THC-COOH either in-sewer or

in-sample [24]. THC-COOH has been shown to have <20% transforma-

tion in-sewer with variable in-sample results over five different studies [24].

The variety of stability results are due to differences in storage temperatures

(20 °C, 4°C, �20 °C) and length of periods studied. However, the larger

issue with THC-COOH appears to come from the pH of the samples.

Many WBE multi-residue analysis procedures call for acidification to pH

2 as a preservative technique, which has little effect on most illicit drugs.

However, for THC-COOH, pH 2 results in a protonation of the carboxylic

acid and a neutral molecule, which in theory leads to a much higher ten-

dency towards sorption to particles or container walls.

One strength of the WBE approach is the estimation of parent drug

consumption through back-calculation using wastewater loads (grams/day),

parent/metabolite molar mass ratio, and pharmacokinetic excretion factors.

This was first applied for THC-COOH by Zuccato et al. [25], using a

correction factor of 152, which assumed a 0.6% of the THC dose excreted

as THC-COOH and taking into account the molar mass ratio of parent

drug to metabolite. Eq. 1 shows the calculation of a correction factor.

cor:factor ¼
massconsumed:parentdrug

massexcreted:metabolite
�
molarmassparent:drug

molarmassmetabolite
(1)

This excretion factor seems to come primarily from a study involving six

healthy male participants with a history of cannabis use, smoking two

Table 1 Predicted LogD values for THC, its metabolites and other illicit drugs as

reference.

Compound pH52 Log D (pH57.4) Log D (pH58.0)

THC 5.94 5.94 5.92

THC-OH 4.66 4.66 4.64

THC-COOH 5.13 1.98 1.72

Methamphetamine �1.1 �0.39 0.06

Amphetamine �1.2 �0.79 �0.17

Cocaine �1.3 1.8 2.1

Benzoylecgonine �1.3 �0.7 �0.81

https://chemaxon.com/
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different amounts [17]. The results from this study showed the percent of the

administered dose excreted in urine was 0.54�0.12, but no results were

published concerning the THC-COOH fraction from the participant’s

faeces. The 0.6% value has been widely cited in the field as an excretion

fraction, which can be used to back-calculate THC consumption from

THC-COOH loads [26-28,25,29]. However, Postigo et al. [30] proposed

instead 2.5% (correction factor of 36.4), a larger excretion factor for the

aqueous THC-COOH available in wastewater. This larger factor was

established due to this particular study finding no THC-OH in the waste-

water yet 2% had been reported as the fraction of THC-OH excreted in

urine [30,31]. Since no THC-OH was detected it was assumed that there

was rapid oxidation to THC-COOH and thus the sum of THC-COOH

(0.5%) and oxidized THC-OH (2%) was used. Gracia-Lor et al. [32] pub-

lished a refined correction factor for the back-calculation of THC. This

study again references 18 studies reporting THC metabolite excretion in

urine from various routes and 14 studies concerning THCmetabolite excre-

tion in faeces. After reviewing the available literature, the “refined” mean

excretion rate of THC-COOHwas reported lower at 0.5% and a correction

factor of 182. This new, smaller excretion factor appears to be dominated by

urine THC-COOH levels from smoked cannabis. Furthermore, Been et al.

[33] used the previously mentioned clinical studies to derive an average

excretion rate for THC-COOH. In this study, authors combined all the

available study results in a Bayesian hierarchical model, which included

prevalence data from surveys and THC-COOH loads measured in waste-

water. Combining all the data in a single model, the authors calculated pos-

terior distributions of user prevalence, total cannabis consumption and

excretion rates. While they assumed smoking as the most predominant

administration route for Switzerland (according to available survey data),

the authors estimated an excretion rate for THC-COOH of 7.0% (95%-

CI range 4.2–10.6%) and 0.04% (95%-CI range 0.01–0.08%) through faeces

and urine, respectively. Finally, Burgard et al. [10] monitored THC-

COOH loads in wastewater over a 3 year period corresponding to the

new legalized recreational market in Washington State, USA. This study

specifically did not perform back-calculations to report THC consumed

owing to the discrepancy among reported excretion rates in urine and faeces,

the types of users, and the 440% difference that comes with different routes

of administration. Smoked cannabis reportedly yields 0.5% urinary excretion

while oral doses yield 2.2�1.2% [18]. In addition to wastewater loads,

Burgard et al. [10] tracked recreationally purchased THC mass and
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compared these two indicators during the same time period. While only an

estimate of the contribution from the residual black market could be made,

they concluded that the excretion estimate of 2.5% [30] seems much more

reasonable for use with WBE calculations. The obtained excretion rate is

also in the same order of magnitude as the combined faeces and urine excre-

tion rate estimated by Been et al. [33]. Furthermore, it is important to realize

the possible shifting cannabis markets and the changes in desirable routes of

administration. During theWashington State study, initially 90% of the sold

cannabis was smokable products, but in under 3 years that had dropped to

83% of the market. Changing user demographics may lead to less smoking of

cannabis i.e., A total of 48% of eighth grade survey respondents reported

routes other than smoking preferred (eating, drinking, vaping, etc.) [10].

Less smoking and more oral use of cannabis will lead to larger excretion rates

of the consumed THC dose.Moreover, an important distinction needs to be

made with regard to the back-calculated amounts, namely whether the goal

is to estimate total THC use or total cannabis use. In the latter case, an addi-

tional factor taking into account the average purity of sold cannabis needs to

be included in the calculations.

Finally, cannabidiol (CBD) has gained in popularity due to its ability to

alleviate certain medical conditions and is used as a medicine, an ingredient

in foods, and as a dietary supplement. Numerous CBD products marketed

may also contain small percentages of THC and could thus contribute to the

total load of THC in wastewater. However, this contribution is uncertain,

but seems small compared to THC used for recreational purposes.

Therefore, at this point, it might be assumed that the small fractions of

THC in CBD products is not a significant component of the overall

THC load. Nevertheless, when monitoring THC, the additional fraction

coming from CBD products adds to the overall uncertainty.

3. Analytical methodology

The analytical methodologies applied in WBE studies commonly

include multiple substances. The quantitative determination of several illicit

drug biomarkers in a single analysis is more practical, faster and thus cost-

effective. Multi-residue methods do not only regard to the analysis, but also

concern the sample collection, storage and sample treatment. However,

when measuring multiple compounds, a compromise of the experimental

conditions is often required.
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Cannabis biomarkers have lower polarity, i.e., higher lipophilicity, com-

pared to other illicit drugs and metabolites (see also Table 1). Despite the

different physico-chemical properties, biomarkers of cannabis use have been

included in multi-residue methodologies for the analysis of influent waste-

water. Specifically, its main human urinary metabolite THC-COOH, has

been the most reported biomarker of cannabis consumption in WBE pub-

lications. Yet, results of the inter-laboratory exercises performed by SCORE

revealed difficulties related to the chemical analysis of THC-COOH in

wastewater suggesting that concentrations found might be underestimated

[12]. In fact, the authors illustrated that whilst laboratories performed well

when analysing THC-COOH in methanol (i.e. relative standard deviation

(RSD) <25% from the group’s mean), underreporting of up to 90% (from

the group’s mean) were reported for tap water samples. In the latter case,

laboratories were asked to process the samples according to their established

procedures, which generally involved SPE and, in some cases, also sample

acidification (as will be discussed further on, this can dramatically reduce

the recovery of THC-COOH from water samples). Moreover, other

non-instrumental factors, such as possible sorption to sample containers, par-

tition on biofilms and particulate matter and excretion rates should be better

understood to provide more accurate back-calculation estimates of the total

amount of cannabis/THC used by a population [11,34]. Nevertheless, mon-

itoring consumption trends using excreted THC-COOH in wastewater can

give unique and timely information [10], but the data and methods used to

generate these data should be carefully evaluated and interpreted.

In this section, focus has been put on the analytical methodology. In

total 29 peer-reviewed articles were published since 2006 describing vali-

dated analytical methodologies for the determination of cannabis biomarkers

in wastewater. Furthermore, important progress has beenmade in relation to

the initial aspects of the analytical procedure, where it has been highlighted

that the order of the initial sample preparation steps after sample collection is

crucial [34]. Tables 2 and 3 show the sample preparation steps and instru-

mental parameters of the reported analytical methods, respectively.

The collection of representative 24h composite samples is pivotal in the

WBE approach (see Section 1). Different sample container materials have

been used to collect and store samples such as amber glass, high-density poly-

ethylene (HDPE), polypropylene (PP) and polyethylene terephthalate

(PET) (Table 2). After sample collection and prior to SPE, a filtration and/or

centrifuged step is often performed to prevent the SPE cartridge sorbent

from clogging. A wide range of different filter types with pore sizes from
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Table 2 Sample preparation steps.

Year,

Ref

Sample

container

Filtration/

Centrifugation

Acidification

(Y/N)

ILIS

addition SPE CF

2006,

[35]

Glass F: GF/A

1.6μm

Y, prior to

SPE

After F,

prior to

SPE

Oasis MCX

(3mL, 60mg)

250

2007,

[36]

n/a F: GF/A N After F,

prior to

SPE

Oasis HLB

(6mL, 200mg)

400

2008,

[37]

Glass F: GF 1μm,

Nylon

0.45μm

N After F,

prior to

SPE

Online Oasis

HLB Prospekt-2

(10.4mg)

–

2009,

[38]

HDPE C: 5min,

4500 rpm

Y, prior to

SPE

After C,

prior to

SPE

Oasis MCX

(6mL, 150mg)

10

2010,

[39]

Glass F: GF BF

85/70

Y, prior to F After F Direct injection –

2010,

[40]

Glass F: GF, NC

0.45μm

Y, prior to

SPE

After F,

prior to

SPE

Oasis HLB

(6mL, 200mg)

500

2011,

[41]

Glass F: n/a Y, prior to F After F,

prior to

SPE

Oasis MCX

(6mL, 150mg)

n/a

2011,

[30]

PET F: GF 1μm,

Nylon

0.45μm

N After F,

prior to

SPE

Online Oasis

HLB Prospekt-2

(10.4mg)

–

2012,

[42]

n/a F: GF, NC

0.45μm

Y, prior to

SPE

After F,

prior to

SPE

Oasis MCX

(6mL, 150mg)

200

2012,

[43]

Glass F: NC

0.45μm

Y, prior to

SPME

After F,

prior to

SPME

SPME: DVB-

CAR-PDMS

fibre

–

2013,

[44]

Glass F: GF/A

1μm, PES

0.45μm

N After F,

prior to

SPE

Oasis HLB

(6mL, 150mg)

200

2013,

[45]

n/a F: RC

0.45μm

N After F,

prior to

SPE

Inline C18

Hypersil gold

20�2.1mm

12μm

–

Continued
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Table 2 Sample preparation steps.—cont’d

Year,

Ref

Sample

container

Filtration/

Centrifugation

Acidification

(Y/N)

ILIS

addition SPE CF

2013,

[26]

PP F: GF/B

1mm

N After F,

prior to

SPE

Oasis HLB

(6mL, 500mg)

500

2013,

[46]

n/a F: GF/D

2.7μm

Y, prior to

SPE

After F,

prior to

SPE

Oasis MCX

(6mL, 150mg)

+Strata NH2

(3mL, 200mg)

250

2014,

[47]

PET F: RC

0.45μm

N Y,

15min

before F

Strata X (6mL,

500mg)

250

2014,

[48]

HDPE F: CEM

0.45μm

N Before

F, prior

to SPE

Oasis HLB

(3mL, 60mg)

25

2014,

[27]

PP F: GF/D

2.7μm

N After F,

prior to

SPE

Oasis HLB

(6mL, 500mg)

200

2014,

[49]

HDPE F: GF 0.7μm N Before

F, prior

to SPE

Oasis HLB

(3mL, 60mg)

250

2015,

[28]

PET F: GFC 1μm,

GF 0.5μm

N After F Online

Hypersep

RetainPEP

20�2.1mm

12μm

–

2016,

[50]

n/a F: n/a Y, prior to

LLE

After F,

prior to

LLE

LLE 175

2017,

[51]

n/a F: GF/F N No ILIS Chromabond

HR-X (6mL,

500mg)

n/a

2018,

[52]

Glass C: 5min,

4500 rpm, F:

GF

N After F,

prior to

SPE

Oasis HLB

(6mL, 200mg)

100

2018,

[53]

n/a F: GF/A

0.7μm

N Before

F, prior

to SPE

Oasis MCX

(6mL, 150mg)

1000

2018,

[54]

PP – Y, with LLE n/a LLE 100

464 Lubertus Bijlsma et al.



0.2μm to 1.6mm have been reported: glass fibre (GF), cellulose ester mem-

brane (CEM), regenerated cellulose (RC), nitro cellulose (NC) and nylon

membranes (Table 2). For multi-residue drug analysis, it was recommended

to adjust the pH to acidic conditions after sample collection to decrease pos-

sible degradation and increase the in-sample stability for the majority of the

illicit drug biomarkers [5]. However, at acidic pH, THC-COOH is present

in its non-charged hydrophobic form, which means that it has potential to

sorb to sample container or filter materials. Causanilles et al. [34] demon-

strated that sorption of THC-COOH to container walls occurred more

rapidly and to a higher extend at pH 2.5 for glass and PP containers.

Furthermore, THC-COOH recovery after filtration was highly dependent

on the pH [46,34]. When filtering large volumes of wastewater at neutral

pH, recovery losses around 30% were reported independent of the filter

material, but at acidic pH losses during filtration were above 75% [34].

Therefore, it is not advisable to acidify the samples, if it is not required

by the selected protocol. Hence, a best-practice protocol for the initial sam-

ple preparation steps has been proposed, i.e., first addition of ILIS, second

filtration and third acidification (if required) [34]. Table 2 shows that five

out of the eight (62.5%) articles published in the years 2018 and 2019, thus

Table 2 Sample preparation steps.—cont’d

Year,

Ref

Sample

container

Filtration/

Centrifugation

Acidification

(Y/N)

ILIS

addition SPE CF

2018,

[55]

Glass C: 5min,

4500 rpm, F:

GF

N After F,

prior to

SPE

Oasis HLB (n/a) 100

2019,

[10]

HDPE F: RC syringe

0.2μm

N Before

F, prior

to SPE

Strata-CX

(3mL, 60mg)

n/a

2019,

[56]

HDPE F: GF 1.6mm Y, prior to

SPE

Before

F, prior

to SPE

Strata-XC

33μm (6mL,

200mg)

250

2019,

[57]

Glass F: GF 0.7μm N After F,

prior to

SPE

Oasis HLB

(6mL, 500mg)

100

2019,

[58]

HDPE F: GF 0.7μm,

Nylon

0.45μm

N Before

F, prior

to SPE

Oasis HLB

(3mL, 60mg)

50

CF, Concentration Factor; n/a, information not available.
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Table 3 Analytical parameters.

Year, Ref Biomarkers Instrument Ionization Quantification Confirmation

2006, [35] THC-COOH RP-LC-MS/MS

(QqQ)

ESI - 343>299 343>245

2007, [36] THC-COOH, THC RP-LC-MS/MS

(QqQ)

ESI + 345>327; 315>193 345>193; 315>123

2008, [37] THC-COOH, THC,

THC-OH

RP-LC-MS/MS

(QqLIT)

ESI - 343>299; 313>245;

329>311

343>191; 313>191;

329>268

2009, [38] THC-COOH RP-LC-MS/MS

(QqQ)

ESI + 345>193 345>299, 345>327

2010, [39] THC-COOH RP-LC-MS/MS

(QqQ)

ESI + 345>327 345>299

2010, [40] THC-COOH, THC GC–MS (Ion Trap) EI 473>355; 386>371 -; 386>330, 386>315

2011, [41] THC-COOH, THC RP-LC-MS/MS

(QqQ)

ESI +/� 343>299 (�); 315>193

(+)

343>245 (�); 315>123

(+)

2011, [30] THC-COOH, THC,

THC-OH

RP-LC-MS/MS

(QqLIT)

ESI - 343>299; 313>245;

329>311

343>191; 313>191;

329>268

2012, [42] THC-COOH, THC RP-LC-HRMS

(QTOF)

ESI - 343.1915; 313.2173 299.2017; 245.1547

2012, [43] THC-COOH, THC GC–MS (Q) EI 371; 386 473,488; 303, 371

2013, [44] THC-COOH, THC,

THC-OH

RP-LC-HRMS

(LTQ-Orbitrap)

ESI + 345.2060; 315.2319;

331.2268

327, 299; 259, 193; 313



2013, [45] THC-COOH RP-LC-HRMS

(Q-Orbitrap)

ESI + 345.2060>299.2006 345.2060>327.1953

2013, [26] THC-COOH RP-LC-MS/MS

(QqQ)

ESI - 343>299 343>245

2013, [46] THC-COOH, THC-OH RP-LC-MS/MS

(QqQ)

ESI - 343>245; 329>311 343>191; 329>173

2014, [47] THC-COOH RP-LC-MS/MS

(QqQ)

ESI + 345>41 345>327

2014, [48] THC-COOH RP-LC-MS/MS

(QqQ)

ESI + 345>193 345>299, 345>327

2014, [27] THC-COOH RP-LC-MS/MS

(QqQ)

ESI - 343>299 343>245

2014, [49] THC-COOH RP-LC-MS/MS

(QqQ)

ESI - 343>299 343>245

2015, [28] THC-COOH, THC RP-LC-HRMS

(Q-Orbitrap)

ESI + 345.2060; 315.2319 RT ILIS �0.03min,

isotopic fit

2016, [50] THC-COOH RP-LC-MS/MS

(QqQ)

ESI - 343>299 343>245

2017, [51] THC-COOH RP-LC-MS/MS

(QqQ)

ESI + 345>299 –

2018, [52] THC-COOH, THC,

THC-OH

RP-LC-MS/MS

(QqQ)

ESI + 345>327; 315>193;

331>313

345>299; 315>123;

331>193

Continued



Table 3 Analytical parameters.—cont’d

Year, Ref Biomarkers Instrument Ionization Quantification Confirmation

2018, [53] THC-COOH, THC-OH RP-LC-MS/MS

(QqQ)

ESI + 345>327; 331>313 345>299; 331>193

2018, [54] THC-COOH, THC,

THC-OH, THC(OH)2

SFC-MS/MS

(QqQ)

ESI + 345>299; 315>193;

331>313; 315>193

345>193; 315>123;

331>201; 315>123

2018, [55] THC-COOH, THC,

THC-OH

RP-LC-MS/MS

(QqQ)

ESI + 345>327; 315>193;

331>313

345>299; 315>123;

331>193

2019, [10] THC-COOH RP-LC-MS/MS

(QqQ)

ESI - 343>299 343>245

2019, [56] THC-COOH, THC RP-LC-MS/MS

(QqQ)

ESI + 345>299; 315>193 345>193; 315>123

2019, [57] THC-COOH, THC,

THC-OH

RP-LC-MS/MS

(QqQ)

ESI + 345>299; 315>123;

331>313

345>193; 315>193;

331>193

2019, [58] THC-COOH RP-LC-MS/MS

(QqQ)

ESI + 345>299 345>193



after the recommendations were made, applied this best-practice protocol,

whereas only three of 19 (15.8%) applied the correct order of steps in earlier

publications. Two articles applied either centrifugation [38], or the order of

initial steps was unknown [51].

Concentration levels of most illicit drug biomarkers in wastewater are in

the ng/L–mg/L range, and despite that the sensitivity of modern instruments

is excellent, a pre-concentration step is generally needed in order to reach

the required quantification limits. In addition, matrix components that

might co-elute with the analyte and interfere with the analytical measure-

ment leading to a suppression or enhancement of the analyte response

(i.e. matrix effects) may also be removed. Off-line SPE is most often applied

for sample pre-concentration and clean-up, but also fully automated large

volume injections [39] and on-line SPE applications [37,30,45,28] have

been reported. Polymeric-based SPE sorbents with reversed phase (RP)

properties built of generic hydrophilic and lipophilic balanced (Oasis

HLB) monomers or strong cation-exchange mixed mode sorbents built

upon RP copolymers (Oasis MCX or Strata-XC) were most popular in

multi-residue methods (Table 2). Although cation-exchange mode car-

tridges allow improved selectivity towards basic analytes, THC-COOH

in its neutral form at low pH may also be retained by the mixed RP char-

acteristics resulting in satisfactory recoveries. Furthermore, some alternative

sample preparation protocols can be found in the literature: liquid-liquid

extraction (LLE) and solid-phase micro extraction (SPME) were both pro-

posed for extracting anionic THC-COOH from wastewater [43,50,54].

The main drawback, however, is the limited applicability to measure

multiple compounds. Yet, for the determination of cannabis only in

wastewater, these specific sample preparation protocols could be good

alternatives.

The use of internal standards, preferably the labelled form of the analyte

of interest, is essential and compulsory inWBE studies. ILIS should be added

to the sample as surrogate, i.e., just after sample collection, to correct for

matrix effects and for potential errors associated with sample manipulation

and storage. All reported methodologies used deuterated analogues of the

cannabis biomarkers as ILIS for more accurate quantification, except one

study that did not use any ILIS [51].

THC-COOH was always included as biomarker of cannabis consump-

tion when analysing wastewater (Table 3) and the majority use LC-MS/MS

with QqQ for its determination (22 of 29, 76%). Reversed phase (RP) ana-

lytical columns based on C18 were mostly used for chromatographic
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separation of drug biomarkers including THC-COOH. Acid was often

added to mobile phases to favour the formation of protonated molecules,

but acid can deteriorate the sensitivity and chromatographic performance

of THC-COOH [48]. QqQ analyzers are known for their robustness and

excellent sensitivity and selectivity, but hybrid systems with high-resolution

mass spectrometry (HRMS) such as time-of-flight or Orbitrap analyzers

have also shown good performances for both qualitative and quantitative

analysis [42,44,45,28]. However, HRMS instrument are more expensive

and require experienced operators. Furthermore, gas chromatography

coupled to mass spectrometry (GC–MS) has been applied for the analysis

of THC-COOH and THC in wastewater providing high levels of selectiv-

ity and sensitivity [40,43], yet a derivatization step is required to make them

compatible with GC. Consequently, sample treatment is more laborious and

time-consuming. An alternative could be supercritical-fluid chromatogra-

phy (SFC) coupled to tandemmass spectrometry [54], but these instruments

are often not standard available in laboratories.

For a reliable positive finding of THC-COOH in wastewater using tan-

demMS instruments, it is recommended that a minimum of at least two spe-

cific MS/MS transitions is monitored, whereas for HRMS instruments, at

least two ions need to be monitored [5,11]. THC-COOH has been mea-

sured in both negative-ion and positive-ion mode. In principle, more abun-

dant ionization would be expected in negative mode, due to higher trend

towards the ionization of the acidic group. However, sensitivity seems man-

ufacturer dependent, for example, Waters instruments seem to perform bet-

ter in positive electrospray ionization (ESI) mode. Thus, a better ionization

towards the basic group [38]. In positive ESI mode, m/z 345>327 has been

selected as quantification transition in five occasions (Table 3). Although this

transition probably was the most sensitive one, and would thus favour the

quantification of THC-COOH at lower concentrations, it also corresponds

to the non-specific loss of water. Therefore, this transition might be more

problematic and prone to be interfered when analysing wastewater [11].

Similar is the selection of m/z 345>299 (or m/z 343>299 in negative

ESI mode) corresponding to a non-specific loss of the carboxylic acid group.

Hence, the selection of a less abundant, but more specific transition m/z

345>193 can be beneficial, presenting better signal-to-noise (s/n) ratios

and thus sensitivity (Fig. 3). Chromatographic separation might not be an

important issue when using MS/MS for detection, although it can be essen-

tial to avoid or minimize matrix effects, especially in complex influent

wastewater samples. LC separation becomes, however, a crucial issue when
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Fig. 3 Selectivity of THC-COOH transitions. From F. Hernandez, S. Castiglioni, A. Covaci, P. de Voogt, E. Emke, B. Kasprzyk-Hordern, C. Ort, M.

Reid, J. V Sancho, K. V Thomas, A.L.N. van Nuijs, E. Zuccato, L. Bijlsma, Mass spectrometric strategies for the investigation of biomarkers of illicit

drug use in wastewater, Mass Spectrom. Rev. 37 (2018) 258–280.



compounds have the same MS/MS transitions [38]. THC and CBD present

common transitions, but more importantly for monitoring cannabis con-

sumption through WBE, their metabolites THC-COOH and CBD-7-

COOH also share their MS/MS transitions. Therefore, co-elution needs

to be avoided, especially since CBD has become more popular and can thus

be present in wastewater.

Limits of detection (LODs) and limits of quantification (LOQs) of THC-

COOH in wastewater are generally in the ng/L—μg/L range and usually

estimated based on s/n ratios of 1:3 and 1:10, respectively [11]. The estima-

tion of realistic and comparable LODs and LOQs is, however, complicated

in wastewater, as notable variations in chemical composition between sam-

ples occur. LOQs would need to be estimated from samples containing bio-

markers at low level, where the s/n in the chromatograms and matrix effects

can be taken into account. Furthermore, LOQs should be estimated at s/n

10 for the quantification transition, but also at s/n 3 for the confirmation

transition to ensure not only the quantification of the compound but also

its reliable identification [48]. The ultimate and most homogeneous

approach is to estimate LOD and LOQ from inter-laboratory exercises

where all participants analyse the same samples with their own analytical

methodology [11].

4. Wide-scale use of WBE for cannabis estimates
in Canada and US.

In the context of an increasing proportion of the population consid-

ering that consuming cannabis should not be a criminal offence, going from

51% in 2001 [59] to 70% in 2016 [60] in Canada, of a search for strategies to

defeat the black market and to serve public health goals, several countries

have adopted a policy of decriminalization to make simple possession a

non-criminal offence and other countries or jurisdictions, such as Canada,

Uruguay, the USA states Colorado, California and Illinois, and the

Australian Capital Territory in Australia have legalized possession and use

of recreational cannabis. In 2013, for the first time, the majority of

United States population polled favoured legalizing cannabis, which

followed the first legalization of a recreational cannabis market in the states

of Washington and Colorado in 2012 [61]. Now 11 states and Washington

D.C. have legal recreational markets. The changes in legislation increased

the needs for the monitoring of cannabis consumption in the populations
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affected by these changes. This led to innovative strategies to collect data to

track the prevalence of cannabis prior to and following the legalization.

One objective of implementing new methods to collect statistics was to

identify sources of data with a lower risk of relying on underestimated con-

sumption levels prior to legalization, which might be significant prior to

legalization due to stigma associated with use of illegal drugs and the reluc-

tance to disclose purchases from non-regulated suppliers. One strategy that

was implemented in Canada and in Washington State, USA, was the use

of WBE.

The implementation of the WBE approach at the scale of a country,

which in the case of Canada involved 15 STPs up to about 6000km apart,

collecting wastewater monthly, over a period of a year, in five large urban

centres across the country, and representing nearly 8.4 million people, was

associated with few challenges, such as shortage and type of container mate-

rial, sample storage and logistics. Tests using sampling bottles made of PET,

the material recommended by SCORE [5,13] and HDPE (the most widely

available) demonstrated that no significant difference was observed between

the two bottles materials over a period of 7 days of storage. The amount of

THC-COOH in the wastewater collected in this study in Canada was quan-

tified applying an extraction [62] and LC-MS method [63], which are based

on a procedure previously reported by Rodayan et al. [64].

The deployment of WBE at large scale provided data over extended

periods of time for both Canada and Washington State, USA. For

Canada, the results of the monitoring for cannabis and other drugs are avail-

able online [65]. Fig. 4A shows the average weekly loads of THC-COOH

per capita over a year for each geographical area included in the pilot project

and Fig. 4B shows the annual trend of the average weekly loads of THC-

COOH per capita over the whole country (combined sites) of the pilot

project. Unfortunately, significant variability of the monthly results was

observed (Fig. 4A) and at the scale of the country, it was not possible to

clearly identify a trend that might be associated with the legalization of

cannabis in 2018 (Fig. 4B).

Focusing on a smaller geographical area can provide a different perspec-

tive. To evaluate the significance of the trend in consumption observed over

time for a given population, the results obtained usingWBEwere compared

to the self-reported data collected over the same period of time by Statistics

Canada [66] for the corresponding population. Based on self-reported con-

sumption (Table 4), a slight increase in prevalence was observed for the

quarter during which cannabis was legalized (Q4 2018), but it decreased
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Table 4 Prevalence of cannabis use in the selected Canadian province using self-

reported information and the corresponding estimates of consumption for the

corresponding metropolitan area included in the WBE pilot project.

Time period

Percentage of people

reporting consumption

(95% confidence interval)

WBE estimates of consumption

based on THC-COOH loads

Q3 2018 10.1%

(7.7–13.3)

July 2018: 411g/week

August 2018: 445g/week

September 2018: 1561g/week

Q4 2018a 13.6%

(10.9–16.8)

October 2018: 920g/week

November 2018: 768g/week

December 2018: 4396g/week

Q1 2019 11.0%

(8.8–13.8)

January 2019: 665g/week

February 2019: 588g/week

March 2019: Not available

aLegalization was on October 17, 2018, at the beginning of Q4 2018.
Data extracted from Statistics-Canada, Prevalence of Cannabis Use in the Past Three Months, Self-
Reported, (2019). Table 13-10-0383-01. https://doi.org/https://doi.org/10.25318/1310038301-eng.

Fig. 4 (A) Average weekly loads of THC-COOH per capita (g/million people/week) by

city over a one-year period of the pilot study (March 2018 to February 2019) (n ¼12,

error bars¼ lower and upper limits over the 12 months) and (B) Average weekly loads

of THC-COOH per capita (g/million people/week) by month over the whole country

(combined sites), adapted from Statistics Canada [65], 26/08/2019. This does not consti-

tute an endorsement by Statistics Canada of this product.
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to very similar percentages of prevalence afterwards. The trend of consump-

tion based on the load of THC-COOHestimated usingWBE (Table 4), also

suggests that there was an increase in consumption, just before legalization

and during the fourth quarter of 2018. The peak of consumption might be

explained by an increase interest due to legalization as well as the holiday

season. However, the data for the beginning of 2019 do not suggest a

sustained increase in consumption.

In Washington State, two STPs in a city of 200,000 people were mon-

itored usingWBE for THC-COOH for 7 months prior to the first legal rec-

reational cannabis stores opening then followed by 29 months after the new

marketplace began. Fig. 5 shows that while the legal THC dispensed in the

catchment area of the two STPs increased at nearly 70% per quarter, the

THC-COOH metabolite only increased at 9% per quarter. This indicated

a much lower increase in cannabis use than new cannabis being introduced

into the market and thus a decrease in cannabis from the black market is

Fig. 5 Quarterly per capita estimates for THC consumption by sales (grey line) and by

wastewater THC-COOH metabolite analysis (black line). The dashed line is the forecast

continued recreational sales whereas the Q3 and Q4 in 2016 included all sales, including

the State tracked medical market that came online starting Q3 2016. From D.A.

Burgard, J. Williams, D. Westerman, R. Rushing, R. Carpenter, A. LaRock, J. Sadetsky, J.

Clarke, H. Fryhle, M. Pellman, C.J. Banta-Green, Using wastewater-based analysis to monitor

the effects of legalized retail sales on cannabis consumption in Washington State, USA,

Addiction 114 (2019) 1582–1590. https://doi.org/10.1111/add.14641.
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concluded. Total THC consumption did indeed increase but the stated goal

of legalization to reduce the black market seems to have been achieved. This

finding is an example of where a wastewater approach has shown its true

value as a complementary approach to traditional used metrics. These other

metrics have not yet been able to make any estimates as to an effect on the

black market with a direct data source.

5. Future research and current asset

Monitoring cannabis use is highly relevant and interesting, due to its

widespread use and ongoing policy changes. The estimation of community

drug use through the chemical analysis of specific human biomarkers in

wastewater has demonstrated its potential as a useful complementary

approach to established drug monitoring tools such as general population

surveys on drug use, treatment registry and law enforcement data. The

application of WBE to monitor cannabis, however, has been challenging.

Therefore, research has recently been centered on refining cannabis esti-

mates, which resulted in a protocol for the storage, handling, and analysis

of wastewater samples [34]. Yet, the main focus in this study was on the dis-

solved phase and did not include suspended solids, which seem to be of par-

ticular relevance for lipophilic cannabis biomarkers. Although THC may

partition to particulates ultimately accumulating in the biosolids, THC-

COOH is expected to partition into the aqueous phase and only predicted

to adsorb to suspended solids between 1.1% and 8.5% [33]. However, it is

not clear if the fraction excreted in faeces, which is supposedly higher than

in urine, remains in the faeces even if they disaggregate in wastewater and are

in contact with a high volume of wastewater. Furthermore, differences in

wastewater characteristics—i.e., content and type of suspended solids—

operation and design of sewer systems and the material of the sampling con-

tainer may result in variable losses due to sorption of biomarkers and thus

lead to variable amounts of chemical loadings measured in the liquid phase

[67–69]. Moreover, transformation of cannabis biomarkers (i.e., THC-OH

to THC-COOH) in sewer biofilms and during in-sewer transport may also

significantly affect the data reported [18,30]. The information currently

available is still limited and not conclusive. A better understanding of the

possible role of suspended solids in raw wastewater needs attention and

ongoing research moves in this direction.
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While uncertainties exist around the measurement and quantification of

the cannabis active ingredient THC and its metabolites in wastewater, the

method does provide useful insights. Wastewater provides one of the only

direct measures to estimate community level drug consumption. As shown

in this chapter, wide-scale and community level use is a valuable input when

assessing major changes to a drug’s legal status. Sewer catchments and waste-

water properties can vary widely among locations, depending on type of

sewer system, special industrial discharges and weather conditions.

However, if longitudinal monitoring occurs (i) within the same catchment,

(ii) during similar conditions (i.e. dry weather), then relative trends in use

can be evaluated even without knowing (iii) the exact sorption to particles,

and degradation factors and (iv) average excretion rates since these are

expected to remain relatively constant over time. In such situations, trends

in use before and after legislative changes are helpful in assessing the effect of

the legislation. The Canadian government sees wastewater as a complemen-

tary tool to traditional metrics and has invested in its use beyond the inau-

gural year presented here. Research is currently conducted to identify the

potential sources of variability and facilitate the deployment of the method

at large scale over extended periods of time. The Washington State case

study provides lawmakers with evidence that one of the goals of cannabis

legalization, a decrease in the cannabis black-market, appears to be working.

This ability to understand the entire cannabis market through community

consumption in relation to sales data is a result that would have been difficult

to demonstrate applying traditional drug use indicators.
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C. Gerber, I. González-Mariño, R. Grabic, T. Gunnar, K. Kannan, S. Karolak,
B. Kasprzyk-Hordern, Z. Kokot, I. Krizman-Matasic, A. Li, X. Li, A.S.C. L€ove,
M.L. de Alda, A.K. McCall, M.R. Meyer, H. Oberacher, J. O’Brien,
J.B. Quintana, M. Reid, S. Schneider, S.S. Simoes, N.S. Thomaidis, K. Thomas,
V. Yargeau, C. Ort, Multi-year inter-laboratory exercises for the analysis of illicit
drugs and metabolites in wastewater: development of a quality control system,
TrAC, Trends Anal. Chem. 103 (2018) 34–43. https://doi.org/10.1016/j.trac.
2018.03.009.

[13] C. Ort, K. V. Thomas, S. Castiglioni, L. Bijlsma, M.J. Reid, E. Zuccato, A. Covaci, A.
van Nuijs, B. Kasprzyk-Hordern, F. Hernandez, P. de Voogt, E. Emke, Sewage
Analysis CORe group Europe (SCORE), accessed February 26, 2020. http://www.
score-network.eu/.

478 Lubertus Bijlsma et al.

https://doi.org/10.1021/es100778d
https://doi.org/10.1021/es100778d
https://doi.org/10.1021/es100779n
https://doi.org/10.1021/es100779n
https://doi.org/10.1021/es100779n
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0025
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0025
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0025
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0030
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0030
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0030
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0030
https://doi.org/10.1111/add.12405
https://doi.org/10.1111/add.12405
https://doi.org/10.1111/add.12405
https://doi.org/10.1016/j.scitotenv.2013.11.039
https://doi.org/10.1016/j.scitotenv.2013.11.039
https://doi.org/10.1021/es403251g
https://doi.org/10.1021/es403251g
https://doi.org/10.1021/es403251g
https://doi.org/10.1021/acs.est.7b02538
https://doi.org/10.1021/acs.est.7b02538
https://doi.org/10.1021/acs.est.7b02538
https://doi.org/10.1111/add.14641
https://doi.org/10.1111/add.14641
https://doi.org/10.1111/add.14641
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0060
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0060
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0060
http://refhub.elsevier.com/S0166-526X(20)30029-5/rf0060
https://doi.org/10.1016/j.trac.2018.03.009
https://doi.org/10.1016/j.trac.2018.03.009
https://doi.org/10.1016/j.trac.2018.03.009
http://www.score-network.eu/
http://www.score-network.eu/
http://www.score-network.eu/


[14] M.A. Huestis, Human cannabinoid pharmacokinetics, Chem. Biodivers. 4 (2007)
1770–1804. https://doi.org/10.1002/chin.200747256.

[15] M.E. Wall, B.M. Sadler, D. Brine, H. Taylor, M. Perez-Reyes, Metabolism, disposi-
tion, and kinetics of delta-9-tetrahydrocannabinol in men and women, Clin.
Pharmacol. Ther. 34 (1983) 352–363. https://doi.org/10.1038/clpt.1983.179.

[16] E.L. Karschner, E.W. Schwilke, R.H. Lowe, W.D. Darwin, R.I. Herning, J.L. Cadet,
M.A. Huestis, Implications of plasmaΔ9-tetrahydrocannabinol, 11-hydroxy-THC, and
11-nor-9-carboxy-THC concentrations in chronic cannabis smokers, J. Anal. Toxicol.
33 (2009) 469–477. https://doi.org/10.1093/jat/33.8.469.

[17] M.A. Huestis, J.M. Mitchell, E.J. Cone, Urinary excretion profiles of 11-nor-
9-carboxy-Δ9- tetrahydrocannabinol in humans after single smoked doses of marijuana,
J. Anal. Toxicol. 20 (1996) 441–452. https://doi.org/10.1093/jat/20.6.441.

[18] U. Khan, J.A. Nicell, Sewer epidemiology mass balances for assessing the illicit use of
methamphetamine, amphetamine and tetrahydrocannabinol, Sci. Total Environ.
421–422 (2012) 144–162. https://doi.org/10.1016/j.scitotenv.2012.01.020.

[19] G. D’Ascenzo, A. Di Corcia, A. Gentili, R. Mancini, R. Mastropasqua, M. Nazzari,
R. Samperi, Fate of natural estrogen conjugates in municipal sewage transport and treat-
ment facilities, Sci. Total Environ. 302 (2003) 199–209.

[20] A.L.N. van Nuijs, S. Castiglioni, I. Tarcomnicu, C. Postigo, M.L. de Alda, H. Neels,
E. Zuccato, D. Barcelo, A. Covaci, Illicit drug consumption estimations derived from
wastewater analysis: a critical review, Sci. Total Environ. 409 (2011) 3564–3577.
https://doi.org/10.1016/j.scitotenv.2010.05.030.

[21] N. Mastroianni, C. Postigo, M.L. De Alda, D. Barcelo, Illicit and abused drugs in sew-
age sludge: method optimization and occurrence, J. Chromatogr. A 1322 (2013) 29–37.
https://doi.org/10.1016/j.chroma.2013.10.078.

[22] F. Mack, H. B€onisch, Dissociation constants and lipophilicity of catecholamines and
related compounds, Naunyn Schmiedebergs Arch. Pharmacol. 310 (1979) 1–9.
https://doi.org/10.1007/BF00499868.

[23] E. Gracia-Lor, S. Castiglioni, R. Bade, F. Been, E. Castrignanò, A. Covaci, I. González-
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[30] C. Postigo, M.L. de Alda, D. Barceló, Evaluation of drugs of abuse use and trends in a
prison through wastewater analysis, Environ. Int. 37 (2011) 49–55. https://doi.org/10.
1016/j.envint.2010.06.012.

[31] C. Postigo, M.J. López de Alda, D. Barceló, Drugs of abuse and their metabolites in the
Ebro River basin: occurrence in sewage and surface water, sewage treatment plants
removal efficiency, and collective drug usage estimation, Environ. Int. 36 (2010)
75–84. https://doi.org/10.1016/j.envint.2009.10.004.

[32] E. Gracia-Lor, E. Zuccato, S. Castiglioni, Refining correction factors for back-
calculation of illicit drug use, Sci. Total Environ. 573 (2016) 1648–1659. https://doi.
org/10.1016/j.scitotenv.2016.09.179.

[33] F. Been, C. Schneider, F. Zobel, O. Del�emont, P. Esseiva, Integrating environmental
and self-report data to refine cannabis prevalence estimates in a major urban area of
Switzerland, Int. J. Drug Policy 36 (2016) 33–42. https://doi.org/10.1016/j.drugpo.
2016.06.008.

[34] A. Causanilles, J.A. Baz-Lomba, D.A. Burgard, E. Emke, I. Gonzalez-Marino,
I. Krizman-Matasic, A. Li, A.S.C. Love, A.K. McCall, R. Montes, A.L.N. van
Nuijs, C. Ort, J.E.B. Quintana, I. Senta, S. Terzic, F. Hernandez, P. de Voogt,
L. Bijlsma, Improving wastewater-based epidemiology to estimate cannabis use: focus
on the initial aspects of the analytical procedure, Anal. Chim. Acta 988 (2017) 27–33.

[35] S. Castiglioni, E. Zuccato, E. Crisci, C. Chiabrando, R. Fanelli, R. Bagnati,
Identification andmeasurement of illicit drugs and their metabolites in urban wastewater
by liquid chromatography-tandem mass spectrometry, Anal. Chem. 78 (2006)
8421–8429. https://doi.org/10.1021/ac061095b.

[36] M.R. Boleda, M.T. Galceran, F. Ventura, Trace determination of cannabinoids and
opiates in wastewater and surface waters by ultra-performance liquid chromatography-
tandem mass spectrometry, J. Chromatogr. A 1175 (2007) 38–48. https://doi.org/10.
1016/j.chroma.2007.10.029.

[37] C. Postigo, M.J. Lopez De Alda, D. Barceló, Fully automated determination in the low
nanogram per liter level of different classes of drugs of abuse in sewage water by on-line
solid-phase extraction-liquid chromatography-electrospray-tandem mass spectrometry,
Anal. Chem. 80 (2008) 3123–3134. https://doi.org/10.1021/ac702060j.

[38] L. Bijlsma, J.V. Sancho, E. Pitarch, M. Ibanez, F. Hernandez, Simultaneous ultra-high-
pressure liquid chromatography-tandem mass spectrometry determination of amphet-
amine and amphetamine-like stimulants, cocaine and its metabolites, and a cannabis
metabolite in surface water and urban wastewater, J. Chromatogr. A. 1216 (2009)
3078–3089.

[39] J.D. Berset, R. Brenneisen, C. Mathieu, Analysis of llicit and illicit drugs in waste, sur-
face and lake water samples using large volume direct injection high performance liquid
chromatography—electrospray tandem mass spectrometry (HPLC-MS/MS),
Chemosphere 81 (2010) 859–866. https://doi.org/10.1016/j.chemosphere.2010
.08.011.
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